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Context: Ubiquitous Computing (or UbiComp) represents a paradigm in which information processing is
thoroughly integrated into everyday objects and activities. From a Software Engineering point of view
this development scenario brings new challenges in tailoring or building software processes, impacting
current software technologies. However, it has not yet been explicitly shown how to characterize a
software project with the perception of ubiquitous computing.
Objective: This paper presents a conceptual framework to support the characterization of ubiquitous soft-
ware projects according to their ubiquity adherence level. It also intends to apply such characterization
approach to some projects, aiming at observing their adherence with ubiquitous computing principles.
Method: To follow a research strategy based on systematic reviews and surveys to acquire UbiComp
knowledge and organize a conceptual framework regarding ubiquitous computing, which can be used
to characterize UbiComp software projects. Besides, to demonstrate its application by characterizing
some software projects.
Results: Ubiquitous computing encapsulates at least 11 different high abstraction level characteristics
represented by 123 functional and 45 restrictive factors. Based on this a checklist was organized to allow
the characterization of ubiquitous software projects, which has been applied on 26 ubiquitous software
projects from four different application domains (ambient intelligence, pervasive healthcare, U-learning,
and urban space). No project demonstrated to support more than 65% of the characteristics set. Service
omnipresence was observed in all of these projects. However, some characteristics, although identified
as necessary in the checklist, were not identified in any of them.
Conclusion: There are characteristics that identify a software project as ubiquitous. However, a ubiqui-
tous software project does not necessarily have to implement all of them. The application domain can
influence the appearing of UbiComp characteristics in software projects, promoting an increase of their
adherence to UbiComp and, thus, for additional software technologies to deal with these ubiquitous
requirements.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Many recent software projects have been characterized by a
great number of requirements directly associated with the usual
perception of ubiquitous computing. Ubiquitous Computing (or
UbiComp) represents a paradigm in which information processing
is thoroughly integrated into everyday objects and activities [121].

Moreover, UbiComp technologies not only enable new ways
for acting and interacting, but also stimulate fundamental reas-
sessments of the meaning of human action and interaction [46].
Lyytinen and Yoo [67] stated that radical improvements in micro-
processor cost/performance ratios have pushed this process
forward while drastically reducing computing-device format fac-
tors, allowing the use of these devices in ordinary environments
such as classrooms, supermarkets, shopping centres, buildings,
ll rights reserved.
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houses, airports, and so on. For instance, we can presently see some
effort involved in the construction of ubiquitous applications in do-
main areas such as ambient intelligence, pervasive healthcare,
ubiquitous learning, and urban spaces [1,44,66,36]. The develop-
ment of those applications involve additional characteristics, such
as context sensitivity, user experience capture, service omnipres-
ence, alternative user interfaces and so on, which are usually not
addressed in traditional software projects [105].

Along the last years, Computer Science researchers have made
real progress in the UbiComp domain [120]. From a Software Engi-
neering point of view, this development scenario can bring new
challenges in tailoring or building software processes, impacting
current methods, techniques, architectural styles, requirements
gathering and verification [3,60,75].

Thus, we understand it is important to work on the develop-
ment of Software Engineering technologies to support the develop-
ment of this software category [102]. However, before proposing
any Software Engineering technology, we consider an essential
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point to address some investigation aiming at identifying what the
ubiquitous computing characteristics are, and based on that, orga-
nize a body of knowledge on the UbiComp domain to support the
development of this software category. More, it is also important to
investigate how those UbiComp characteristics have been applied
on current software projects. We believe this is an important step
towards understanding how the ubiquity domain can affect the
software development life cycle. That is what we have observed
when dealing with some innovative software projects regarding
e-science in Brazil, where one of the requirements explicitly men-
tioned the characteristic of ubiquity. From that moment, we have
identified the need of understanding the impact of ubiquitous
characteristics in the software project planning. However, no infor-
mation could be easily found by us regarding this new software
category in the technical literature.

Based on this context, this paper intends to present a Software
Engineering point of view on ubiquitous computing, and, from that
view, provide a checklist to characterize software projects accord-
ing to their adherence level regarding ubiquity. Software projects
presenting any adherence with the UbiComp domain are called
ubiquitous software projects into this text. Additionally, the char-
acterization of 26 ubiquitous software projects will be made and
some insights on the distance between ubiquitous computing prin-
ciples and software projects are discussed.

To reach this goal, we decided to follow an evidence-based re-
search strategy to support our work in ubiquitous application
development. The UbiComp body of knowledge organization fol-
lowed the scientific approach shown in Fig. 1 [23]. It uses system-
atic reviews [8] (secondary studies) and surveys (primary studies)
to acquire knowledge from the field. This research strategy follows
Mary Shaw’s suggestions [98] on what makes good research in
Software Engineering: (1) Defining a research question (the Ubi-
Comp field characterization). (2) Identifying the correct research
results (the set of UbiComp characteristics and their factors). (3)
Validating the obtained results (surveying specialists).

We conducted two systematic reviews. The first one aimed at
defining ubiquitous computing, identifying where it is currently
being used and a definition of its main characteristics. The results
allowed us to observe that, besides its definition, ubiquitous com-
puting can be represented by 10 different characteristics. However,
these characteristics were described on a high abstraction level,
and it was not possible to use them to characterize ubiquitous soft-
ware projects. Therefore, we made a second systematic review to
identify functional and restrictive factors associated with these
UbiComp features. It revealed 123 functional and 45 restrictive fac-
Fig. 1. The followed research stra
tors that can support the characterization of software projects
regarding ubiquity.

After that, an initial evaluation was done to analyze the identi-
fied UbiComp characteristics as regards their applicability and
scope in the context of software projects. This survey allowed us
to make some improvements to the initial set of UbiComp charac-
teristics. Finally, we did a second survey to analyze UbiComp char-
acteristics as regards their pertinence and relevance when
characterizing ubiquitous software projects. As a result, we identi-
fied 11 UbiComp features and their respective relevance levels
when characterizing ubiquitous software projects. Fig. 2 (an in-
stance of the research strategy shown in Fig. 1) shows a summary
of the investigation activities performed in this research, and indi-
cates the types of study and results obtained throughout their
execution.

It is possible to observe in the technical literature that part of
the body of knowledge organization activities, the two systematic
reviews and the first survey, have already been summarized on
some of our previous works [101,104]. However, this paper brings
a depth, reviewed, updated and comprehensive discussion about
the performed activities and their respective reached results. More
specifically:

� On paper [104] there is a discussion about the importance of
software engineering area on the ubiquitous computing
domain. Additionally, that paper identified a preliminary set
of ubiquitous computing characteristics and summarized how
the domain knowledge about ubiquitous computing was orga-
nized presenting initially a resume of the two systematic
reviews including research questions, keywords, paper sources,
examples of search strings, and inclusion and exclusion criteria
(they are going to be deeply presented, reviewed, and updated
on Sections 2 and 3 of this paper). It also illustrated the first
attempt for a checklist that could be used to support the char-
acterization of software projects regarding ubiquity. That
checklist mainly differs from the one presented in this paper
(Section 6) because: (1) it did not include the steps (including
the necessary formulas) used to characterize a ubiquitous soft-
ware project evolved; and (2) it did not have the updated ver-
sion of the body of knowledge considering the final list of
UbiComp characteristics and their factors.
� On paper [101] there is a resume of the ubiquitous computing

body of knowledge organization. Besides, that paper also pre-
sented a briefly description of the first evaluation performed
on the organized body of knowledge. This evaluation was per-
tegy. Adapted from Ref. [23].



Fig. 2. Investigation activities.
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formed through a survey. However, that survey (presented dee-
ply on Section 4 of this paper) was not detailed nor deeply dis-
cussed once the main focus of the paper was to describe a
proposal to support ubiquity requirements definition and veri-
fication activities.

Having organized the UbiComp body of knowledge, we used this
set of information to define a checklist to support the characteriza-
tion of software projects regarding ubiquity. We applied this check-
list to characterize 26 different ubiquitous software applications,
selected to represent four UbiComp domain areas: Ambient
Intelligence [1], Pervasive Healthcare [122], Ubiquitous Learning
(or U-learning) [66], and Urban spaces [36]. The importance in
considering those areas justifies in the fact that: (i) They represent
different perspectives on how to apply the concepts of ubiquitous
computing in real software systems, and (ii) Each area brings
specific challenges and requirements associated with the ubiqui-
tous computing domain. Thus, we believe that this analysis can give
us:

� directions on how far ubiquitous computing principles and
ubiquitous software projects go, and;

� insights on the impact of application domain on the use of
the UbiComp characteristics.

Apart from this introduction, this paper has seven more sec-
tions. Section 2 identifies the UbiComp characteristics. From those
characteristics, Section 3 identifies functional and restrictive fac-
tors in each UbiComp characteristic. In the sequence, an initial
evaluation of this UbiComp body of knowledge is shown in Section
4. Section 5 tackles the pertinence and relevance levels of each Ubi-
Comp characteristic shown. After that, a checklist-based approach
to support the characterization of ubiquitous software projects and
its use is provided in Section 6. Next, threats to validity regarding
the performed and presented studies (systematic reviews and sur-
veys) on this work are presented in Section 7. Finally, Section 8
presents the final considerations on this work.

2. Identifying ubiquitous computing characteristics

As shown in Fig. 2, the first step was an informal literature re-
view. A search on ACM and IEEE digital libraries was done [104].
The results obtained at that moment were the theoretical founda-
tion on UbiComp, allowing the first systematic review planning.

Thestepstowardsasystematicreviewprotocolincludethedefini-
tionof:thegoalandresearchquestions,searchsources,searchstrings,
inclusion/exclusion criteria, and strategies for classification and
informationtobeextractedfromeachpaper,summarizedbelow[8].

The first systematic review goal was to characterize the
UbiComp field. For this, the following research questions were de-
fined [101]:

(i) What is ubiquitous computing?
(ii) How is ubiquitous computing being shown nowadays?

(iii) What characteristics define applications for ubiquitous
computing?

The study objective was to make a characterization of the Ubi-
Comp field. There is no comparison between intervention and
alternatives and no meta-analysis will be applied [78]. Therefore,
this secondary study, although systematic, can be considered a
quasi-systematic review [8].

To accomplish this quasi-systematic review the items below
defined the main characteristics of its research protocol:

� Keywords: characteristic, characterization, concept, feature,
definition, pervasive application, pervasive computing,
pervasive software, pervasive system, requirement,
ubiquitous application, ubiquitous computing, ubiquitous
software, and ubiquitous system.

(continued on next page)
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� Paper sources: Digital libraries have been chosen by
convenience, since they were fully available for the
researchers: ACM Digital Library, EI COMPENDEX, IEEE Portal,
and INSPEC.

� Search strings:
� P0

– (ubiquitous computing <or> pervasive computing)<and>
(definition <or> characterization <or> concept)

� P1
– ubiquitous application <or> ubiquitous system <or>

ubiquitous software
– pervasive application <or> pervasive system <or>

pervasive software
� P2

– (ubiquitous computing <or> pervasive computing)<and>
(feature <or> requirement <or> characteristic)

– (ubiquitous application <or> ubiquitous system <or>
ubiquitous software)<and>(feature <or> requirement
<or> characteristic)

– (pervasive application <or> pervasive system <or>
pervasive software)<and>(feature <or> requirement <or>
characteristic)

� As the criteria for inclusion and exclusion of papers:
� Papers should be available on the internet;
� Papers should be written in English;
� Papers should provide a definition for ubiquitous computing

(P0 only);
� Papers should report current applications regarding

ubiquitous computing concepts (P1 only);
� Papers should report ubiquitous software projects

(applications related to supporting software are not
considered) (P1 only);
� Papers should present characteristics associated with

ubiquitous systems (P2 only).
� Preliminary studies selection process: two researchers

analyzed the abstract and introduction of each publication
returned and, based on the criteria for inclusion and exclusion
of papers, the papers were selected or not to a more thorough
analysis.

� Information extraction: after the selection process, the
chosen papers were analyzed to extract information
according to the corresponding research question. The
information from each paper was organized on Tables to
allow their analyzes on the next step of the systematic review
execution. The extracted information was:
� P0: definition of ubiquitous computing and ubiquitous

systems;
� P1: ubiquitous software projects where the concepts of

UbiComp had been applied;
� P2: the set of ubiquitous computing characteristics and their

definitions.
� Result analyzes: after the information extraction activity, the

tabulated results were analyzed to:
� Prepare a definition for ubiquitous computing and

ubiquitous systems. These definitions were organized from
the set of definitions extracted from each paper analyzed;
� Identify applications where UbiComp concepts were used,

including their characteristics and use context.
� Identify the basic characteristics that define ubiquitous

systems. For this, the initial list of identified characteristics
was reviewed to eliminate redundancies and achieve a final
set of characteristics.
During this review, from 751 articles found, 41 technical papers
were selected for information extraction based on the inclusion and
exclusion criteria defined, in the beginning, in the systematic review
protocol. Thus, only the papers that: are available on the internet,
are written in English, provide a ubiquitous definition (P0 only),
report current applications regarding ubiquitous computing con-
cepts (P1 only), report software application (applications related
to supporting software are not considered) and present characteris-
tics associated with ubiquitous systems were considered. As a
resulting of the application of such criteria, the following papers
were selected: [2–7,9,11,18,24,25,28,33,39,43,45,48,54,59–61,63,
67,80,82,91,96,100,106,107,109,112,119,121,122,127,124,130].
These papers allowed us to update the definition regarding ubiqui-
tous computing and the identification of an initial set of character-
istics that should be present in ubiquitous software projects.

Hence, from this 1st quasi-systematic review, we could see that
ubiquitous computing is present when computational services or
facilities are made available to people in such a way that the com-
puter is no longer visible nor needed to be used as an essential tool
to their access. The services or facilities can materialize themselves
at any time or place, transparently, through the use of common dai-
ly devices. To make it happen it is necessary that systems that form
this scenario take into consideration the following characteristics,
which we call ubiquitous computing characteristics and their
evolved definition (updated from [101]) can be found as follow:

� Service omnipresence: it makes users able to move around
with the sensation of carrying computing services with them.
For instance: an engineer manages several projects and needs
to visit the development teams located in different sites. How-
ever, he also needs to monitor the other software projects’ pro-
gresses to report their results for the organization. When the
software engineer is visiting a specific development site, the
local software development environment can connect with
the other projects’ environments. Thus, the engineer will have
access to the software projects everywhere as he moves around.
� Invisibility: Ability to be present on a daily basis, using objects,

weakening, from the user’s point-of-view, the sensation of
explicit use of a computer and enhancing the perception that
objects or devices can provide services or some kind of ‘intelli-
gence’. For instance: an environment monitor that should be
constantly monitoring some comfort variables and adjusting
the air conditioning system or asking for maintenance without
user intervention.
� Context sensitivity: it relates to mechanisms present in ubiqui-

tous systems for collecting information from the environment
where the system is being used. For instance: a system to con-
trol the intensity of light inside a classroom should be con-
stantly monitoring the intensity of light to keep the room in
the comfortable configuration for reading.
� Adaptable behaviour: it represents the dynamic capacity of self

adaptation according the environment’s limitations to the ser-
vices that should be offered. For instance: by identifying the
increasing of throughput to the point of harming the processors
due their temperature, the high performance computer man-
agement system should command the increase of cooling to
reduce the risk of processing failure.
� Experience capture: it makes the ubiquitous systems able to

capture and register experiences for future use. For instance: a
software for ambient intelligence can identify common user
behaviours, for example: when arriving at work, the employee
turns on the office light, computer, air conditioning system at
24 �C and notifies the team his presence at the office. The soft-
ware can manage these activities as soon as it identifies the user
arrives at office without repetitive user commands.
� Service discovery: it represents mechanisms to support pro-

active discovery of services by the ubiquitous system in accor-
dance with the environment where it is being used, allowing
the achievement of some desired target by the finding of new
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services or information. For instance: a smartphone software
based on the location of its user can identify the local restau-
rants serving the user’s preferred food and discover those with
available seats at the moment.
� Function composition: It represents the ability to create a ser-

vice required by the user based on the existent basic services.
For instance: a user needs to convert a XML file from one tool
to another and this conversion service is not available in the
computer. The software can identify the necessary services in
other devices and makes them available for use.
� Spontaneous interoperability: it allows that according to its

movement the ubiquitous system can change its partners dur-
ing operation. For instance: a user is moving and the software,
running on a smartphone, is executing a data-intensive process.
During the moving, the software can interact with other devices
in the environment for temporary allocation of information.
� Heterogeneity of devices: it makes able the software applica-

tion to acquire mobility amongst heterogeneous devices. Thus,
the software application could migrate amongst devices and
adjust itself to each device. For instance: an email client that
can be used in the workstation at the office or at the smart-
phone on the road.
� Fault tolerance: the facing of environment faults will lead to

self adaptation. For instance: a positioning system detects a fail-
ure in the GPS module and starts to use the positioning of
mobile transmission anthems to mark the location points.

We can see that the definition of ubiquitous computing repre-
sents the ‘philosophy’ of this computer paradigm. This way, it de-
fines the ideal conditions where we can access computerized
resources in an ubiquitous way. On the other hand, ubiquitous
software projects have a well-defined scope and are strongly re-
lated to the different characteristics that form ubiquitous comput-
ing. It happens because, as ubiquity can be a property of a system,
it can be achieved in full or in part. This variation relates to the fact
that a particular software can implement or not all the functional-
ities that could represent the features of ubiquitous computing.

However, we can see that the identified UbiComp characteris-
tics were described on a high abstraction level, making their use
hard when dealing with concrete software projects. It would be
more interesting to identify more precisely how each characteristic
can be addressed in software projects. Therefore, it was necessary
to go further, looking for more concrete functionalities associated
with each UbiComp characteristic. This is the topic to be discussed
in the next section.

3. Identifying the factors in ubiquitous computing
characteristics

In order to have a more concrete view of how UbiComp charac-
teristics could be found in ubiquitous software projects, a second
quasi-systematic review was planned and executed. In this section
a summary of the protocol of this review is made, again using the
steps set in [8]. The goal of this second quasi-systematic review
[104] was to answer the question:

(i) What are the functional and restrictive factors that charac-
terize each ubiquitous computing characteristic?

To accomplish this second review, another protocol based on
the first one was prepared. The items below define the main char-
acteristics of this protocol:

� Keywords: adaptable behaviour or task dynamism, capture
of experiences, characteristic, context sensitivity, device
heterogeneity, fault tolerance, feature, functional
requirement, functionality, quality requirement,
invisibility, non-functional requirement, pervasive
computing, service discovery, spontaneous interoperability,
and ubiquitous computing.

� Paper sources: These digital libraries have been chosen by
convenience, because they were fully available for the
researchers: ACM Digital Library and IEEE Portal. On this
research protocol we decided to reduce the number of
digital libraries to be searched, due to the large amount of
search strings used, what could make the adaptation of
these different strings for each search engine harder and
demanding a too long result analysis.

� Search strings:
� P0: (ubiquitous computing <or> pervasive
computing)<and>((functional requirement <or>
functionality <or> feature <or> characteristic)<or>(no
functional requirement <or> quality
requirement))<and>(computer everywhere)
� P1: (ubiquitous computing <or> pervasive
computing)<and>((functional requirement <or>
functionality <or> feature <or> characteristic)<or>(no
functional requirement <or> quality
requirement))<and>(invisibility)
� P2: (ubiquitous computing <or> pervasive
computing)<and>((functional requirement <or>
functionality <or> feature <or> characteristic)<or>(no
functional requirement <or> quality
requirement))<and>(context awareness)
� P3: (ubiquitous computing <or> pervasive
computing)<and>((functional requirement <or>
functionality <or> feature <or> characteristic)<or>(no
functional requirement <or> quality
requirement))<and>(adaptability)
� P4: (ubiquitous computing <or> pervasive
computing)<and>((functional requirement <or>
functionality <or> feature <or> characteristic)<or>(no
functional requirement <or> quality
requirement))<and>(automated capture <or> experience
capture)
� P5: (ubiquitous computing <or> pervasive
computing)<and>((functional requirement <or>
functionality <or> feature <or> characteristic)<or>(no
functional requirement <or> quality
requirement))<and>(service discovery)
� P6: (ubiquitous computing <or> pervasive
computing)<and>((functional requirement <or>
functionality <or> feature <or> characteristic)<or>(no
functional requirement <or> quality
requirement))<and>(service composition <or> functionality
composition)
� P7: (ubiquitous computing <or> pervasive
computing)<and>((functional requirement <or>
functionality <or> feature <or> characteristic)<or>(no
functional requirement <or> quality
requirement))<and>(service heterogeneity)
� P8: (ubiquitous computing <or> pervasive
computing)<and>((functional requirement <or>
functionality <or> feature <or> characteristic)<or>(no
functional requirement <or> quality
requirement))<and>(spontaneous interoperability)
� P9: (ubiquitous computing <or> pervasive
computing)<and>((functional requirement <or>

(continued on next page)
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functionality <or> feature <or> characteristic)<or>(no
functional requirement <or> quality
requirement))<and>(fault tolerance)

� Criteria for the Inclusion and exclusion of papers:
� Papers should be available on the internet, should be
written in English; and should provide functional and/or
restrictive factors associated with each ubiquitous
characteristic.

� Preliminary studies selection process: one researcher
analyzed the abstract and introduction of each publication
returned and, based on the criteria for inclusion and
exclusion of papers, the papers were selected or not to a
more thorough analysis. A second researcher was available
to help on decision making in case of some doubt regarding
the inclusion of any paper.

� Information extraction: after the selection process, the
selected papers were analyzed to extract an initial list of
factors associated with each UbiComp characteristic. The
factors were organized in Tables to facilitate their analyzes
on the result analysis activity. Thus, for each research
question the following was extracted:
� P0–9: list of factors associated with the UbiComp
characteristic;

� Result analyzes: after the information extraction activity,
the tabulated results were analyzed to define the functional
and restrictive factors for each UbiComp characteristic. For
this, these definitions were examined to eliminate
duplication and to obtain the final set of factors. This
activity was done in three steps:
� identifying the presence of the ubiquitous characteristic;
� identifying the factors of each characteristic, and;
� grouping related factors in factor groups for each
characteristic.
After protocol execution, from 599 identified papers, 59 sci-
entific papers were selected for information extraction based
on the inclusion and exclusion criteria defined in the first place
in the review protocol [2,10,12,14–17,21,22,29,33,32,34,37,38,
40–42,49–53,55,57,56,60,62,65,68,70–72,75,80,82–85,87–90,92–
95,97,110,113,114,117,118,125,126,86,30,19]. They allowed the
identification of 168 ubiquity factors that were organized into
factor groups according to their definition and to the corre-
sponding characteristic. These factors represent functionalities
usually found in ubiquitous software projects for each UbiComp
characteristic.

The analysis of the papers returned by the second quasi-
systematic review was made in three steps [104]:

1. Identifying the presence of the ubiquitous characteristic.
2. Identifying the factors of each characteristic.
3. Grouping related factors in factor groups for each

characteristic.
Table 1
Characteristics – presence and factors. Evolved from Ref. [104].

Ubiquitous characteristic Presence % of 59

Service omnipresence 28 47.5
Invisibility 26 44.0
Context sensitivity 56 94.9
Adaptable behaviour 52 88.1
Experience capture 11 18.6
Service discovery 28 47.5
Function composition 19 32.2
Spontaneous interoperability 21 35.6
Heterogeneity of devices 18 30.5
Fault tolerance 11 18.6

Total of factors
The results of the first and second steps are shown in Table 1.
The first column shows the ubiquitous computing characteristics
identified during the result analysis of the literature review shown
in Section 2. The second and third columns show how many papers
were found for each characteristic, in absolute and percentage val-
ues respectively. The fourth and fifth columns (functionality and
restriction) show how many factors were found for each character-
istic. Finally, the sixth column shows the percentage distribution of
factors per characteristic.

According to the third step of the analyzes (grouping related
factors in factors groups), an example of a factor/factor group/char-
acteristic hierarchy for the ‘Context sensitivity’ characteristic is
shown below:

Characteristic: Context sensitivity
Factor Group: Information capture

Factor: To capture user identity, location, effect, or
activity.

Factor: To consider the time variable.
Factor Group: Context information management

Factor: To contextualize the information obtained.
Factor: To store the information captured.

Factor: To consider the semantics in the organization
and capturing of context information.

Factor Group: Information sharing
Factor: To share context information with users and

other devices.
Thus, as result of the two quasi-systematic review executions, it
was possible to obtain:

� An updated definition of ubiquitous computing.
� An initial set of 10 UbiComp characteristics: service omnipres-

ence, invisibility, context sensitivity, adaptable behaviour,
experience capture, service discovery, function composition,
spontaneous interoperability, heterogeneity of devices, and
fault tolerance.
� A set of functional and restrictive factors associated with each

UbiComp characteristic.

This set of concepts comprises the body of knowledge in ubiq-
uitous computing that will be developed and used throughout this
paper. These definitions reflect the technical knowledge on ubiqui-
tous computing, as available in literature. However, its coverage
may be limited by the scope defined in the used paper sources
and search strings.

Besides that, according to Dybå and Dingsøyr, systematic re-
views are only as good as the evidences they are based on [26].
Thus, the evaluation of the quality of the evidence obtained from
systematic reviews is an important point in the process of conceiv-
ing a software technology. Dybå and Dingsøyr also point that sys-
tematic reviews whose results attained were not based on primary
Functionality Restriction % of 168

9 1 6.0
8 2 6.0
22 8 17.9
24 8 19.0
7 0 4.2
13 13 15.5
18 5 13.7
10 2 7.1
9 3 7.1
3 3 3.6

123 45
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studies can have the body of evidence classified as of very low
strength. At this point, there are two possible paths to take:

� If the evidence has the strength required for the continuity
of the research, it is possible to directly move to the struc-
turing and organization of such evidence and knowledge
as generated through a body of knowledge.

� Otherwise, it may be necessary to make an evaluation of the
evidence obtained by a survey (primary study) with special-
ists in the domain area.

When the evidence obtained is conflicting or if there is no guar-
antee of its strength to enable its organization through a body of
knowledge, an alternative would be to consult specialists in the do-
main area related to the research that is being made. At this point,
surveys are good evaluation instruments of such evidence. Thus, a
questionnaire should be organized and sent to the specialists.

Thus, as the systematic review results of this research were not
based on primary studies, in order to have an initial evaluation
from the point of view of other researchers about the organized
set of characteristics and their factors, we considered to survey
Software Engineering researchers who are working with the re-
search and development of ubiquitous software projects. The sur-
vey planning and execution are described in the next section.

4. Initial survey

As described in [101], the main goal of this survey was to ana-
lyze the previously described ubiquity characteristics, their factors,
and group of factors extracted from the technical literature with
the purpose of characterizing as regards their applicability and
scope into the context of software projects from the point-of-
view of Software Engineering researchers working with the re-
search and development of ubiquitous software projects.

This study intended to survey UbiComp researchers considering
the following questions regarding the previously described set of
ubiquity characteristics and corresponding functional and restric-
tive factors:

� Is there any additional ubiquity characteristic that is not
present in the initial set that should be included?

� Is there any ubiquity characteristic present in the initial set
that should be excluded?

� Is there any additional ubiquity characteristic factor group or
factor that is not present in the initial set that should be
included?

� Is there any ubiquity characteristic factor group or factor
present in the initial set that should be excluded?

� Are the ubiquity characteristics and their associated factors
and factor groups applicable to characterize software pro-
jects regarding ubiquity?
1 The CNPq (www.cnpq.br) is an agency of the Brazilian Science and Technology
Department, which promotes scientific and technological research in Brazil. The
Directory of Research Groups is a database with information on research groups’
activity in the country. The information is continuously updated by the group leaders,
researchers, students, and research leaders from the participating institutions.
In this study, the following variables were defined:

� Variables related to the UbiComp characteristics:
� CCI = Initial set of UbiComp characteristics.
� CIN = Characteristics to be included in CCI.
� CEX = Characteristics to be excluded from CCI.
� CF = Final set of UbiComp characteristics.
� Variables related to the UbiComp characteristics factors

groups:
� GFCI = Initial set of UbiComp characteristics factors groups.
� GFIN = Factors groups to be included in GFCI.
� GFEX = Factors groups to be excluded from GFCI.
� GFF = Final set of UbiComp characteristics factors groups.
� Variable related to the Applicability:
� AP = Applicability.
Three null hypotheses were also defined for this study. The null

hypotheses and their alternative hypotheses are:

� Null hypothesis 1 (H0 1): The initial set of UbiComp
characteristics is comprehensive, thus, there are no
characteristics to be included nor excluded from CCI.
� H0: CIN = CEX = £; CF = CCI

� Alternative Hypothesis (H1): The initial set is not
comprehensive and there are UbiComp characteristics to be
included in CCI.
� H1: CIN – £; CF = CCI + CIN

� Alternative Hypothesis (H2): The initial set is not
comprehensive and there are UbiComp characteristics to be
excluded from CCI.
� H2: CEX – £; CF = CCI � CEX

� Null hypothesis 2 (H0 2): The initial set of UbiComp
characteristics factors groups is comprehensive, thus, there
are no factors groups to be included nor excluded from GFCI.
� H0 2: GFIN = GFEX = £; GFCI = GFF

� Alternative Hypothesis (H3): There are factors groups to be
included in GFCI.
� H3: GFIN – £; GFF = GFCI + GFIN

� Alternative Hypothesis (H4): There are factors groups to be
excluded from GFCI.
� H4: GFEX – £; GFF = GFCI � GFEX

� Null hypothesis 3 (H0 3): The initial set of UbiComp
characteristics and their factors groups is not applicable to
the characterization of ubiquitous software projects.
� H0 3: AP = No
� Alternative Hypothesis (H5): The initial set of UbiComp

characteristics and their factors groups is applicable to the
characterization of ubiquitous software projects.
� H5: AP = Yes
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4.1. Instrumentation and population planning

In this survey, Brazilian researchers were considered as popula-
tion when planning and executing this study. Subjects were chosen
through a search in the CNPq’s (National Council for Scientific and
Technological Development) Research Groups Search Directory1

looking for those research groups which work with UbiComp area.
All contact with subjects was done by email (about 60 invited
UbiComp researchers), including the sending of questionnaire.
The filling of the questionnaire was expected to happen in three
steps:

(1) Subject background and skills characterization: In this
step subjects were asked about their personal data (name,
email), academic background, level of expertise in software
project development (in years), and number of executed
software projects per UbiComp characteristic.

(2) Identification of ubiquity characteristics set complete-
ness: The subject can confirm those important ubiquity
characteristics to characterize ubiquitous software projects,
include or exclude characteristics in the initial set.

(3) Identification of the ubiquity characteristic factors set
completeness: The subject can confirm those important fac-
tor group and factor, include or exclude factors in the ubiq-
uity characteristic factor set.

http://www.cnpq.br
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4.2. Data analysis planning

For the data analysis activity, initially a weight will be attrib-
uted for each subject based on one’s experience in the UbiComp
domain. Thus, if a subject has high experience for a set of charac-
teristics, for these characteristics one’s answers will have a higher
weight. After that definition, the answers of all subjects were ana-
lyzed for each characteristic, factor group, and factor.

The following criteria were used to support the data analyzes:

� Inclusion of characteristic/factor group/factor:
� At least one researcher with high experience level for the
characteristic + analysis of the researcher responsible for
implementing the survey. (or)
� At least two researchers with medium experience level for
the characteristic + analysis of the researcher responsible
for implementing the survey.

� Exclusion of characteristic/factor group/factor:
� At least one researcher with high experience level for the
characteristic + analysis of the researcher responsible for
implementing the survey. (or)
� At least two researchers with medium experience level for
the characteristic + analysis of the researcher responsible
for implementing the survey.

It is important to notice that the criterion ‘analysis of the re-

searcher responsible for implementing the survey’ is needed be-
cause only this researcher has a broad view of the answers of all
subjects. For instance, in the case of a subject with a high level of
experience who suggests to exclude a characteristic while another
subject, also with a high level of experience, points that a character-
istic should be retained, the researcher heading the survey should
decide if that characteristic should be excluded or maintained,
based on the global scenario reported by the all study subjects.
4.3. Results

The survey execution resulted in 10 subjects (about 17% of invi-
tations) answering the questionnaire (8 PhDs). Their individual
characterization can be found in [101]. Table 2 summarizes the
number of expert subjects for each UbiComp characteristic. The
characteristics considered are: (SO) Service Omnipresence, (IN)
Invisibility, (CS) Context Sensitivity, (AB) Adaptable Behaviour,
(EC) Experience Capture, (SD) Service Discovery, (FC) Function
Composition, (SI) Spontaneous Interoperability, (HD) Heterogene-
ity of Devices, and (FT) Fault Tolerance. The researchers’ skill levels
for each UbiComp characteristic were classified as:

� High: scholar who researches and has taken part in more
than two software projects, considering the ubiquity
characteristic.

� Medium: represents researchers that researches and has
taken part of one or two software projects considering the
ubiquity characteristic.

� Low: represents researchers that just research the ubiquity
characteristic.
Table 2
Number of experts for each ubiquity characteristic.

Level of expertise SO IN CS AB EC SD FC SI DH FT

High 6 1 6 6 4 1 1 1 2 0
Medium 2 5 1 3 2 5 6 5 3 2
Low 2 4 3 1 4 3 3 4 1 5
None 0 0 0 0 0 1 0 0 4 3
� None: represents researchers that neither research nor have
taken part in a software project with the ubiquity
characteristic.

It is important to see that, except for the fault tolerance charac-
teristic, all others have been analyzed by at least one researcher
with high skill level.

For the analysis stage, each subject had a different weight
according to one’s background and skill level. After weight defini-
tion, the answers from all subjects were analyzed for each evalu-
ated UbiComp characteristic, factor group, and factor.

Fig. 3 shows the organization of the initial set of ubiquity char-
acteristics before and after survey execution. Before survey execu-
tion, 10 ubiquity characteristics were identified. The survey
execution allowed us to see that these 10 characteristics can be
structured considering two different perspectives: functional and
restrictive. This new categorization seems to make sense as there
are characteristics that are clearly related with non-functional soft-
ware aspects. Moreover, the fault tolerance characteristic was in-
cluded in the UbiComp restrictive characteristics group. Finally, 3
new characteristics related to non-functional aspects of software
projects were identified:

� Scalability: indicates system ability to either handle grow-
ing amounts of work in a graceful manner or to be readily
enlarged.

� Quality of service: indicates the ability to provide different
priority to different applications, users, or data flows, or to
guarantee a certain level of performance during system
execution.

� Privacy and trust: indicates system ability to keep the oper-
ations done by a given user confidential and ensure that this
is not mocked within the system.

Besides that, some factors were included and others excluded
from the initial set of factors that were evaluated. Thus, it was seen
that Null Hypotheses 1, 2, and 3 (H0 1, H0 2, and H0 3) were refuted.

Despite the fact that the results contributed for the evolution of
the body of knowledge on the organization of UbiComp, it is
important to note that the population size was considered small
and not representative considering a global scenario in UbiComp.
Thus, the result of the survey could not be used as an evaluation
Fig. 3. Definition of UbiComp characteristics before and after survey execution.
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of the body of knowledge, although their results are important to
its evolution. Therefore, a second survey was done.

5. Evaluating the UbiComp body of knowledge

The goal of this study was to analyze ubiquity characteristics
extracted from the technical literature with the purpose of char-
acterization, as regards their adequacy and relevance when char-
acterizing software projects regarding ubiquity, from the point
of view of researchers on the UbiComp field, in the context of
ubiquitous software projects.

Therefore, the following research questions were considered:

(i) Are the characteristics extracted from the technical litera-
ture adequate (or not) to characterize ubiquitous software
projects?

(ii) Is there any additional characteristic to characterize a ubiq-
uitous software project that could be considered?

(iii) What is the importance (relevance level) of each character-
istic when characterizing ubiquitous software projects?

In this study, adequacy indicates if each characteristic is useful or
not to describe or define a body of knowledge on UbiComp Charac-
teristics. Relevance indicates how useful it is when characterizing a
software project regarding ubiquity, that is, the weight of this char-
acteristic on the characterization of ubiquitous software projects.

In this context, the following variables were defined for this
study:

� Variables related to the pertinence of the UbiComp
characteristics:
� CCI = Initial set of UbiComp characteristics.
� CIN = Characteristics to be included in CCI.
� CEX = Characteristics to be excluded from CCI.
� CF = Final set of UbiComp characteristics.
� Variable related to the relevance level of the UbiComp

characteristics:
� REi = relevance level of the UbiComp characteristic ‘‘i’’
Fig. 4. Participant ch
considering the development of ubiquitous software
projects, where ‘‘i’’ is a number from 1 to n, and n is the
total number of UbiComp characteristics.

Two null hypotheses were also defined for this study, that are

related to the pertinence and relevance levels of the UbiComp
characteristics when characterizing software projects regarding
ubiquity. The defined null hypotheses and their alternative
hypotheses are:

� Null hypothesis 1 (H0 1): The initial set of UbiComp
characteristics is complete and, thus, there are no
characteristics to be included or excluded from CCI.
� H0: CIN = CEX = £; CF = CCI

� Alternative Hypothesis (H1): The initial set is not complete
and there are UbiComp characteristics to be included in CCI.
� H1: CIN – £; CF = CCI + CIN

� Alternative Hypothesis (H2): The initial set is not complete
and there are UbiComp characteristics to be excluded from
CCI.
� H2: CEX – £; CF = CCI � CEX

� Null hypothesis 2 (H0 2): The UbiComp characteristics have
the same relevance levels.
� H0 2: RE1 = RE2 = RE3 = ��� = REn

� Alternative Hypothesis (H3): There is at least one UbiComp
characteristic that has the relevance level different from
other characteristic.

� H3: REi | REi – REj, i – j; (where ‘‘i’’ and ‘‘j’’ are numbers
between 1 and n, and ‘‘i’’ – ‘‘j’’)
5.1. Instrumentation and population planning

As instrumentation, an online questionnaire was developed and
published in the Internet. It is filled in three steps:

(i) Subject characterization (e.g., personal data, academic
degree, and experience level on ubiquitous software
projects) (see Fig. 4).
aracterization.



Fig. 5. Identification of characteristic pertinence.

Fig. 6. Identification of the level of relevance for each characteristic.
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(ii) Identification of those adequate/inadequate characteris-
tics in characterizing ubiquitous software projects (see
Fig. 5).

(iii) Definition of each characteristic’s relevance level to support
the characterization of ubiquitous software projects consid-
ering six relevance levels (Likert Scale) (see Fig. 6):

a. No Relevance ( ): lowest level of relevance, meaning the
characteristic would have no influence in the characteriza-
tion of an ubiquitous software project. In general, this fea-
ture is not met in ubiquitous software projects.

b. Very Low Relevance ( ): indicates that the characteristic
would not affect the characterization of ubiquitous software
projects. This characteristic is covered in very specific ubiq-
uitous software projects.
c. Low Relevance ( ): indicates that the characterization of an
ubiquitous software project would be more precise by using
this characteristic. In some particular scenarios it could be
more relevant, but in general the characterization is not
affected by the absence of this feature.

d. Medium Relevance: ( ): indicates that the characteristic
affects the characterization of ubiquitous software projects.
In general, this characteristic is contemplated in ubiquitous
software projects but it depends on software domain and
requirements.

e. High Relevance ( ): indicates that the characteristic should
be considered when characterizing ubiquitous software pro-
jects. Its Absence (no use) may indicate that the project
could not be characterized as ubiquitous. Only for a
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restricted number of particular project scenarios this char-
acteristic should not be considered when characterizing an
ubiquitous software project.

f. Very High Relevance ( ): indicates that the feature is abso-
lutely necessary when characterizing an ubiquitous soft-
ware project. Its Absence (no use) indicates that the
project should not be characterized as ubiquitous.

The population of this survey was represented by authors that
published papers: (i) identified by two quasi-systematic reviews
shown in Sections 2 and 3, or; (ii) in the proceedings of UBICOMP
– one of the most important conferences in the area. These authors
were contacted by email and were able to access a website with
the questionnaire.

We assume this population can be representative in the context
of UbiComp researchers, and the subjects answered the question-
naire using their background and experience in this field.

5.2. Data analysis planning

For the data analysis stage, it was necessary to define how the
following variables could be calculated: subject weight, character-
istic pertinence, and level of relevance of the characteristic [105].
The formula used to obtain the weights for subject ‘x’ is:

WeightðiÞ ¼ f ðiÞ þ pðiÞ þ eðiÞ þ tðiÞ
MedianTP

;

where:
� f(i) is the higher level of academic degree;
� p(i) is the indicator for the number of papers regarding Ubi-

Comp published by the subject;
� e(i) is the subject’s level of experience with the development

of ubiquitous software projects;
� t(i) is the total number of ubiquitous software projects one

participated in;
� MedianTP is the median of the total number of ubiquitous

software projects considering the answers of all subjects.

To calculate the pertinence level of a ubiquity characteristic to
characterize ubiquitous software projects, it is necessary to sum
the answer of each subject multiplied by its respective weight [98]:
Fig. 7. Level of pertinence
PertinenceðjÞ ¼
XM

i¼1

ðAnswerði; jÞÞ �WeightðiÞ;

where:
� Pertinence(j) is the total value of the answers of all subjects

(multiplied by their weights) about the adequacy of charac-
teristic j to characterize ubiquitous software projects.

� Answer(i,j) is the indicator of being adequate (1) or not (0),
defined by subject ‘i’ for characteristic j.

� Weight(i) is the weight attributed for subject ‘i’.
� M is the amount of subjects in the survey.

According to [98], ‘‘a threshold of 50% of the maximum value
that could be obtained for characteristic j in variable Pertinence(j)
if all subjects answer YES regarding its adequacy to characterize
ubiquitous software projects’’ can be used to support the decision
of including (value greater than threshold) or not (value lower than
threshold) the characteristic in the final set.

Threshold ¼ 0;5 �
XM

i¼1

WeightðiÞ

Finally, to define the relevance level of each characteristic clas-
sified previously as adequate, it is necessary to sum the answers of
each subject multiplied by its respective weight.

RLevelðjÞ ¼
XN

i¼1

ðScaleði; jÞ �WeightðiÞÞ;

where:
� RLevel(j) is the total value of the answers of all subjects (multi-

plied by their weights) for the characteristic j.
� Scale(i,j) is the scale of relevance level (0–5) defined by the sub-

ject i for the characteristic j.

After this, the UbiComp characteristics will be ranked from the
highest level of relevance to the lowest. The most relevant charac-
teristics are those that have a higher value for RLevel(j).

5.3. Results

This survey was done considering a population of 280 subjects.
Of this total, 31 researchers from different regions (North America,
Asia and Europe) answered the questionnaire (about 11%); 22 of
of the characteristics.
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them hold a Ph.D., 7 are Masters, and 2 undergrads. On average,
subjects had already participated in 7 ubiquitous software projects.

As a result, it was possible to identify the pertinence and rele-
vance levels of each UbiComp characteristic.

5.3.1. Analysis of the level of pertinence of the characteristics
Having applied the formula to assess the pertinence of an ubiq-

uitous computing characteristic, we obtained the results shown in
Fig. 7. As it can be seen, the lower limit for a characteristic to be con-
sidered pertinent is 46.74%. This criterion was used as it is the mid-
point for the pertinence scale level (ranging from 0% to 93.47%),
following the defined formula for calculating the pertinence level.
Thus, the characteristics context sensitivity, adaptive behaviour,
service omnipresence, heterogeneity of devices, capture of experi-
ence, spontaneous interoperability, scalability, privacy and reliabil-
ity, fault tolerance, and quality of service were considered
pertinent. On the other hand, the characteristics service discovery,
invisibility, and composition of functionality were discarded.

Besides, three researchers suggested the inclusion of a new
characteristic:

� Universal usability: Associated to the fact that project
usability is adhering to good usability standards, while con-
sidering different target user groups.

Thus, it is observed that the Null Hypothesis 1 (H0 1) was re-
futed because one UbiComp characteristic suggested by the partic-
ipants was added and three UbiComp characteristics were
excluded from the initial set.

5.3.2. Analysis of the level of relevance of the characteristics
After identifying characteristics considered relevant by the

study’s subjects, the next step was to define their relevance levels
Fig. 8. Characteristics
for the characterization of ubiquitous software projects. Thus, hav-
ing applied the formula for calculating the relevance level shown in
Section 5.2, we obtained the results shown in Fig. 8.

Thus, it is seen that Null Hypothesis 2 (H0 2) was also refuted,
as there were characteristics with different relevance levels.

As a result, we identified that there are different relevance lev-
els for the UbiComp characteristics when characterizing ubiquitous
software projects.

Table 3 summarizes the results obtained:

� The rows marked in grey indicate the characteristics to be
considered in the final set of ubiquity characteristics. This
selection was done according to the inclusion criteria
defined in the survey plan.

� Context sensitivity and adaptable behaviour are the most per-
tinent and relevant characteristics. It is also important to see
that these characteristics have a supplementary relationship.

� We could see that there is a balance between functional (6/
11) and restrictive (5/11) characteristics. This can indicate
that non-functional characteristics are critical for this soft-
ware category.

Based on those findings, we could elaborate on our interpreta-
tion of the UbiComp definition shown in Section 2 to: Ubiquitous
computing is present when computational services or facilities can
materialize themselves at any time or place, transparently, through
the use of common daily devices. To make it happen it is desirable that
systems of this application category take the following characteristics
into consideration:

� Functional: context sensitivity, adaptable behaviour, service
omnipresence, heterogeneity of devices, experience capture, spon-
taneous interoperability.
– relevance level.



Table 3
Pertinence and relevance level of characteristics to ubiquity software projects.

Characteristic Pertinence level (%) Rank Relevance level (%) Rank Functional/restrictive

Context sensitivity 93.47 1 84.81 1 F
Adaptable behaviour 89.71 2 71.79 2 F
Privacy and trust 76.21 3 59.32 3 R
Heterogeneity of devices 62.34 4 44.56 7 F
Experience capture 62.16 5 46.69 5 F
Scalability 60.91 6 46.44 6 R
Service omnipresence 59.03 7 48.93 4 F
Fault tolerance 56.26 8 41.34 8 R
Quality of service 52.42 9 35.06 9 R
Spontaneous interoperability 49.28 11 31.70 11 F
Universal usability – – R
Service discovery 41.23 12 30.43 14 F
Invisibility 40.61 13 31.06 12 F
Function composition 32.02 14 23.74 14 F
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� Restrictive: scalability, privacy and trust, fault tolerance, quality
of service, and universal usability.

These findings allowed us to elaborate on the body of knowl-
edge on UbiComp and its characteristics. Thus, it was possible to
organize a body of knowledge regarding UbiComp.

Despite the importance of organizing this body of knowledge,
we could not as yet capture how the UbiComp characteristics were
applied in practice on ubiquitous software projects. This informa-
tion can help understanding how the UbiComp characteristics
could influence the software project and obtaining insights about
what ubiquity characteristics have been usually explored in
practice.

Hence, the set of UbiComp characteristics and their factors were
used to create a checklist to characterize ubiquitous software pro-
jects identified in the technical literature. The proposed checklist
and its use is shown in the next Section.

6. Characterizing ubiquitous software projects

Ubiquitous software projects can display different levels of
adherence to the ubiquity characteristics and their respective
factors. These different adherence levels can be a consequence
of the application domain and project requirements, for
instance.

Therefore, considering the previously defined concepts can be
used to characterize ubiquitous software projects, we have
Fig. 9. A checklist fragment to characte
organized a set of procedures, including a checklist, to support
the evaluation of the ubiquity adherence level of software projects.
It is important to observe that its goal is not to define if a software
project is more ubiquitous than others. This characterization can
support the understanding of how the ubiquitous computing char-
acteristics have been considered in practice. We believe this can be
considered an important step towards to provide some hints and
directions to new research trends on Software Engineering applied
to ubiquitous software projects.

Basically, the characterization approach consists of four steps:

(1) Identifying the presence of the functional and restrictive
factors of each UbiComp functional characteristic.

(2) Identifying the presence/absence of UbiComp restrictive
characteristics based on the project’s non-functional
requirements. In this case, there are two possible values
for the adherence level: 100% (presence) or 0% (absence).

(3) Assessing the adherence level of each UbiComp characteris-
tic for the software project based on the presence/absence
of each correspondent functional and restrictive factor.

(4) Representing the ubiquity adherence level for the system
through the use of the values obtained in Step 3 to generate
a graph.

The previously described steps can be error prone whether
manually executed; therefore we developed a spreadsheet-based
form to support the calculation of the adherence level for each
rize ubiquitous software projects.



Fig. 10. Example of ubiquity characteristics and their adherence levels.
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ubiquity characteristic. Fig. 9 shows a fragment of the proposed
checklist that comprises the following columns:

� Characteristic: shows the final set of UbiComp characteristics
shown in Section 5.
� Characteristic Adherence Level: shows the percentage of adher-

ence based on the Status column. It is important to notice that
each factor has the same weight and the adherence level is cal-
culated as the average of the attended factors. The calculus is
given by the expression bellow:

Characteristic Adherence Level ¼
P

attended factors� 100
Number of factors

where:

� Attended factors are the factors whose status value is 1 for a
specific characteristic.

� Number of factors is the total number of identified factors
for a specific characteristic.

� Factors: shows the functional and restrictive factors
identified on the second review shown in Section 3.

� Factor Group: shows the factor groups identified on the
second literature review shown in Section 3.

� Factors: shows the functional and restrictive factors
identified on the second review shown in Section 3.

� Status: factor presence (1) or absence (0). The user provides
this information.
Basically, as the user fills in the Status column, the Characteristic
Adherence Level columns can be calculated for each ubiquitous com-
puting characteristic. In the final step, the evaluated percentage val-
ues of the Characteristics Adherence Level columns are used to draw
a graph representing the software project ubiquity adherence level.
For instance, Fig. 10 (left graph) represents the observed ubiquity
characteristics when applying this checklist to [116]. We can see that
a real ubiquitous software project (left graph) can differ from an
expected (right graph) full ubiquitous scenario (Sections 2, 3, and 5).

6.1. Applying the characterization checklist

This Section provides the results from applying the character-
ization approach to a set of 26 ubiquitous software projects found
in technical literature that represent examples ranging from 2004
to 2010 where some technological evolution took place. Those soft-
ware projects were selected in order to represent four UbiComp
domain areas:

� Ambient intelligence: refers to electronic environments that
are sensitive and responsive to the presence of people. The
ambient intelligence area builds upon ubiquitous comput-
ing and is marked by systems and technologies that are
[1]: embedded, context-aware, personalized, adaptive, and
anticipatory.

� Pervasive Healthcare: may be defined from two perspec-
tives: i) as the application of pervasive computing technol-
ogies for healthcare, and ii) as making healthcare available
everywhere, anytime and to anyone. Thus, pervasive health-
care is closely related to Biomedical Engineering, Medical
Information Systems, and Ubiquitous Computing [122].

� Ubiquitous learning (or U-learning): is equivalent to some
form of simple mobile learning, e.g., learning environments
that can be accessed in various contexts and situations.
Besides the domains of e-Learning, U-learning may use
more context awareness to provide most adaptive contents
for learners [66].

� Urban spaces: computing devices are everywhere and our
everyday life is undeniably linked to several of these. Mobile
phones, PDAs, media players or laptops are the indispens-
able companions of the urban dweller. Beyond our con-
trolled gadgets, myriads of devices require and expect our
interaction in an increasingly networked urban environ-
ment. In order to describe these complex networked envi-
ronments we use the notion of ‘urban spaces’ [36].

The importance in considering those areas lies in the fact that:

� They represent different perspectives of how to apply the
concepts of ubiquitous computing in real software systems.

� Each area brings specific challenges and requirements asso-
ciated with the ubiquitous computing domain.

Thus, we believe that this analysis will allow us to take a broad
view of how far ubiquitous computing principles and ubiquitous
software projects are each other in general and for each domain
area.

For each one of the selected software projects, we conducted
the characterization as exemplified in the previous Section. The re-
sults are shown on Table 4 (for ambient intelligence area), 5 (for



Table 4
Description of the analyzed software projects for Ambient Intelligence area.

Reference/year Project 01: [5]/2004 Project 02: [31]/2005

Description On this project, named U-Kitchen, some services in the context of a kitchen
could be made available using concepts of ubiquitous computation. The
scenario is made using some smart devices communicating to each other and
sharing the context via a kitchen server. By adding a limited level of
smartness to the appliances, ubiquitous services are developed that make the
job for an autonomous ubiquitous system far more easier, and technical
issues that are less complex

In this project, named GENIO, a real kitchen and sitting room have been built where users can command the home
talking naturally. Possible actions are: reading emails, programming the washing machine, checking goods in the
fridge, creating a shopping list, doing shopping with a PDA in the supermarket, activating the dishwasher, being
guided on how to prepare an oven recipe, checking if the ingredients are in the larder, listening to some music
stored at home, seeing photos, and so on

Ubiquity adherence
level

Reference/year Project 03: [73]/2006 Project 04: [115]/2006
Description Project ViTo functions as a universal remote control for a home

entertainment system. The interface of this device, however, is designed in
such a way that it may unobtrusively promote a reduction in the user’s
television viewing while encouraging an increase in the frequency and
quantity of non-sedentary activities

This project proposes the use a context sensitive and proactive fuzzy control system for controlling the home
environment. The designed control system is adaptive, and it can accommodate changing conditions of its
dwellers. Thus, the system operates fully in the background and needs very little effort from its users

Ubiquitous adherence
level

(continued on next page)
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Table 4 (continued)

Reference/year Project 01: [5]/2004 Project 02: [31]/2005

Reference/year Project 05: [64]/2008 Project 06: [129]/2010
Description This project proposes an agent-based management system for ubiquitous

smart homes that provides an user-friendly interface, and can make use of
add-on functionalities of the IMS such as voice chatting, SMS, and multimedia

On this project, a case-driven ambient intelligence system is proposed, aiming at sensing, predicting, reasoning,
and acting in response to daily elderly person activities at home
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Table 5
Description of the analyzed software projects for pervasive healthcare area.

Reference/year Project 01: [9]/2004 Project 02: [63]/2004

Description This project’s goal is to construct a software that provides easy access
to mobile electronic registration of patients (EPR)

This software project intends to develop a set of applications regarding the concepts of
the ubiquitous computing in the context of healthcare, environment control, and
management

Ubiquity adherence level

Reference/year Project 03: [35]/2006 Project 04: [111]/2006
Description In this project, the authors envisioned the design and implementation of

a highly-automated AMI Teleconsultation & Monitoring System (AToMS) that relies
on mobile communications to assist emergency teams and cardiologists to exchange
information about an AMI patient and decide on its eligibility for receiving
thrombolytics in a timely fashion, and to track patient evolution while one is being
moved to the nearest available CCU

In this project, the authors propose a pervasive computing (PC) infrastructure for the
delivery of medical services. This system is generic and can be easily adapted to meet
some specific needs of a hospital or clinic.The system consists of three subsystems: (1) A
pervasive patients’ system (2) A subsystem for automated diagnostics and
administration of patients’ medication, and (3) an automated prescription subsystem

Ubiquitous adherence level

(continued on next page)

R
.O

.Spínola,G
.H

.Travassos/Inform
ation

and
Softw

are
Technology

54
(2012)

759–
785

775



Table 5 (continued)

Reference/year Project 01: [9]/2004 Project 02: [63]/2004

Reference/year Project 05: [81]/2007 Project 06: [58]/2007
Description In this project a system is proposed to support the control of Glucose levels. For

the system implementation, they used the MIMOSA framework shown on the paper
In this project, a set of support systems is shown, for autistic children. The
system consists of patient monitoring functionalities and, at the same time, it assists
caretakers in their decision-making

Ubiquitous adherence level

Reference/year Project 07: [99]/2007 Project 08: [79]/2009
Description Shin et al. (2007) suggest a healthcare monitoring system using unconstrained

measurement devices with ubiquitous techniques. These measurement devices
are developed into built-in type and sensor type. The first devices are built-in the
households (bed, sofa, and toilet seat) and measure patient heart rate, breathing
patterns, and estimate blood pressure. The second devices are placed in a kitchen,
front door, and every room, to detect patient movements and activities. All digitized
raw signals are sent to a hospital laboratory after an analysis process

Lee e Park (2009) developed a u-Healthcare aide system as a smart space that helps
health management users to manage their health with precautionary measures. This
system consists of three modules: Sensing, Management, and Analysis. The Sensing
Module is in charge of measuring, transferring, and receiving vital data. The Management
Module helps offering services to users, medical workers, and managers. This module
supports inquiry and analysis and offers results, meal and exercise prescriptions, and
medical pre-examinations. The Analysis Module analyzes and predicts diseases and
calculates the health index
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Reference/year Project 09: [108]/2009 Project 10: [116]/2010
Description Su et al. (2009) developed an ubiquitous healthcare (u-Health) system platform

that integrates wireless telecommunication, sensor network, and information
technology to take care of patients having chronic diseases. The u-Health system
provides not only telecare in the home setting, but also a health community network
that can further integrate medical care and life care and emphasize patient humanity
and dignity

In this project, the authors describe a policy-based architecture that uses wireless sensor
devices, advanced network topologies and software agents to enable remote monitoring
of patients and elderly people. Through those technologies the authors achieve
continuous monitoring of a patient’s condition and can proceed when necessary with
proper actions

Ubiquitous adherence level
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Table 6
Description of the analyzed software projects for U-learning area.

Reference/year Project 01: [48]/2004 Project 02: [128]/2008

Description The research described in this paper is the investigation of interactivity between learners
and system in the context of remote access to educational field explorations. Thus, the
proposed software project intends to develop software to support distance-based education

In this paper, the authors propose an ubiquitous learning system using co-learning to enhance
the education effect. They created a virtual pet referred as ubiquitous pet that can progress with
a user through its own progress attributes

Ubiquity adherence
level

Reference/year Project 03: [47]/2008 Project 04: [123]/2009
Description In this paper, the concept of Digital Artefacts and U-learning Digital Artefacts are given

out. Two examples of U-learning Digital Artefacts, an ubiquitous schoolbag and a digital flash
card, are shown. Moreover, an ubiquitous review system for the pupils, using digital artefacts,
is given out to illustrate the authors’ view on ubiquitous learning

Yang et al. (2009) proposed a Web-based outdoor experience game-based learning system by
integrating the Geography Information System (GIS), Global Position System (GPS) and wireless
connection technologies. Both learners and instructors could easily use the proposed system
functionalities to learn/design the related outdoor experience course content

Ubiquitous adherence
level
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Table 7
Description of the analyzed software projects for urban space area.

Reference/year Project 01: [130]/2005 Project 02: [20]/2005

Description EZCab is an ubiquitous application that allows people to call to taxis that are close
and available, using mobile phones or PDAs. The system discovers and calls available
taxis

This paper presents a novel idea for a system known as Telelogs. Using the ubiquity of
mobile devices, Telelogs functions as a service with which individuals in an urban environment
can establish a better sense of community awareness

Ubiquity adherence
level

Reference/year Project 03: [77]/2006 Project 04: [74]/2009
Description To understand the city as a system encompassing physical and digital forms and their

relationships with people’s behaviours, this paper presents the developed, applied, and
refined methods of observing, recording, modelling and analyzing the city, physically, digitally
and socially

In this project, the authors introduce the PlaceAware application that can be used to
enhance people’s social interactions in urban areas

Ubiquitous adherence
level
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Table 7 (continued)

Reference/year Project 01: [130]/2005 Project 02: [20]/2005

Reference/year Project 05: [13]/2009 Project 06: [69]/2009
Description The authors present the general design of an architecture, based on software agents

and oriented to the semantic Web, for the development and deployment of urban, ubiquitous
services for citizens and tourist. The goal is to create a platform capable of providing
personalized services based on recommendation algorithms, and user location, profile,
and preferences

In this project, a new approach to monitor noise pollution involving citizens and built on
the notions of participatory sensing and citizen science. We enable citizens to measure their
personal exposure to noise in their everyday environment by using GPS-equipped mobile
phones as noise sensors. The geo-localized measures and user-generated meta-data can be
automatically sent and shared online with the public to contribute to the collective noise
mapping of cities
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Fig. 11. View of all characterized ubiquitous software projects grouped by software project category.
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pervasive healthcare area), 6 (for U-learning area), and 7 (for urban
space area). For each graph, the following caption should be con-
sidered: SO – Service Omnipresence, CS – Context Sensitivity, AB
– Adaptable Behaviour, EC – Experience Capture, SI – Spontaneous
Interoperability, HD – Heterogeneity of Devices, SC – Scalability, PT
– Privacy and Trust, FT – Fault Tolerance, QoS – Quality of Service,
UU – Universal Usability. At the end of each Table, a graph is pro-
vided to summarize the data from all analyzed projects.

As it can be seen in Table 4, from an UbiComp perspective, the
selected ambient intelligence systems are marked by the presence
of service omnipresence, context sensitivity, adaptable behaviour,
and experience capture of UbiComp characteristics. These results
are aligned with the ambient intelligence systems’ nature [1].

For the pervasive healthcare area, we could see, after observing
the results of the characterization of 10 healthcare systems, as
shown in Table 5, that this area is marked by the following Ubi-
Comp characteristics: service omnipresence, context sensitivity,
adaptable behaviour, privacy and trust, and fault tolerance.

In Table 6 we can see that, from the UbiComp perspective, the
selected U-learning systems are marked by the presence of service
omnipresence and context sensitivity characteristics.

And finally, by observing the results of the characterization of 6
urban space systems shown in Table 7, we could notice that this
software category is marked by the following UbiComp characteris-
tics: service omnipresence, context sensitivity, adaptable behav-
iour, spontaneous interoperability, and heterogeneity of devices.

6.2. Discussion

In this subsection, we will put together the set of characterized
ubiquitous software projects described in the prior Section and the
survey results regarding the relevance and pertinence of each
UbiComp characteristic, as described in Section 5, to analyze the
distance between ubiquitous computing principles and ubiquitous
software projects.

Fig. 11 shows all characterized ubiquitous software projects
grouped by application domain areas in the same order as shown
in Tables 4–7. Some interesting trends can be observed from the
analyzed data:

� All analyzed software projects consider the Service
Omnipresence UbiComp characteristic. This is an important
indication that this characteristic should be considered in
ubiquitous software projects.
� Almost all software projects consider the Context
Sensitivity UbiComp characteristic. This fact is also
aligned with the nature of ubiquitous computing in
which systems are interacting with the environment
(collecting data) in order to provide some service to the
user.

� As a result of the two points above, the application domain
area (ambient intelligence, pervasive healthcare,
U-learning, urban space) does not seem to affect the
presence of the characteristics service omnipresence and
context sensitivity.

� For the other characteristics, the software project category
affects clearly the presence/absence of some UbiComp
characteristics. For instance:
� Pervasive healthcare systems seem to be strongly
associated with the following characteristics: service
omnipresence, context sensitivity, privacy and trust, and
fault tolerance.
� Ambient intelligence systems are most of the time
associated with service omnipresence, context sensitivity,
and experience capture (due to the fact that in this
UbiComp domain area it is important to understand user
behaviour to provide customized services for their
characteristics.
� For urban space systems, besides service omnipresence
and context sensitivity characteristics, this domain area is
also associated with spontaneous interoperability and
device heterogeneity characteristics. This connection
makes sense as we usually have a large and heterogeneous
number of devices where the system is deployed in urban
space systems.
� U-learning systems are generally marked by the presence
of service omnipresence and context sensitivity
characteristics.

� Apart from the fact of being considered pertinent, three
restrictive characteristics were not considered or were
considered in only one software project: scalability, quality
of service, and universal usability. In our opinion, this
behaviour could be explained by the fact that most of
selected software projects were in an initial development
stage, where only the system’s functionalities had been
clearly defined.
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7. Threats to validity

Threats to validity are an important concern when performing
primary and secondary studies. Throughout this paper four studies
were presented. Therefore, some issues must be considered for
each performed study. The two systematic reviews (secondary
studies) will be discussed together because they hold similar
threats to validity.
7.1. Identifying UbiComp characteristics (discussed on Section 2) and
factors in UbiComp characteristics (discussed on Section 3)

The main limitations of these secondary studies are concerned
with:

� Publication selection bias: publication bias refers to the issue
that positive results are more likely to be published than
negative ones. We can not deal with this. Our decision was to
consider only papers published in journals or conference pro-
ceedings. Thus, we did not consider gray literature, unpublished
results or not peer reviewed material. About the selections of
publications, we chose the sources where papers concerned
with ubiquitous computing are usually published.
� Inaccuracy in data extraction and misclassification: we

attempted to alleviate the threats of inaccuracy in data extrac-
tion and misclassification by conducting the papers classifica-
tions with three reviewers and applying peer review on the
extracted information.

7.2. Initial survey (discussed on Section 4)

Valid survey information comes from reliable and valid survey
instruments and from the context in which the survey takes place
[27]. With regards to the survey presented in Section 4, the follow-
ing threats to validity can be considered:

� Selection of participants: to avoid bias on participant selection,
the ideal condition is to have subjects that are randomly
selected and associated to their activities. However, it requires
vast resources that almost always are difficult and costly to
implement. Thus, sometimes we need to limit the considered
participants in the study population. On this initial survey, the
study population was limited to academic researchers in Brazil,
not including industry participants. This decision was taken due
to time constraints. For this reason, the reached results were
used just as initial evidence about the validity of knowledge
organized until that time. Additionally, we considered to per-
form a more comprehensive survey involving participants from
academia and industry to deal with this threat.
� Instrumentation: to avoid mistakes with the questionnaire, it

was reviewed by three independent researchers that did not
take part in the survey execution. Based on the points high-
lighted by the reviewers, the questionnaire was adjusted and
its evolved version was used during the survey execution. Thus,
we tried to reduce any possible misunderstanding regarding the
questionnaire’s contents.
� Inaccuracy in data extraction: we attempted to minimize the

threats of inaccuracy in data extraction by conducting the data
analyzes of the questionnaires with two reviewers (a researcher
extracted and summarized the results, and the other one
reviewed in detail the reported results).

Thus, as described on subsection 4.3 and based on the afore-
mentioned threats to validity, despite the fact the population size
was small and could be not representative considering the global
UbiComp scenario, the results contributed for the evolution of
the organized body of knowledge. Thus, the result of the survey
was not used as definitive to evaluate the body of knowledge,
although its results were important to an initial evolution. There-
fore, a second survey was performed and its threats to validity
are going to be discussed in the next subsection.

7.3. Evaluating the UbiComp body of knowledge (discussed on
Section 5)

With regards to the survey presented in Section 5, the following
threats to validity can be considered:

� Selection of participants: in order to reduce bias in the selection
of participants, the researchers defined as criterion to include
academic or industry researchers that published papers: (i)
identified by the two quasi-systematic reviews (Sections 2 and
3), and; (ii) in the proceedings of UBICOMP conference. Despite
the fact this criterion could not be considered unbiased, it
allowed us to consider a more comprehensive number of
participants in terms of academic and industrial researchers.
Thus, we assumed this population could be somehow represen-
tative in the context of UbiComp. This was the only viable option
for us at that time. Nevertheless, the number of participants that
answered the questionnaire was not large (about 11%) enough.
However, it usually occurs on survey executions. Thus, we
believe that, although we could not completely eliminate this
threat, the reached results could be used to support the
evaluation of the organized body of knowledge concerned with
UbiComp.
� Instrumentation: to avoid mistakes with the questions, an

online questionnaire was developed and published in the Inter-
net. Moreover, this questionnaire was also reviewed by three
independent researchers (they were not considered as survey
population). Based on the points highlighted by the reviewers,
the questionnaire was adjusted and the new version was used
during the survey execution. Thus, we tried to avoid any misun-
derstanding regarding the questionnaire contents.
� Inaccuracy in data extraction: for this survey, we also

attempted to minimize the threats of inaccuracy in data extrac-
tion by conducting the data analyzes of the questionnaires with
two reviewers (a researcher extracted and summarized the
results, and the other one reviewed in details the reported
results).

8. Conclusions

In this paper, the organization and evaluation of UbiComp char-
acteristics and their factors with the use of a research strategy
based on primary and secondary studies was described. From this
point of view, this research strategy allowed us to reach some
results:

(1) 1st and 2nd quasi-Systematic Reviews: a more recent defini-
tion for UbiComp and its characteristics, and identification of
functional and restrictive factors for each UbiComp
characteristic;

(2) Initial Survey: improvement of the body of knowledge con-
sidering functional and restrictive perspectives and 3 new
characteristics;

(3) Body of Knowledge Evaluation: evaluation and improve-
ment of the body of knowledge through the definition of
pertinence and relevance of UbiComp characteristics.

As other engineering disciplines, software engineering needs to
take into account different domains in which it is working. Differ-
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ent domains could require, for instance, different techniques, pro-
cesses, and tools. Moreover, the development of software projects
for specific domains can be considered a big challenge due to the
difficulty on understanding and manipulating specific concepts
and their relationships [76]. Thus, the organization of this body
of knowledge can be considered an important step once domain
knowledge can reveal concepts, descriptions, and relations that
could be organized to show what need be analyzed on each soft-
ware development activity.

Apart from that, this body of knowledge was structured into a
checklist to support the characterization of ubiquitous software
projects. This checklist was used to characterize 26 ubiquitous soft-
ware projects from different domains: ambient intelligence, perva-
sive healthcare, U-learning, and urban spaces. This characterization
allowed us to have some insights on how far ubiquitous computing
principles and ubiquitous software projects are each other. Addi-
tionally, it was also possible to notice that the application domain
area affects the presence/absence of UbiComp characteristics.

The applicability of the presented UbiComp body of knowledge
can be exemplified by two software engineering technologies in
the requirements engineering area that were developed and
empirically evaluated: Ubicheck and UbiVeri. They represent
checklist-based approaches to support respectively the require-
ments definition and verification in the UbiComp domain area
[102,103]. However, it is important to note that the use of the or-
ganized body of knowledge is not limited for this type of software
technology. We hope the organized body of knowledge can support
the initial discussions towards dealing with some additional soft-
ware engineering research challenges involving the management,
planning, specification, designing, implementation, and testing of
ubiquitous software projects, such as [102]:

� Process definition
� What should be the activities added into the software

development process to support working with ubiquitous
computing characteristics?

� Project Planning
� What are the risks associated with each ubiquitous

computing characteristic?
� How to reduce the risks associated with the development

of ubiquitous software projects?
� Requirements
� How to support the requirements elicitation in ubiquitous

software projects?
�What is the influence of an UbiComp characteristic in the

activities regarding elicitation and specification of
requirements?
� Which are the most feasible approaches to support the

verification of requirements concerned with UbiComp
characteristics?

� Design
� What are the impacts of ubiquitous computing

characteristics in the software architecture?
� How to assess the quality of the designed ubiquitous

software architecture?
� Implementation
� What coding technology or set of technologies should be

used to implement an ubiquitous software project?
� Testing
� How to choose the most feasible testing approaches to test

such software project?
We believe that many other questions can be added by the
readers to our initial list. Thus, we hope that the organization of
the UbiComp body of knowledge and the characterization of ubiq-
uitous software projects are an important step in order to provide
some hints and directions to new research trends regarding Soft-
ware Engineering applied to ubiquitous software projects.
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