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Abstract

As the global population of older adults continues to increase, there
is a growing need for innovative technology solutions to improve
their well-being and care. One prominent example is the Ambient-
Assisted Living (AAL) domain, which involves the connection of
many subsystems and heterogeneous devices to offer intelligent
services in the user’s living ambient. One of the main challenges in
developing AAL systems is the lack of interoperability, which can
occur at different levels (from integration between different systems
to the semantic level of the data). Although there are several solu-
tions and approaches to this problem, there is no organized body
knowledge about interoperability for AAL systems impacting deci-
sion making on which approach to use in developing this type of
system. This paper proposes a Non-Functional Requirements (NFR)
catalog dedicated to interoperability in AAL systems. This catalog
establishes relationships among technologic strategies, architec-
tural patterns, platform types, communication protocols, and data
semantic and syntactic aspects. We extracted data about interoper-
ability in AAL systems from the academic literature. We identified
25 studies focused on AAL systems prioritizing interoperability as a
critical requirement by conducting a systematic mapping followed
by a forward snowballing process. We then employed Grounded
Theory (GT) to extract information regarding the interoperabil-
ity characteristics specific to AAL from these documents, finding
41 softgoals and 29 operationalizations. Finally, we validate our
findings with two specialists.
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1 Introduction

The older adult population worldwide is experiencing gradual
growth. Recent studies indicate that by 2050, the proportion of
older adults is projected to reach approximately 20-25% [35] [21].
This demographic shift will mark the first time the more senior
population surpasses the younger population [27]. Consequently,
it’s expected to increase pressure on healthcare systems worldwide,
which need to adapt to meet the specific needs of this age group,
such as the treatment of chronic diseases and long-term care.
Numerous initiatives have emerged based on ambient intelli-
gence principles focusing on improving users’ well-being. One
notable example is Ambient-Assisted Living (AAL) [35] [21]. Ac-
cording to the AAL Active and Assisted Living Programme !, AAL
is defined as “the use of Information and Communication Tech-
nologies (ICT) in a person’s daily living and working environment

!http://www.aal-europe.eu
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to enable them to remain active, socially connected, and live inde-
pendently into old age” [27]. AAL focuses on developing solutions
for caring and monitoring older adults’ daily lives. AAL solutions
encompass a range of applications, from assistive robots [12] to
smart homes equipped with environmental sensors [13].

One of the most common requirements in AAL system develop-
ment is interoperability [10]. This is caused by the heterogeneity of
devices, communication protocols, programming languages used
by different manufacturers for purposes that should complement
each other. Interoperability is not a recent problem. In fact, there
are several mature solutions and approaches to solving it. However,
interoperability can occur at many levels, from the infrastructure
level (e.g., communication between disparate systems) to the appli-
cation level (e.g., information exchange between applications using
different protocols).

Nonetheless, the vast scope of interoperability presents a chal-
lenge with its myriad solutions, which, in turn, also becomes a
problem. Although there are several solutions and approaches to
this problem, there is no organized body knowledge about inter-
operability for AAL systems impacting decision making on which
approach to use in developing this type of system.

A common solution to this scenario is using Non-Functional
Requirements (NFR) catalogs. These catalogs enable the reuse of
validated solutions while providing insight into their interdependen-
cies and trade-offs [6]. In this work, we focus on creating a catalog
of interoperability solutions, which summarize existing methods
and technologies in the literature to mitigate this issue and identify
suitable use cases. Interoperability is an example of a requirement
with varying approaches depending on design decisions.

The need for interoperability arises due to the heterogeneity of
devices, communication protocols, and programming languages
used by different manufacturers, which should complement each
other. In the literature, mature solutions to the interoperability prob-
lem exist, employing concepts and technologies of IoT, pervasive
computing, and ubiquitous computing.

During the development of an AAL system, software engineers
may encounter interoperability challenges at various levels (e.g.,
platform, device, semantic). Each situation requires its own set of
solutions and design decisions that must align without being incom-
patible with one another. It’s why we propose an interoperability
catalog that characterizes the AAL landscape. Our catalog estab-
lishes correlations between the solutions offered for interoperability.
This entailed cataloging strategies, subcharacteristics, architectural
patterns, platform types, communication protocols, and semantic
and syntactic aspects. The catalog was constructed by analyzing
and extracting information from recent academic literature. In this
paper, we utilize the following research question as a guideline:
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R.Q.:What are the solutions in the literature that support
interoperability in AAL systems?

We followed the CORRELATE proces§ fo create the cata-
log based on a set of 25 literature papers resulting from forward
snowballing and systematic mapping studies. Data were extracted
and coded using the Grounded Theory (GT) methdd][and were
subsequently evaluated by two specialists.

At the end of the process, we developed the RECITAAL (REquire-
ment Catalog of InteroperabiliTy Ambient Assisted Living systems),
a Softgoal Interdependency Graphs (S16)fpr interoperability for
AAL, comprising 70 subcharacteristics. The RECITAAL presents
solutions found in the academic literature for each type of interop-
erability problem encountered in developing an AAL system. We
evaluated this version of RECITAAL with a group of ten AAL spe-
cialists. They evaluated it in terms of clarity, readability, relevance
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being encouraged by government initiatives in countries like Aus-
tralia, Canada, the United Kingdoni7], and the United States
[9].

Speci cally within the context of the AAL domain, interoperabil-
ity becomes a challenging issue due to the vast array of sensors and
actuators employed in this scenario. In most cases, these devices
come from di erent manufacturers and possess distinct internal
architectures and communication protocols.

Solutions for interoperability in the AAL domain must take
into account other requirements that are focused on the care and
needs of older individuals, such as privacy, reliability, bi-directional
communication, and mitigating false negatives. One commonly
employed solution is the development of middleware platforms
that centralize communication between sensors and other systems.
Several works have explored this approactq[[ 39 [44], often

and usefulness, as well as having space to suggest additions andprioritizing di erent requirements [14].

improvements.
The remainder of the paper is divided as follows: Section 2
presents the de nitions of interoperability for AAL and lists other

2.2 Requirements Catalog
A requirements catalog is a valuable resource that organizes our

requirements' catalogs. Section 3 describes the methodology used past experiences, standard techniques, and knowledge of speci ¢

and its steps for building the catalog. In turn, Section 4 describes
the RECITAAL, in addition to presenting the interrelationship table
and an example of using the catalog. 5 presents the results of the
evaluation with the 10 specialists in AAL and the Section 6 high-
lights the research contributions to AAL system developers and
its threats to validity. Finally, Section 7 concludes the paper and
details future work.

2 Background
2.1 Interoperability in AAL

In various contexts, we encounter the need for communication
between systems, or even within the same system, built by di er-
ent manufacturers or employing di erent standards and languages.
The ability of these systems to establish connections and exchange
data is referred to as interoperability. However, this data exchange
process is often complicated due to multiple communication pro-
tocols and challenges related to semantics and syntax. According
to IEEE, interoperability is the ability of two or more systems or
components to exchange information and to utilize the information
that has been exchanged [1].

The challenge of achieving interoperability is not a recent issue.
The existence of heterogeneity in protocols, APls, and platforms,
along with the necessity of establishing communication among
them, has been present since the early days of distributed computing
[4].

While several solutions have been proposed and developed over

requirements. It captures the interdependencies, trade-o s, and
associated concepts and terminology, enabling software engineers
to navigate many development alternatives [6][5].

There are three types of requirements catalogk [i) Catalogs
that represent knowledge about speci ¢ requirement types, non-
functional requirements, or quality subcharacteristics, along with
their associated concepts and terminology; (ii) Catalogs that capture
implicit interdependencies (correlations, trade-o s) between soft-
goals. These are commonly referred to as correlation catalogs and
(iii) Catalogs that systematically organize development techniques
to assist software engineers in meeting speci c requirements. These
are often referred to as method catalogs.

Software engineers can access catalogs from the beginning of sys-
tem development in typical scenarios. The catalogs can be extended
or modi ed throughout the development process to accommodate
new concepts or development techniques. Catalogs can take vari-
ous forms of representation. SIGs provide a graphical method to
structure the interdependencies of a given requirement [6].

Softgoals serve as the fundamental unit for representing require-
ments, non-functional requirements, and quality subcharacteristics.
Their purpose is to assist software engineers in dealing with require-
ments that may be subjective, relative, and interactive in nature.
Given that softgoals are interdependent, one method for address-
ing this challenge is the NFR Framework proposed by Chung. This
framework represents softgoals and their interdependencies in SIGs,
which serve as a graphical record of development decisions and
design rationale [6].

the years, the evolution of computational systems and new paradigms,

such as Pervasive Computing and the Internet of Things (1oT), has
introduced an environment of extreme heterogeneity. However,
attempts to establish standards to enable universal interoperability

3 Characterizing Interoperability for AAL
3.1 Methodology Overview

(e.g., OpenCCM and Web service standards) have faced signi cant Figure 1 presents the methodology we followed to de ne inter-

challenges due to their high complexity [4].

From a macro perspective of healthcare systems, the develop-

ment of strategies to address data interoperability problems in e-
Health scenarios has become even more crucial with the increased
integration between health system44 [ 17]. Such strategies are

operability in AAL systems. This methodology was based on the
CORRELATE proces$][ This process supports the creation of
requirements catalogs, from selecting the NFR to setting up the
SIG. It consists of ve steps: the rst step starts with nding and
selecting, within the academic literature, the papers that would
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serve as the basis for the catalog. To do so, we began with a sys-

tematic mapping of AAL systems, and from there, we performed a
forward snowballing. From the selected papers, we extracted the
data related to interoperability for AAL.

We applied the GT method to perform the qualitative analysis of
the extracted data se#l]. Hence, the third step was open coding,
where the data was summarized into codes and text segments.
These codes were classi ed into four categories and evaluated by
two experts in pervasive computing. After re ning the codes, we
performed the axial and selective coding steps. In this step, we
correlated the codes and built the SIG.

3.2 Forward Snowballing

Our research started with a systematic mapping of AAL systems
that were published in10. We found 35 papers that described AAL
platforms using loT and Cloud Computing solutions. We identi ed
the essential needs of AAL, and its intended audience, and examined
the most widely used architectural standards in AAL systems. To
further investigate interoperability, we carried out a more focused
exploratory study. We used a forward snowballing technique to
identify studies that considered interoperability a requirement and
update the studied list of papers. Integrating systematic mapping
and the forward snowballing approaches form the basis for creating
our interoperability catalog.

3.2.1 Protocollo maintain standardization with the rst stage

(i.e., the systematic mapping), we decided to keep the same exclu-

sion criteria of the study presented irl[J. Our only adaptation was
to change the publication interval from 2018 to 2021. We aimed to
reduce noise and eliminate the possibility of papers already being
analyzed in the rst stage reappearing.

We re ned the inclusion criteria to suit the new scope better.
The inclusion criteria for forward snowballing were as follows:

(1) The paper must present AAL systems that have interoper-
ability as a requirement.
(2) The paper must address at least one of the following ques-
tions:
(a) What are the interoperability de nitions?
(b) What necessitates the need for interoperability?
(c) How is interoperability characterized?
(d) How is interoperability implemented?

3.2.2 Executiorkigure 2 summarizes the results of each step of
our snowballing process. Of the 35 papers selected in the nal
systematic mapping, 15 cited interoperability as an essential re-
quirement for their AAL system development. These 15 papers
served as the basis for our forward snowballing. Initially, we found
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Table 1: Example of softgoal

Code Text segments from extracted data

Interoperability with a standard for sensor
devices o ers a great bene t for AAL
systems, enabling the integration of a
compatible sensor with little e ort. [38]
Smart devices in smart homes usually
come from di erent companies and do not

Integration with
major systems

Di erent . L
L use a single communication protocol to
communication . ;
. communicate their measurement and
interfaces . . .
sensing data. This is the main reason of
interoperability issue in smart home. [26]
The ability to embrace new sensors as
Flexible well as actuators, and operate successfully

is imperative. [2]

However, to mandate the quality and
ensure a consistency in the process of the
development, standards gathering all the
interesting aspects of the eld are required
to be available and considered. [2]

Use of standards

of the four questions regarding interoperability. 11 papers passed
this step.

By combining the two resulting sets, we obtained a total of 25
papers between 2013 and 2021 that described AAL systems in which
interoperability played an important role.

The 11 papers selected from the mapping study weg€) [43
[40[18[13[20[23[7]1[30[8] [29. 14 papers from the Snow-
balling were: Bg [11] [36 [19[22 [24 [33 [26 [2] [3] [16 [37
[41] [34].

3.3 Qualitative Analysis and Open Coding

Following the GT method, the next step was the collection of data
from the 25 papers42. One author selected excerpts from the
25 documents that answered one of the four questions. These text
segments were initially classi ed into four large groups, one for
each question. Thus, we acquired an initial set of 227 text segments
concerning the causation, de nition, characterization, and imple-
mentation of interoperability for AAL.

The next step was coding, which we divided into three parts:
open, axial, and selective. In open coding, we started with text
segments and extracted the core concepts of the codes. A code
can contain a single word, an expression, or a phrase. These codes
represent the concepts extracted from each text segment and, as a
result, could be the same for several excerpts.

Table 1 illustrates an example of the code obtained for each

540 results that cited these papers. 162 papers were published afterquestion. To facilitate the encoding process, we employed the QDA

the analysis we did in the systematic mapping.

Miner Lite tool. Its free version aided us in coding and analyzing

Out of these 162 papers, 30 papers presented AAL systems thatthe data extracted from the 25 papers.

required interoperability. Among these, 14 papers addressed at
least one of the four questions related to interoperability. During
the systematic mapping process, the initial 15 papers had already
gone through the exclusion and inclusion criteria. These papers
presented AAL systems that required interoperability. Therefore, in
this set, we only analyzed which documents addressed in detail any

Initially, we obtained 42 codes from 227 text segments. Then, two
experts evaluated each of the codes and excerpts and classi ed them
individually between agree, partially agree, neutral, partially
disagree or disagree.

Those experts have Ph.D. and have researched pervasive com-
puting for over a decade. Text segments rejected by both experts
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Figure 1: Methodology process

Figure 2: Forward Snowballing process

were excluded, and those approved by both were classi ed. If a solutions found in the literature for the various types of interoper-
code had all excerpts excluded, the code was excluded. A consensusability that could arise in AAL system communication.
meeting was held to analyze each of the cases in which there was  So we created a chain of categories until we got to the core
disagreement between the two experts. At the end of this process, category, Interoperability for AAL . This stage of the process is
one code was excluded. The complete list of codes and text seg-called Selective Coding, when all concepts (codes and categories)
ments that were extracted from the papers and approved by both are united and re ned. In the end, we only use the SIG notations
experts is at the following link: https://bit.ly/3MPKIRD AND ( over the line), OR (double over the line), HELP (+),

and MAKE ( ++ ). This process was performed by one researcher

and evaluated by two specialists in pervasive computing and re-
3.3.1 Axial and Selective Codiiiye next step was axial coding. ~ duirements (the same experts from the previous step).
We identify codes that present similar concepts and group them  Then, we started the process of re ning the catalog, adding soft-
into categories. Some codes from di erent questions were merged goals and operationalizations that were not found in the papers.
into one. In certain cases, categories were based on codes obtainedOpPerationalizations are development techniques, operations, func-
in the previous step (ex: Abstraction Layer or Message Protocol . tions, data or constraints of a NFR softgoal, corresponding to the
In others, we create categories according to the grouped concepts. last levels of the catalogs$]. This way, we can update the catalog
We also analyze the relationships between codes and categories With technologies that were not mapped in our coding. In total,
using the contribution types provided in the SIG notation (AND, N this version of the catalog, RECITAAL has 41 softgoals and 29
OR, BREAK, HELP, HURT, MAKE and UNKNOWN). operationalizations.

Figure 3 exempli es the axial coding process. Categories Pro- We highlight the operationalizations with a stronger color. The
tocol Network and Interoperability Standards were created to complete list of subcharacteristics that are part of this catalog can
group their respective codes. Then, the category Communication € found in the following link: https://bit.ly/3R1XBpl
was designed to group the correlated categories. Thus, we con-
structed a knowledge pyramid comprising codes related to the
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Figure 3: Example of axial coding grouping codes related to the Communication category

Table 2: Examples of codes from open coding integrated systemsThe primary challenges related to interoper-
ability arise from heterogeneity, compatibility issues, and lack of

Framework standardization. These challenges can manifest at the macro level

Description A standard st_ructure that encapsulates (integrati_on between two systems) and micro Ieve! (semantic _ip-

a set of functions for the system. terpretation of exchanged messages). As a result, interoperability

Type NFR softgoal solutions can be categorized based on their type. This catalog has
Modular Architecture; Plug-in; Gateway; classi ed them into three broad categories: integration, communi-

Positive Wi-Fi; ZigBee; COAP; MQTT,; Protocol cation, and data. Below are some examples of Catalog elements.

interrelationships | Bu ers; JSON; XML; Knowledge Base;
_ Ontologies 4.2 Integration

interrgggzs)trl]vsiips The issue of interoperability arise from the challenge of integrating

diverse systems or internally distinct components within the same
system. The presence or absence of a hierarchy among systems (or

4 Catalog Interoperability for AAL system compoqents) in uence the mode Qf communication between

The RECITAAL, as depicted in Figuré?is focused on interop- them. We identi ed twoTypes of Integration -

erability for AAL and was created to support software engineers Integration between di erent AAL systems:  Integration

who wish to develop AAL systems with interoperability as a key involves communication between two or more AAL systems.

requirement. Your primary target audience is those who have no Integration between components of a single AAL sys-

experience with interoperability. tem: Integration involves communication between the com-
The subcharacteristics of the RECITAAL cover various aspects ponents of a single AAL system (e.g. sensors and the abstrac-

and stages of design and requirements elicitation where interoper- tion layer).

ability issues may arise, along with commonly used solutions for

each problem. Table 2 presents an example of a subcharacteristic,. Such Integrations must follow atierarchy of Integration ,
with its de nition, type and what positive or negative interrelation- I.€. hO_W communlca_tlon between A.AL systems (or the components
ships it may have. of a single system) is done in architectural terms:

Vertical Integration: The systems that must communicate

4.1 Interoperability for AAL are at di erent architectural levels.
In the context of the AAL domain, from this study, interoperabil- Horizontal Integration:  The systems that must communi-
ity can be de ned asthe ability to communicate, collaborate and cate are at the same architectural level.

xchan ween di erent components of a singl m or . . S .
exchange data between di erent components of a single system o Concerning theArchitecture , we identi ed the architecture of

2This gure is also available at the link: https://bit.ly/4cHrOgL the AAL system impacts the data exchange between its components
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