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ABSTRACT

Software reference architectures have played an essential role in software systems development due
to the possibility of knowledge reuse. Although increasingly adopted by industry, these architectures
are not yet completely understood. This work presents a panorama on existing software reference ar-
chitectures, characterizing them according to their context, goals, perspectives, application domains,
design approaches, and maturity, as well as the industry involvement for their construction. For this,
we planned and conducted a systematic mapping study. During last decade, the number of reference
architectures in very diverse application domains has increased, resulting from efforts of industry,
academia, and through their collaborations. Academic reference architectures are oriented to facili-
tate the reuse of architectural and domain knowledge. The industry has focused on architectures for
standardization with certain maturity level. However, the great amount of architectures studied in
this work have been designed without following a systematic process, and they lack the maturity to
be used in real software projects. Further investigations can be oriented to gathering empirical evi-
dences, from different sources than academic data libraries, that allow to understand how references
architectures have been constructed, utilized, and maintained during the whole software life-cycle.

1. Introduction

Software architectures are widely recognized as a back-
bone for any successful software-intensive system, and there-
fore, they play a fundamental role in determining the soft-
ware quality of such systems [57]. In this scenario, refer-
ence architectures capture the essence of the architectures of
a collection of systems in a given domain [14]. The pur-
pose of reference architectures is to provide guidance for
the development, standardization, and evolution of architec-
tures in a specific application domain [19]. Given the above
benefits, many reference architectures have been proposed
in the last decades, and some of them have gained wide ac-
ceptance in their domains over the years. Well-known ex-
amples are CORBA for objects integration through brokers
[94], AUTOSAR for the automotive sector [9, 91], S3 to de-
sign service-oriented solutions [7], EIRA, a European refer-
ence architecture to build interoperable e-Government sys-
tems [25], and the NIST Big Data Interoperability Frame-
work [98]. These examples have in common being devel-
oped by consortia involving major industrial players (such
as manufacturers and suppliers) and researchers.

Besides the practical use of reference architectures, the-
oretical foundations were developed along the years, aim-
ing at establishing a definition to these architectures, char-
acterizing them, proposing processes and methods to design
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them, including their architectural analysis, synthesis, and
evaluation [4, 19, 23, 31, 33, 36, 73], as well as finding ben-
efits and drawbacks of such architectures aiming at support-
ing organizations’ decision making to their adoption [6, 63].
The main benefits from both industry and academy perspec-
tives, reported in literature, include increased interoperabil-
ity among systems/subsystems, reduction of development cos-
ts/time by making possible the reuse, reduction of risks in
software projects, improvement in communication, and adop-
tion of the best practices. On the other hand, drawbacks in-
clude high learning curve, lack of documentation, and/or an
inadequate representation [64].

Even with a number of reference architectures being pro-
posed in the last decades, these architectures are not yet com-
pletely understood regarding their characteristics, purposes,
application domains, and maturity. Furthermore, it is also
unclear the process that yielded to their construction and
if they are aligned to the theoretical foundations mentioned
above. Motivated by this lacuna, the main objective of this
work is to provide a survey on the current state of the art of
software reference architectures. In order to ensure its rigor,
this survey was undertaken as a Systematic Mapping Study
(SMS) based on original guidelines proposed in [53, 78].
We have identified up to 162 reference architectures reported
in the scientific literature, and we have characterized them
based on significant traits, like their application domains,
context, purpose, perspective, design approach, and matu-
rity. In addition, we have identified gaps and possible future
work.

This article is organized as follows. Section 2 presents
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a brief background on the main theory on reference archi-
tectures that is important to better understand the analysis
developed in this work. It also presents related work. Sec-
tion 3 details the planning and execution procedure of our
SMS. Section 4 shows a detailed panorama of the existing
reference architectures, answering the research questions of
our SMS. Section 5 discusses the main findings on the re-
sults. Section 6 reports the threats of validity of this study.
Finally, Section 7 concludes this work summarizing how this
work advances the state-of-the-art on the topic of reference
architectures.

2. Background and Related Work

Different definitions of reference architecture have been
proposed over the years [14, 38, 56, 70, 81]; in general, they
have focused on different aspects of systems, e.g., business,
software, technology, domain, hardware, or network. All
these definitions have in common the reuse of knowledge for
the development and evolution of a set of systems in a given
application or technology domain. As this study focused on
the software aspect, we considered a software reference ar-
chitecture as an abstraction of software elements, together
with the main responsibilities and interactions of such ele-
ments, capturing the essentials of existing software systems
in a domain and serving as a guide for the architectural de-
sign of new software systems (or versions of them) in the
domain.

From an engineering perspective, building reference ar-
chitectures for modern software systems is a challenging task.
Therefore, several authors have proposed guidelines, princi-
ples, recommendations, and processes [4, 19, 23, 33, 73, 36,
31] to support such a challenge. For instance, [73] presented
aprocess to design reference architectures, based on the gen-
eral model for software architecture design proposed in [48],
applying the following steps:

e Establish their scope, defined as the set of systems in-
tended to be produced based on these architectures.

e Select and investigate as many information sources as
needed to gain all required domain knowledge.

e Perform an architectural analysis, referring to the iden-
tification of architecturally significant requirements.

e Carry out the synthesis of the reference architecture,
representing it by using some architectural description
language.

e Evaluate the reference architecture through surveys and
even their instantiation and use.

This process has been successfully applied to establish dif-
ferent reference architectures for both academia [72] and in-
dustry [84].

With regard to related work, a number of literature re-
views (systematic or not) were already conducted to iden-
tify reference architectures specifically in different domains,
including cyber-defense [86], Internet of Things (IoT) [67],

service-oriented systems [22], self-adaptive systems [1, 34],
ambient assisted living [37], industry 4.0 [71, 79, 90], big
data [88, 95], and smart grids [3], and for investigating their
application in agile projects [31, 102]. In general, existing
literature reviews are interested in obtaining an overview in
target domains. However, reference architectures research
lacks of a comprehensive understanding on how these ar-
chitectures have been created, their purposes, and maturity,
which is the main goal of this work.

3. Research Method

Having the identification and analysis of existing soft-
ware reference architectures as the main goal, this SMS was
planned, conducted, and reported following well-known, ex-
perimented guidelines found in [53, 78]. Planning and con-
duction are described below.

3.1. Planning

This study addressed five research questions (RQ), which
are presented below together with their metrics to quantify
evidence and support results analysis:

o RQ1 - Which are the software reference architectures pro-
posed and/or used over the years?

Rationale: To obtain a comprehensive panorama of ex-
isting software reference architectures and which of them
had involvement of academia and industry in their design.

Metrics: Set of all software reference architectures found
in scientific literature, besides the amount of architectures
by year and by involvement (industry or academia).

e RQ2 - For which types of systems and/or application
domains have software reference architectures been pro-
posed?

Rationale: To identify types of systems, such as service-
oriented systems and self-adaptive systems, or domains
(e.g., transportation, health-care) that have already bene-
fited from reference architectures.

Metrics: Types of software systems or application do-
mains of the architectures, besides the amount of archi-
tectures by type of systems or domain.

e RQ3 - How are the existing software reference architec-
tures characterized?

Rationale: To understand the context (single or multiple
organizations), purpose (facilitation or standardization),
and perspective (classical or preliminary) of such archi-
tectures.

Metrics: The amount of software architectures in each
context, purpose, and perspective, besides the relation-
ships among them.

e RQ4 - How have the existing software reference architec-
tures been designed?

Rationale: To find out if these architectures are designed
using some systematic process.
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Metrics: Amount of software reference architectures us-

ing available design approaches (processes, methods, steps,

guidelines, among others).

e RQS5 - Which is the maturity of existing software refer-
ence architectures?

Rationale: To find the maturity level of these architec-
tures, which can indicate their feasibility and also the im-
pact in their domain.

Metrics: Amount of software reference architectures in
each maturity level, i.e., their evaluation level [61, 89]:
EO (not evaluated), E1 (assessed using toy examples), E2
(evaluated by experts), E3 (assessed through controlled
experiments), E4 (applied in industrial case studies); and
ES (used in industry). We believe architectures with a
good evaluation such as their use in industry projects are
certainly more mature if compared with others with only
an academic toy example.

We considered as the population of our SMS all existing
reference architectures for software systems. Therefore, we
defined the search string based on two main keywords: (i)
reference architecture as the broader term to obtain as most
studies as possible in the researched topic, and (ii) software
architecture to constraint our search to software systems,
and avoiding studies dealing with enterprise architectures,
hardware architectures, or building architectures. Moreover,
we decided to avoid generic terms as framework, model, or
blueprint, since by using them in the search string, most
results obtained from data libraries were out of this SMS
scope.

As reference architecture is a well-known, disseminated
term, we did not consider other related terms; otherwise,
we considered the following similar terms of software ar-
chitecture as listed by [80]: software structure, software de-
sign, system architecture, system structure, and system de-
sign. Hence, final search string! was: (“reference architec-
ture” and ( “software architecture” or “software structure”
or “software design” or “system architecture” or “system
structure” or “system design”)). With regard to the publica-
tion databases, we selected those ones according to [24, 53]:
Scopus?, Web of Science?, IEEE Xplore*, ACM Digital Li-
brary’, ScienceDirect®, and SpringerLink’. Scopus, Sci-
enceDirect, and Web of Science are general indexing sys-
tems and allow us to cover a broader scope for our search.
IEEE Xplore, ACM Digital Library, and SpringerLink pub-
lish works of the most important venues (conferences and
journals) related to software architectures. The search string
and the search procedure was tailored to the specific charac-
teristics of every digital library.

IFor this search string, we also consider the plural form of all terms,
but for simplification, only the singular terms are shown here.

2http://scopus.com

3http://isiknowledg(—:*.com

4https://ieeexplore. ieee.org

5http://d1.acm.org

6ht‘cp://scien::edirec‘c.com

7http://link.springer.com
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Figure 1: Process to the selection of relevant primary studies

We also defined two inclusion criteria (IC) and five ex-
clusion criteria (EC):

e IC1: The study proposes a reference architecture for soft-
ware systems.

e IC2: The study reports the use of a reference architecture
for software systems.

o ECI1: The study does not address a reference architecture
for software systems, but for other areas (e.g., enterprise
architectures or hardware architectures).

e EC2: The study addresses (proposes or uses) a reference
architecture for software systems, but another more com-
plete study related to the same architecture exists.

e EC3: The study does not provide detailed information
about a reference architecture, because it is a table of con-
tents, short course description, invited talk of events, sum-
mary of events, among others.

e EC4: The study was not peer reviewed.

e EC5: The study was written in other language than En-
glish.

3.2. Conducting the Search

This SMS was conducted from January to July, 2018 by
seven researchers with experience in reference architectures
and software architectures. They also have experience in re-
searching, conducting, and updating several SMS and sys-
tematic literature reviews.

Figure 1 depicts steps of the selection process. By adapt-
ing the search string for each database and considering the
search on title, abstract, and keywords, we obtained a total of
989 studies and removing duplicates, 589 studies remained.
After the first selection where we applied the selection cri-
teria on title, abstract, and keywords, 183 studies were se-
lected. After reading the full text of these studies and ap-
plying the selection criteria again, 141 primary studies were
selected. Besides that, a backward and forward snowballing
inspection [83, 99] on the list of references of each selected
study made us possible to include other 19 relevant studies,
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totaling 160 studies. As a final step, we considered 2 addi-
tional studies identified by an expert and that were not recov-
ered in previous stages. In cases where we found more than
one study detailing the same architecture we only included
the most complete one. As a result, we identified 162 unique
reference architectures, which are listed in Appendix A (Ta-
ble 5) together with their ID (RA1 to RA162), proponent,
purpose, perspective, maturity, and domain.

To support this selection process, we used JabRef®. To
ensure the results reliability and mitigate researcher bias in
our mapping, the selection process was carried out by four
researchers as recommended by [100]. Every study was re-
viewed exactly by two researchers. In case of conflict be-
tween the two reviewers, a third researcher analyzed the study
and solved the disagreement.

3.3. Data extraction, Analysis, and Synthesis

To obtain evidence to answer our RQs, we used the data
extraction form, which is available as a supplementary ma-
terial of this work in [35]. The data extraction form contains
the properties addressing our five research questions: biblio-
metrics, application domains, context, design, and maturity.

To share a common understanding of the data extraction
form and mitigate researcher bias, three researchers piloted
the data extraction form with 15 studies. Minor changes
were made to the initial version of the data extraction form,
consisting on descriptions for each classification criteria as
described below. This helped to clarify our understanding
on the classification criteria. We then performed the data
extraction of all studies.

To characterize the context (RQ3) and maturity (RQS5) of
the selected reference architectures, we analyzed them us-
ing the three main aspects of the framework proposed by
Angelov et al. [4], and an adjusted evaluation level from
[61, 89]. It is worth remarking that a composition of these
aspects results in types of reference architecture, which, ac-
cording to [4], could categorize most of the existing refer-
ence architectures. These classification criteria consisted of
the following pre-defined fields:

e Context refers to the organizations that can be the in-
tended recipients of the reference architectures, i.e., an
architecture could benefit only a single organization or
be addressed to multiple organizations, which share a
certain property (a market domain or a geographical
property such as a region or country).

e There are two main purposes for reference architec-
tures. Firstly, architectures for facilitation, which es-
sentially promote sharing and reuse of large knowl-
edge and experience accumulated for years, related to
how better and more easily architect software systems
in their domains. Secondly, those for standardization
mainly aim at improving interoperability among com-
ponents in a system, or among collaborating systems
in such domains.

8http://wwwAjabref.org

e With respect to the perspective, classical architectures
aggregate best practical experience from the use of
preferably a number of different software systems. On
the other hand, preliminary architectures are defined
when there is not yet a large set of software systems
in a given domain or type of systems, but only as re-
search experiments, or even they can provide an inno-
vative architectural design with respect to the existing
state of the art.

e The maturity level of reference architectures is mea-
sured in a scale from O to 5: EO (not evaluated), E1
(assessed using toy examples), E2 (evaluated by ex-
perts), E3 (assessed through controlled experiments),
E4 (applied in industrial case studies); and ES (used
in industry).

In a further step, data extracted was crosschecked by the
researchers. This step helped ensure correct extraction of
data and minimize human error.

Extracted data from the final set of included studies was
stored in a database and managed using Python libraries Plotly’
and Pandas'®. Such extracted data is also available in the
open science package of this study [35].

For data analysis, we used qualitative and narrative syn-
thesis methods as recommended in [29]. The results are pre-
sented in the next section.

Also, to analyze fields of the data extraction form with
open text (e.g., application domain of RQ2), we used the-
matic analysis [21]. We first applied open coding to ex-
tracted application domains (e.g., SOA, transportation), then
categorized related codes to form themes, and further refined
the themes to identify higher-order themes (i.e., categories)
of application domains (e.g., software environments).

4. Results

This section offers a detailed panorama about the exist-
ing reference architectures answering each RQ proposed in
our SMS.

4.1. Existing reference architectures

With regard to RQ1, Figure 2 summarizes the 162 refer-
ence architectures found by year'!, highlighting the amount
of them that were designed in the academic context (in gray
color), industry context (in dark-blue color), and collabora-
tion between industry-academy context (in light-blue color).
Table 5 in Appendix A, lists the final set of studies reporting
reference architectures and that were analyzed in this SMS.

We considered as academic architectures those that have
been reported only by authors from academia and/or research
centers. We found that 61.1% (99/162) of architectures are
from academy. Industry reference architectures refer to those

9https://plotly/python

10https://plot.ly/pandas

UTn case of reference architectures in several studies, as the result of
applying EC2, this refers to the year when the most complete study of a
given reference architecture was published.
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Figure 2: Distribution of reference architectures over the years.
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Figure 3: Changes on Participation of Academy, Industry, and
Collaborations During Three Decades.

with all authors from industry. 13% (21/162) of these ar-
chitectures have been proposed in industry context. The re-
maining 25.9% (42/162) of reference architectures were con-
structed through collaborations between practitioners and aca-
demics.

The first reference architecture retrieved in this study was
published in 1988, i.e., around 30 years ago, and it was de-
fined by academics for software development environments.
There was a gap until middle of 90’s when such architectures
started to be more researched and used. The first industry ar-
chitecture, found in this SMS, was published in 1994 for the
transportation domain. The first architecture, recovered in
this study, designed through collaboration between industry-
academy was reported in 2001 for the healthcare domain.

The last decade (i.e., from 2008 to 2018) concentrates an
increasingly number of architectures, (75.3%, or 122/162).
Hence, we can say that reference architecture is still an ac-
tive research area.

Figure 3 compares the proportion of reference architec-
tures proposed by academy, industry, and through their col-
laboration over the first twenty-years and the last decade.
The 24.7% (40/162) of reference architectures were conceived
during the first two decades. By that time, this research
area was mainly led by academia, since the 70% (28/40) of
these architectures were made only by academics. In addi-
tion, considering their collaboration with industry (i.e., with
whom academics proposed 4/40, or the 10% of the architec-
tures), academia accumulated the 80% (32/40) of participa-
tion in this area until the year of 2007.

A great amount, i.e., 75.3% (122/162) of reference archi-
tectures were published in scientific data libraries during the
last decade. As expected, academia has maintained its lead-
ership, contributing with the construction of 89.3% of ref-
erence architectures (i.e., 71/122 made only by academics,
plus 38/122 made with industry collaboration). Industry in-
volvement (considering its collaboration with academia) s-
trengthened during the last years, increasing their proportion
from 30% (12/40) in the first two decades to 41.8% (51/122)
in the last decade. In other words, a great amount of ar-
chitectures with industry participation (i.e., 81% or 51/63)
were proposed since 2008, as depicted in Figures 2 and 3.
Moreover, the dissemination of architectures made only by
industry decreased during the last 10 years; however, its col-
laboration with academia increased, participating on the es-
tablishment of 31.1% (38/122) of the newest reference ar-
chitectures. The increasingly involvement of industry could
evidence that software companies have started to trust on
such architectures to bring benefits to their projects. Addi-
tionally, the increasing collaboration between industry and
academia could mean that more robust initiatives are being
put forward in industry to reinforce knowledge reuse.

4.2. Types of systems and application domains of
the reference architectures

With respect to the types of systems or domains targeted
by the reference architectures aiming at answering RQ2, we
found that reference architectures were designed for 40 dif-
ferent types of systems or domains, as depicted in Figure
4. It is worth highlighting that there exist architectures that
could be classified in two or more domains/types; however,
in these cases, we classified them according to the main tar-
get of the architecture. For instance, RA88 addresses both
cloud computing and software environments/tools as a ser-
vice, and was classified as cloud computing because it mainly
focuses on cloud infrastructure issues than software environ-
ments/tools.

We found fifteen types of systems and application do-
mains that have received more attention from reference ar-
chitectures creators (i.e., with at least five reference archi-
tecture), namely, software environments, business manage-
ment, transportation, Service-Oriented Architecture (SOA),
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Figure 4: Domains and types of software systems of the existing reference architectures.

healthcare, Information and Communication Technologies
(ICT), electrical, education, web applications, cloud com-

puting, ambient intelligence, scientific, governmental, robotics,

and military. The 72.2% (117/162) of existing reference ar-
chitectures have been focused on any of those domains. We
have observed an interesting trend in the transportation do-
main, which has a high number of architectures (13 in total),
all of them with industry involvement. In fact, this group has
important architectures as AUTOSAR (RA156) for automo-
tive sector and ARC-IT (RA152) for cooperative and intel-
ligent transportation. Collaboration between industry and
academia has been more common (i.e., with more than 3 ar-
chitectures by domain) in domains of business management,
transportation, healthcare, and electrical systems. Academia
has led reference architectures in domains of software envi-
ronments, business management, SOA, ICT, Web, educa-
tion, and robotic systems, proposing at least 5 architectures
for each of these types of systems. Existing reference archi-
tectures in domains of education, robotics, smart cities, and
emergency systems have been defined only by academics.

4.3. Classification of reference architectures
To characterize the reference architectures to answer RQ?3,

we followed the classification proposed in [5] and gathered
the perspective (classical or preliminary), purpose (facilita-
tion or standardization), and context (single or multiple or-
ganizations) of these architectures. This information is pre-
sented in Figure 5 and listed in columns three to five of Table
5 (in Appendix A).

4.3.1. Perspective of Reference Architectures

Analyzing the perspective of all reference architectures,
whose distribution is shown in Figure 5, we found that 63%
(102/162) of them are classical, i.e., authors recovered/mined
knowledge from existing software systems in the domain to
learn from them and define the reference architecture. A rep-
resentative example of a classical architecture is S3 (RA27)
destined to service orientation that has already an amount of
service-oriented systems implemented and running. To de-
sign preliminary architectures, authors considered not only
existing software systems, but also proposed how future sys-
tems could be created from general architectures. The 37%
(60/162) of existing reference architectures are preliminary
and representative examples are those for unmanned air-crafts
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Perspective Purpose Context Reference Architectures
Academy Industry Collaboration
S — 11.7% = 19 RAS 1.2% = 2 RAs 3.7% = 6 RAs
ingle Organization
RAL, RA8, RA9, RAL0D, RA23, RA33, RA34,
04 = ) ' l \ < ) ]
U= RS RAS3, RAS9, RAG3, RABS, RAT3, RASY, RA96, RA12, RA160 RALL RAZS, RS)J&?-%BRAHQ RAl44,
T RA97, RA100, RA101, RA103, RA143
40,1% = 65 RAS Academy Industry Collaboration
14,8% = 24 RAS 2,5% = 4 RAs 6.2% = 10 RAs

Multiple Organizations

RAS, RA18, RA36, RA62, RABY, RAT2, RAT6,

RAL30, RA134, RAL61

RA158

Classical 23,5% = 38 RAs RAT77, RAB6, RAS8, RA104, RA108, RA111, RAZ8, RA46, RAS0, RABD, RAB3, RABA,
RA113, RA116, RA120, RA123, RA124, RA128,| RAZ7 RABZ RAL02, RALSY RAS0, RA105, RA135, RA150
63% = 102 RAs RA129, RA131, RA138, RA141, RA147
Academy Industry Collaboration
Single Organization 3.1% = 5RAs 3.1% = 5 RAs 1.2% = 2 RAs
7.4% = 12 RAs
RA42, RAS1, RAB0, RAB4, RAL26 RA2, RAl4, RA35, RAGE, RA127 RAB7, RATO
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Figure 5: Reference architectures classified according to their perspective, purpose, and

context

(RAS81) and space on-board software (RA58), which were
proposed with few experience or amount of real systems im-
plemented and deployed. Academia had invested more ef-
forts, proposing more than the half (i.e., 55.8%, or 57/102) of
classical reference architectures. Industry has been respon-
sible for creating the 15.6% (16/102) of these architectures,
and also has participated, collaborating with academia, of
the construction of the 28.4% (29/102) of classical archi-
tectures. Preliminary reference architectures have also been
mostly proposed by academia, which has participated with
70% (42/60) architectures. The remaining 30% (18/60) of
preliminary architectures have been defined in industry con-
text, from which, 13 of them had academia support.

4.3.2. Purpose of Reference Architectures

With regard to their purpose, also shown in Figure 5,
73.5% (119/162) of the reference architectures were con-
ceived for facilitation, supporting the understanding of the
main building blocks of concrete architectures and serving as
guidelines to design systems in the domain. The remaining
26.5% (43/162) of the architectures were destined to stan-
dardization, promoting the unification of strategies to nor-
malize the way that software systems in the domain could be
developed. Some architectures have both purposes, then we
decided to classify them for standardization purpose, since
they also could be used to facilitate the understanding on
how to create new architectures. This is the case of ARC-IT
(RA152), which is essentially for standardization, although
it has facilitation as a secondary purpose.

Figure 6 illustrates the participation of academy, indus-
try, and through their collaboration, to propose reference ar-
chitectures of different purposes and perspectives. At first
glance, it is possible to see in Figures 6a) and 6¢) that, ar-
chitectures for facilitation (i.e., with classical or preliminary
perspective) have been proposed mostly by academia. Indus-
try participation (with or without collaboration with academia)
is few comparing with academia efforts for this type of ar-
chitectures. However, industry involvement has augmented
by creating architectures for standardization. For instance,
in Figure 6b), industry has participated of the construction
of the 62.1% (23/37) of classical architectures and the 33.3%
(2/6) of the preliminary architectures for standardization.

The 68.1% (81/119) of architectures for facilitation have
been idealized in the academic context. Industry has been in-
volved in the construction of 31.9% (38/119) of these archi-
tectures, from which the 23.5% (28/119) of them had the col-
laboration of academia. The 58.1% (25/43) of reference ar-
chitectures for standardization counted with industry contri-
butions. Henceforth, architectures for standardization have
obtained more interest from industry (i.e., which contributed
with 25.6% or 11/43 of these types of architectures) compar-
ing with those architectures with facilitation purposes (i.e.,
for which industry proposed 8.4% or 10/119 of them).

4.3.3. Context of Reference Architectures

Considering the context where reference architectures will
be used, i.e., single organization or multiple organizations,
we found that 35.2% (57/162) were destined to single institu-
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Figure 6: Proportion of Reference Architectures by Perspec-
tives (classical or preliminary) and Purposes (facilitation or
standardization) proposed by Industry, Academia, or both.

tions, while 64.8% (105/162) were built to be used by multi-
ple organizations. Representative example for single organi-
zation is the Mars Design Reference Architecture (DRA 5.0)
(RA154) that describes the systems and operations used for
missions to explore the Mars surface by NASA. An exam-
ple for multiple organizations is the reference architecture
(RA70) that can be adopted to the development of ware-
house management and control systems by any organization.
Academia have contributed in more proportion to both con-
texts, comparing with industry, at creating 64.9% (36/57)
and 60% (62/105) of architectures for both single and multi-
ple organizations, respectively. Though, the 64.3% (63/98)
of academic architectures are oriented to multiple organiza-
tions. Similarly, the 73.8% (31/42) of architectures made

through industry-academia collaboration are intended for mul-

tiple organizations. On the other hand, architectures made
only by industry have been oriented, in similar proportions,
to both single (with the 47.6% or 10/21 architectures) and
multiple (with the 47.6% or 11/21) organizations.

Putting together information about the perspective, pur-
pose, and context, Figure 5 lists the classification of each
reference architecture. We can observe that classical archi-
tectures for facilitation are more commonly found totaling
40.1% (65/162), while preliminary architectures for standard-

ization are less numerous, i.e., only six architectures (or 3.7%).

We also observed that 46.9% (76/162) of reference architec-
tures were defined with facilitation purposes and oriented to
multiple organizations with more participation of academia

than industry.
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Figure 7: Classification of Reference Architectures by Purposes
(facilitation or standardization) and Perspectives (classical or
preliminary) Over Years.

Classical-Facilitation
Classical-Standardization

B Preliminary-Facilitation
B Preliminary-Standardization

40% 40% 40.2%

15%¥
25.4%

a) Two First Decades - 24.6% (40/162) b) Last Decade - 75.3% (122/162)

Figure 8: Classification of Reference Architectures by Purposes
(facilitation or standardization) and Perspectives (classical or
preliminary) Over Decades.

Based on information presented in Figures 7 and 8, we
observe that during the first two decades (from 1988 to 2007),
classical and preliminary architectures with facilitation pur-
poses were equally predominant, each type reported in 40%
(16/40) of analyzed studies. In the last decade, classical
architectures for facilitation had maintained their predomi-
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nance with 40.2% (49/122) of published architectures, whilst
the amount of classical and preliminary architectures for stan-
dardization had increased from 15% (6/40) to 25.4% (31/122)
and from 5% (2/40) to 3.3% (4/122), respectively. Prelimi-
nary architectures for facilitation had decreased passed from
40% (16/40) in the two first decades to 31.1% (38/122) in last
years. Moreover, the great amount (81.4%, 35/43) of archi-
tectures for standardization were proposed in the last decade.
Figure 9 classifies reference architectures regarding their
domain, proponent (i.e., academia, industry, or both), and
their types (i.e., classical for facilitation, classical for stan-
dardization, preliminary for facilitation, and preliminary for
standardization). We identified that, independently of the
purpose (facilitation or standardization) and the perspective
(classical or preliminary), it is possible to find at least one
architecture for software environments, transportation, and
cloud computing domains. Additionally, it was possible to
see that the 48.8% (21/43) of architectures for standardiza-
tion are concentrated in only the 12.5% (5/40) of domains,
namely, transportation, business management, governmen-
tal, education, and electrical systems. Moreover, for do-
mains of web, robot, and military systems (i.e., each domain
with at least five reference architectures) were not found any
architecture with standardization purposes. The 53.3% (32/60)
of preliminary architectures are focused on the 17.5% (7/40)
of domains, such as, software environments, business man-
agement, transportation, SOA, military, scientific, and cloud

computing systems. Classical and facilitation architectures
are more dispersed among all domains.

4.4. Design of existing reference architectures

To answer RQ4, we looked for approaches (including
processes, methods, guidelines, among others) used to de-
sign the 162 reference architectures, considering also any ad-
ditional material available (e.g., websites, technical reports,
and other related studies). It is important to highlight that
only 14.8% (24/162) of the primary studies reported to have
adopted one of such approaches, which are listed in Table
1. For the remaining 85% (138/162), we consider that they
were created through an ad hoc way, since it was not possi-
ble to find in their documentation any means used to create
them.

For each approach found in this SMS, Table | presents
a short description, year of publication, the context where it
was proposed (Industry (I), Academia (A), or through Col-
laboration (C)), the ID and context (Industry (I), Academia
(A), or through Collaboration (C)) of reference architectures
that adopted the approach, and for which types of systems
or domains such architectures were destined. The first 13
approaches listed in this table were specifically proposed to
reference architectures engineering. They were also used in
the design of 17 architectures (in which RA16 used two ap-
proaches [50, 13]). The last 6 approaches, used to create
7 architectures, are not specific to engineer reference archi-
tectures, but they were proposed for different architectural
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purposes.

We observed that the first approach for engineering ref-
erence architectures, we found in this SMS, was proposed in
1994, six years after the publication of the first reference ar-
chitecture (i.e., in 1988) recovered in this study. Since then
and till the conduction of this SMS, several approaches con-
tinuously appeared until 2015. We also identified that most
approaches were used once, except for ProSA-RA [70] and
ARM IoT [15] that were applied in six and two reference
architectures, respectively.

We distinguished that approaches oriented to engineer
reference architectures are focused in three main perspec-
tives namely, derivation, application of styles, and applica-
tion of empirical methods.

Four approaches propose derivation of reference archi-
tectures from existing architectures [55], from requirements
and domain knowledge [70, 66], and from existing systems
and products [70, 60]. Two of these approaches were de-
fined only in academic contexts [70, 60]. Derivation has
mainly been used to create classical architectures for facil-
itation. Ten reference architectures have been constructed
through derivation and the majority (9/10) have been created
by academia.

Five approaches suggest the application of architectural
styles [20, 13, 66, 70, 60]. Ten reference architectures have
applied architectural styles for orienting their design. Two of
these approaches were proposed by industry [20, 66] for cre-
ating preliminary architectures with facilitation goals (e.g.,
RA29, RA74). The remaining three approaches were made
by academics and have been mostly used to design classical
architectures for facilitation.

Empirical methods were the basis of two approaches pro-
posed in academia [32] and with industry collaboration [87].
Both approaches were used by industry to facilitate the de-
sign of software systems in domains of big data (RA119) and
transportation (RA106).

Moreover, 4.3% (7/162) architectures adopted other ap-
proaches not specific to reference architectures engineering:
the RM-ODP (Reference Model - Open Distributed Process-
ing) [28], the QADA (Quality-Driven Architecture Design
and Quality Analysis Method) [65], the 4 + 1 view model
[58], a combination of TOGAF (The Open Group Architec-
ture Framework) and Archimate (i.e., an architecture mod-
eling language) [49], the union of SAAM (Software Archi-
tecture Analysis Method) [51] and the commonality analysis
method [97], and the ARM IoT (A Reference Model to con-
struct IoT architectures) [15].

We also found that 4 (of all 19 approaches) were pro-
posed only by industry, 7 (out of 19) only by academia, and
8 (out of 19) through industry-academia collaboration. Ap-
proaches have been more applied in academia than in indus-
try, i.e., 17 (out of 24) architectures created by following an
approach were proposed by academics, whilst 7 (out of 24)
were built with industry collaboration. In a more detailed
analysis, the 12 approaches defined with industry involve-
ment were applied in equal proportions to establish archi-
tectures in both academy and with industry collaboration.

From the 7 approaches proposed only in academic context,
most of them (5/7) were used to design academic architec-
tures, 2 were applied with industry collaboration, and none
of them was used to create industry architectures. Hence,
while approaches defined with industry involvement have
similarly impacted architecture from both only academic and
with industry collaborations, approaches from academy have
mostly reached academic architectures. An example is the
architectural process presented in [70], which is the most
used (in 6 reference architectures), but all those architectures
were designed in academia.

4.5. Maturity of reference architectures

To answer RQ5 and determine the maturity of the 162 ar-
chitectures found in this SMS, we collected how they were
evaluated, classifying them in one of the six evaluation lev-
els: EO - reference architectures not assessed, E1 - reference
architectures evaluated using toy examples; E2 - reference
architectures qualitatively evaluated by experts; E3 - refer-
ence architectures assessed through controlled experiments
in laboratory; E4 - reference architectures applied in indus-
trial case studies; and ES - reference architectures being used
in industry. Maturity levels are presented in Figure 10, and
listed in the last column of Table 5 (in Appendix A). The lev-
els adopted in this work are similar to the technology assess-
ment standards, such as Technology Readiness Levels (TRL)
[61, 89] and SOA Maturity Model'?; the former refers to a
method by NASA and US Department of Defense (DoD) to
assess the maturity level of a particular technology, while
the latter provides guidance to measure progress and adop-
tion of SOA. Hence, we believe that these evaluation levels
could provide us an understanding of the level of maturity of
reference architectures.

Classified as E0, 24% (39/162) of the reference architec-
tures have no evaluation, being only conceptual proposals
without application. The most of them (71.8%, 28/39) were
designed only in academic context.

Almost the half part of the architectures (54.3%, 88/162)
were minimally assessed. Toy examples, expert opinions,
or controlled experiments were applied respectively in 32%
(52/162), 16% (26/162), and 6.2% (10/162) of the reference
architectures for evaluating their contained knowledge. These
architectures were classified in the lowest maturity levels,
namely E1, E2, and E3, and have been mainly proposed by
academia (71.5%, 63/88) or through academia-industry col-
laborations (23.8%, 21/88).

The 21.6% (35/162) of reference architectures were clas-
sified in the two highest maturity levels. Specifically, 6.2%
(10/162) and 15.4% (25/162) of architectures present, re-
spectively, maturity levels E4 and E5. The 77% (27/35)
of mature architectures have been defined with industry in-
volvement, i.e., 13 of them were proposed in only industry
context while the 14 have been specified through collabora-
tion with academia.

The great proportion of reference architectures proposed
by academy (91.9%, 91/99) and through academy-industry

12http: //soa.omg.org/Uploaded%20Docs/SOA/SOA_Maturity.pdf
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Table 1

Approaches used to design reference architectures and their proponents (I = Industry, A
= Academia, C = Academy-Industry Collaboration)

Approach Year | Proponent| RA ID RA context RA type of system/domain
Architecture derivation from other ref- 1994 | C RA9 A Robotics
erence architectures [55]
FORM - Feature Oriented Reuse | 1998 | C RA16 A SOA
Method [50]
Application of UML metamodel [12] 1999 | C RA11 C Healthcare
Reference architecture derivation pro- 2000 | A RA18 A Web
cess based on existing systems [44]
Application of architectural style [20] 2000 | | RA29 A Games
Application of architectural styles and 2005 | A RA16 A SOA
description using ADL (Architectural
Description Languages) [13]
Empirically-grounded reference archi- 2011 | A RA119 C Big Data
tectures [32]
Derivation of reference architecture | 2011 | | RA74 C Business management
from requirements, domain knowledge,
and patterns [66]
Angelov et al.’s framework [4] 2012 | C RA88 A Cloud computing
HyperFlex Toolchain [40] 2014 | A RA97 A Robotics
ProSA-RA - Process for reference archi- 2014 | A RA33, RA64, RAG65, A A A A A A Software environments, SOA, Self-
tectures [70] RA76, RA87, RA131 adaptive systems, Ubiquitous com-
puting, ICT
Bottom-up process from existing prod- 2015 | A RA101 A Healthcare
ucts in a domain and architectural styles
application [60]
Application of empirical methods [87] 2015 | C RA106 C Transportation
RM-ODP - The ISO Reference Model 1995 | C RA15 C Commerce
for Open Distributed Processing [28]
441 view model [58] 1995 | | RA69 A Web
SAAM (Software Architecture Analysis | 1998 | C RA104 A Robotics
Method) + commonality analysis [51,
97]
QADA - Quality-Driven Architecture 2002 | A RA20 C Communication
Design and Quality Analysis Method
[65]
TOGAF (The Open Group Architecture 2009 | | RA83 C Business management
Framework) + Archimate [49]
ARM loT - Architectural Reference 2013 | C RA118 A loT
Model for loT [15] RA124 A Smart Cities
collaboration (66.7%, 28/42) were classified in the lowest  Taple 2
maturity leVels, i.e., EOtoE3. In COmpariSOn, the 62% (13/21) Mature reference architectures from industry_
of those architectures made in only industry context were Ref T 1D Purpose| Perspective | Domain
categorized in the highest levels of maturity, i.e., E4 and ES. 17] | RAL2 | F C Health-care
. . . 7] RA27 | F C SOA
'As listed in Tables 2, 33 and 4, some represent.atlve dq— 85T [ RATS | F C MiTear
mains that have mature architectures are transportation, busi- 46] | RA82 | F C Human Computer Interac-
: : tion
ness man.agement, health(fare, SOA, sc1ent1ﬁc. systerps, soft- ToT][ RATO3 F . ol Plams
ware environments, electrical, web, and robotics, which have 77] | RA137| F C SOA
at least two mature references architectures. Designed to 8] [ RAI40] F P Scientific Systems
. . . 30 RA14 S C Transportation
different domains, mature architectures have mostly the per- 951 T RA35 | S C Transportation
spective of being classical (indicated as C in Tables 2, 3, and 10] | RA37 | S C Business Management
4 th limi P). Indust hitect tend t 54 RA39 | S C Electrical
? an preliminary ( ) ndustry architec uFes .en 0 pro- 5T T RAGE | S C Component Based Systems
vide more mature architectures for standardization (S) than 50] | RA71 | S C Cloud Computing
facilitation (F) compared to academic ones. 9] | RAI56[ S c Transportation

We can observe in Figure 10 that 11 mature reference
architectures existed until 2007 (i.e., in levels E4 and ES5),
from which 63.6% (7/11) were specified with industry in-
volvement, the remaining 36.5% (4/11) architectures were
defined only in academia. It is interesting to see that, dur-
ing the decade from 2008 to 2018, industry has increased
their contribution at proposing 83.3% (20/24) of mature ar-
chitectures, whilst academia has decreased their participa-
tion with only 16.7% (4/24) mature architectures. Addition-
ally, mature architectures made by academy-industry col-

laboration decreased during the last decade. Therefore, in-
dustry has been most focused than academia at proposing
mature reference architectures. However, in a more gen-
eral view, the proportion of all mature architectures (from
industry, academia and through their collaboration) has de-
creased from 27.5% (11/40) in the two first decades to 19.7%
(21/122) in the last decade. It seems that in last years both
academia and industry have invested more efforts to pro-
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Figure 10: Maturity of reference architectures over time

pose architectures with no assessment (i.e., the proportion of
level EQ architectures increased from 20%, 8/40, to 26.2%,
32/122) and with low maturity (i.e., the amount of architec-
tures of levels E1, E2, and E3 augmented from 52.5%, 21/40,
to 55%, 67/122) than to assess the feasibility of such archi-
tectures in real scenarios.

5. Discussions of Results

This section highlights our main findings based on evi-
dences obtained from answering the research questions pro-
vided in section 4.

Table 3
Mature reference architectures from academy-industry collab-
oration.

Ref. | ID Purpose | Perspective | Domain
11 RA11l F C Health-care
18 RA28 | F C Scientific Systems
96 RA50 | F C Ambient Intelligence
43 RA80 | F C Software Environments
45 RA81 F C Transportation
16 RA84 F C loT
26 RA90 | F C Embedded Systems
87 RA106| F C Transportation
68 RA119| F P Big Data
74 RA20 | S C Communication
93 RA58 | S C Transportation
76 RA67 | S C Electrical
75 RA93 | S C Business Management
Table 4
Mature reference architectures from academia
Ref. [ ID Purpose | Perspective | Domain
44] RA141| F C Web
103]| RA09 | F C Robotics
41 RA18 | F C Web
42 RA19 | F P Business Management
62 RA53 | F C Robotics
69 RA64 | S C Software Environments
47 RA134| S C Governmental
27 RA111| F C Business Management

5.1. Characterization of Reference Architectures
from Academia

Reference architectures proposed entirely by academics
represent the great proportion (i.e., 61% or 99/162) of archi-
tectures found in this study. The 71.7% (71/99) were con-
structed during the last decade, mainly for software environ-
ments, business management, and SOA systems. The 57,6%
(57/99) of academic architectures were defined following a
classical perspective. These architectures have mostly been
proposed for facilitation (i.e., 81.8% or 8§1/99) than for stan-
dardization (i.e., 18.2% or 18/99) purposes. Moreover, they
had more tended to support multiple organization (i.e., 63.6%
or 63/99) than single organizations (i.e., 36.4% or 36/99).
The proportion of academic architectures has decreased from
70% (28/40) to 58.2% (71/122) in the last decade.

The great proportion (i.e., 92% or 91/99) of academic
architectures can be characterized as having low maturity,
being assessed through experiments or toy examples. Only
the 8% (8/99) of them have been evaluated in real scenar-
ios. From the mature architectures defined by academics, the
75% (6/8) have facilitation purposes, and the 50% (4/8) were
constructed by following architectural approaches. More-
over, the proportion of mature architectures made by aca-
demics have decreased during the last decade (i.e., 5.6% or
4/71) comparing with the two-first decades (i.e., 14.2% or
4/28). Mature architectures from academics were mainly
proposed for web, robotics, and business management sys-
tems.

A few amount (i.e., 17.1% or 17/99) of academic archi-
tectures have followed approaches for constructing software
architectures. The 88.2% (15/17) of them were defined for
facilitation purposes. The application of approaches by aca-
demics have decreased over years. Until 2007 the 21.4%
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(6/28) of academic reference architectures were defined through defined for facilitation purposes. The 73.8% (31/42) of ar-

derivation from other more abstract architectural solutions or
by applying approaches presented in [58, 97, 51]. During the
decade from 2008 to 2018, only the 15.5% (11/71) of works
followed approaches, which were more oriented to reference
architectures engineering, as those detailed in [5, 70, 60, 15].
Additionally, from the 17 architectures made by using some
approach only the 23.5% (4/17) of them are considered ma-
ture.

5.2. Characterization of Reference Architectures
from Industry

Industry has contributed with the 12.9% (21/162) of ref-
erence architectures found in this mapping study. Most of
them, i.e., the 66.6% (14/21), were proposed in last decade
mainly for SOA, transportation, and healthcare systems. A
vast amount (i.e., 76.2% or 16/21) of industrial architectures
were defined following a classical perspective. An interest-
ing finding is that industrial architectures have been unbi-
ased regarding their purposes (i.e., facilitation or standard-
ization) or context (i.e., single or multiple organizations).
This is, we found quite the same amount of industrial ref-
erence architectures (i.e., 52.4% or 11/21) for each purpose
and context. The architectures proportion from industry has
decreased over years, passing from 20% (8/40), in the two-
first decades, to 10.7% (13/122), in last decade.

It is possible to say that industry reference architectures
can be characterized by its maturity, since more than the half
(i.e., 62% or 13/21) were classified in the highest levels of
maturity (i.e., E4 and ES5). Mature architectures have been
mostly defined from a classical perspective (i.e., 84.6% or
11/13). Moreover, the 63.6% (7/11) of architectures for stan-
dardization and the 54.6% (6/11) for facilitation purposes are
considered mature. Similarly, the 60% (6/10) or these ar-
chitectures for single organization and the 58.3% (7/12) for
multiple organizations are also mature. The proportion of
mature architectures from industry has increased from 50%
(4/8), in two-first decades, to 69.2% (9/13) in last decade.
Mature architectures from industry are more frequent to be
found for transportation and SOA-based systems.

An unexpected result of this study is that all architectures
made only by industry practitioners have been constructed
in an ad-hoc way. After analysing these architectures we did
not find evidence indicating the use of any approach for their
construction.

5.3. Characterization of Reference Architectures
from Industry-Academia Collaboration
Collaborations between industry and academia has con-
tributed with the 25.9% (42/162) of reference architectures
found in this systematic mapping study. Similarly, to archi-
tectures made by only academics or practitioners, most ref-
erence architectures from collaborations (i.e., 69% or 29/42)
have been conceived followed a classical perspective. Prac-
titioners and academics have joint efforts to propose archi-
tectures mostly for business management and transportation
systems. The 66.7% (28/42) of these architectures have been

chitectures from cooperation are oriented to be used in mul-
tiple organizations context. Collaborations between indus-
try and academia for proposing reference architectures were
scarce during the two-first decades, contributing with the
10% (4/40) of existing architectures by that time. Collab-
orations have significantly increased during last years, pro-
viding the 31.1% (38/122) of architectures published in last
decade.

Reference architectures from collaborations present most
maturity than academic architectures, but are less mature
than industrial architectures. This is, the proportion of ar-
chitectures from cooperation (i.e., 33.3% or 14/42) that were
classified in highest maturity levels (i.e., E4 and ES) is greater
if compared with the 8% (8/99) from academia; however, it
is minor if compared with the proportion of mature archi-
tectures from industry (i.e., 62% or 13/21). Therefore, the
industry involvement in reference architectures construction
through collaboration did not guarantee the assessment of
such architectures in industrial case studies or real scenar-
ios. Mature architectures from those collaborations are fre-
quently focused on transportation systems.

The 71.4% (10/14) of mature architectures from collab-
oration were defined from a classical perspective. We also
observed that the 50% (7/14) of architectures for standardiza-
tion purposes and the 54.55% (6/11) for single organization
context are considered mature. Moreover, the 78.5% (11/14)
of all mature architectures resulted form practitioners and
academics cooperation were published in the last decade.

The tendency of industry-academia cooperation to apply
approaches for constructing reference architectures is more
similar to the tendency found in academic architectures than
in industrial ones. For instance, whilst all industrial archi-
tectures were defined without using any approach, the 17.1%
(17/99) of academic architectures used some approach for
their construction. This proportion is quite similar to the
16.7% (7/42) of architectures from cooperation which were
built making use of some approach, as those detailed in [12,
32, 66, 87, 28, 65, 49]. The proportion of approaches appli-
cation has been decreased over decades. During the first-two
decades the 75% (3/4) of architectures were defined by us-
ing some approach; however, this proportion has declined to
10.5% (4/38) in last decade.

5.4. Domains and Types of Systems Over Time

As showed in Section 4.2, the great amount of RAs has
been focused on fifteen domains from a total of forty do-
mains and systems found in this study. We compared the
proportion of RAs for the most common domais and type of
systems. It was possible to identify that during the first two
decades SOA, Transportation, Component Based Systems,
Software Environments, Healthcare, and Web were the do-
mains for which more reference architectures were proposed,
i.e., representing more than the half of existing architectures
by that time. During the last decade, interesting changes re-
garding priority domains can be found. For instance, compo-
nent based systems have not been anymore the focus for ref-
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erence architectures and new relevant domains and types of
systems have appeared into scene, namely, business manage-
ment, electrical, ICT, ambient intelligence, cloud comput-
ing, governmental, scientific, military, and robotics systems.

Therefore, SOA, transportation, software environments, health-

care, and web have been maintained as priority domains in-
dependently of time.

Moreover, we observed the interest on types of domains
and systems are quite similar in industry, academia, and their
collaborations. We found discrepancies only in two domains,
i.e., transportation and software environments. During all
time periods, industry has been involved in the construc-
tion of all reference architectures for transportation, whilst
academia has had strong involvement in all architectures for
software environments.

5.5. Characterization of Reference Architectures
by Perspective

It was found a prevalence of classical reference architec-
tures (i.e., 63% or 102/162) over preliminary ones (i.e., 37%
or 60/162).

The 63.7% (65/102) of classical architectures have facil-
itation purposes and the 66.1% (43/65) of them have been
proposed only by academics. This trend is similar in prelim-
inary architectures, for which we found a predominance for
architectures with facilitation purpose defined in academia
(i-e., 90% or 54/60).

The 36.3% (37/102) of classical architectures have stan-
dardization purposes, from which the 62.1% (23/37) have
been mainly defined by industry, or with practitioners in-
volvement. This finding differs from preliminary architec-
tures for standardization (i.e., 6/60), which were mainly pro-
posed by academics.

The 73.5% (75/102) of classical architectures were clas-
sified in lowest levels of maturity (i.e., EO to E3). The 78.6%
(22/28) of classical and mature architectures were defined by
practitioners or through their collaboration with academia.
This scenario is similar for preliminary and mature archi-
tectures (i.e., 11.8% or 7/59), for which the 85.7% (6/7) had
practitioners contributions.

Only the 17.6% (18/102) of classical architectures re-
ported approaches adoption, mostly for facilitation purposes.
This result is analogous to the 12.9% (7/54) of preliminary
architectures constructed using some approach, all of them
with facilitation goals. In both, classical and preliminary ar-
chitectures, academics have led the approaches utilization.

Finally, no correlation was found between the reference
architectures perspective, the approach used for their elabo-
ration, and their maturity levels.

5.6. Characterization of Reference Architectures
by Purpose

or 54/119) perspectives is quite similar, and both types have
been defined in its majority by academics. The great amount
of architectures for standardization (i.e., 83.7% or 36/43) were
defined in a classic way, being that the 53.5% (23/43) of them
were created through industry participation.

The 88% (22/25) of reference architectures built follow-
ing an approach have facilitation purposes. Architectures for
standardization, i.e., RA64, RA20, and RA118, were defined
following ProSA-RA [73], QADA [65], and the ARM IoT
[15], respectively.

The 64.7% (77/119) of architectures for facilitation have
been built considering multiple organizations context. Such
architectures have been frequently proposed for business man-
agement (i.e., 11.6% or 9/77), SOA (i.e., 9% or 7/77), soft-
ware environments (7.8% or 6/77), ICT (7.8% or 6/77), and
scientific systems (5.2% or 4/77), among others. The 67.4%
(29/43) of architectures for standardization also support mul-
tiple organizations context. The 41.3% (12/29) of such ar-
chitectures are focused on transportation, business manage-
ment, and governmental systems, in equal proportions. There-
fore, it is possible to observe that architectures for standard-
ization are concentrated in a small set of domains, differ-
ently form facilitation architectures which are dispersed in a
broader group of systems.

Finally, architectures for facilitation can be considered
narrowly more mature than architectures for standardization,
i.e., the 18.5% (22/119) of facilitation architectures are ma-
ture compared with the 7% ( 3/43) of mature architectures
with standardization goals.

5.7. Characterization of Mature Reference
Architectures

Only the 21.6% (35/162) of architectures found in this
study were considered mature, i.e., they were assessed through
industrial case studies or application in real industry scenar-
ios. Mature architectures can be found for different perspec-
tives (i.e., classical or preliminary) and purposes (i.e., fa-
cilitation or standardization). The 27.4% (28/102) of clas-
sical architectures are mature and most of them (i.e., 75%
or 21/28) had industry involvement. The 11.6% (7/60) of
preliminary architectures were considered as mature and the
great amount of them (i.e., 85.7% or 6/7) had a strong partic-
ipation of industry practitioners. The 30.2% (13/43) archi-
tectures for standardization are mature, being that the 84.6%
(11/13) of them were developed making use of practitioners
experience. On the contrary, for constructing the 18.33%
(22/120) of mature architectures for facilitation, academia
and industry had invested the same efforts, i.e., each part had
contributed with the 27.3% (6/22) of these architectures, and
the remaining 45.4% (10/22) was made through their collab-
oration.

Independently of mature reference architectures charac-

Reference architectures for facilitation (i.e., 73.4% or 119/162)erization all them have in common a strong cooperation

have primed over those architectures for standardization (i.e.,
26.6% or 43/162).

The proportion of facilitation architectures that follow
classical (i.e., 54.6% or 65/119) or preliminary (i.e., 45.3%

with industry. In this perspective, practitioners involvement
can bring important practical experience from the domain to
orient the reference architecture development. Therefore, it
is expected that industry participation enables the architec-
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tural teams to assess reference architectures in real industrial
scenarios.

5.8. Approaches Impact on Reference
Architectures Maturity

The 78.3% (127/162) of reference architectures found in
this study have been created without following a system-
atic process or methods for their construction, despite the
existence of approaches for this purpose, which have been
mainly proposed by academics. This is also true in the ma-
jority of mature architectures, which the 77.1% (27/35) of
them were designed through an ad hoc way. This scenario
reveals a gap between researchers who have proposed theo-
retical contributions with design approaches and the practi-
tioners audience.

Only the 22.8% (8/35) of mature reference architectures
have applied some approach for their construction. Classical
and mature architectures for facilitation have been defined
through the use of derivation methods [55, 44], empirical
methods [87], and metamodels [12]. Preliminary and mature

architectures for facilitation followed empirical-grounded meth-

ods for reference architectures [33]. Classical and mature ar-
chitectures for standardization have applied more systematic
architecture-oriented processes and methods [65, 73].

One interesting finding of this mapping is the decline of
approaches application for creating reference architectures
by academia, industry, and their coalitions. It is important
to conduct more empirical studies to find evidences for ex-
plaining this situation. Even though, considering we did not
find evidences that support the use of approaches by indus-
try, it is necessary to investigate how reference architectures
are being designed by software industry practitioners.

It was not found any correlation between the use of meth-
ods and highest maturity levels. Therefore, it is not possible
to define that the application of certain approach will sup-
port the achievement of upper maturity levels in reference
architectures. In this perspective, the low maturity of archi-
tectures found in this study, can be more related with the
lack of industry participation than by following systematic
approaches for its construction.

Therefore, we can conclude there are still open issues re-
garding consolidating the area of reference architecture en-
gineering with regard to diverse aspects and activities (e.g.,
analysis, design, evaluation, conformance checking, evolu-
tion) and, in particular, the practical adoption of such contri-
butions to widely systematize the design, use, and evolution
of these architectures mainly in the industry context.

6. Threats to Validity

The main threats to validity identified for this SMS, as
a secondary study [2], are study selection validity, data va-
lidity, and research validity. In this section we explain how
such threats were mitigated.

Study Selection Validity: The search string construc-
tion might impose threats to the relevancy of the primary

studies identified To mitigate this threat we followed the guide-

lines in [52] to define the search string for secondary studies.

The search for reference architectures was conducted in
six publication databases, namely IEEE Xplore, ACM DL,
ScienceDirect, SpringerLink, Scopus, and Web of Science.
According to [24] and [52], these publication databases are
the most relevant sources in software engineering area. In
addition, we wanted to be as inclusive as possible; thus, no
limits were placed on date of publication and we avoided
imposing restrictions (i.e., filters by title, abstract, and key-
words) on the primary study selection. Aiming at not miss-
ing any important evidence, we also conducted the snowball
technique [83] using the reference list of the selected primary
studies. During the search, conference papers, journals ar-
ticles, technical reports, and chapter of books were consid-
ered. However, despite of our effort to include all relevant
evidence in this mapping, it is possible that academic ref-
erence architectures were missed, additionally to those pro-
pose in industry scenarios and that were not published in
academic libraries.

Regarding study inclusion/exclusion, we aimed at ensur-
ing an unbiased selection process, we defined research ques-
tions in advance, and devised inclusion and exclusion crite-
ria. The protocol of this SMS was reviewed by all authors
with experience at conducting secondary studies. We be-
lieve that the questions and criteria are detailed enough to
provide an assessment of how the final set of primary studies
was obtained. Moreover, aiming to increase the reliability
of our study, each study was read by at least two researchers.
When conflicts in the application of inclusion and exclusion
criteria were presented, the study was reviewed by a third
participant to make the final decision. However, it might be
possible that studies proposing reference architectures were
excluded in first stage they lack of important information in
the title, abstract, keywords, introduction, and conclusions
sections.

Data Validity: Another threat to this mapping refers to
data extracted from the primary studies, since not all the
information were obvious to answer the research questions
and some data had to be interpreted. Moreover, in the event
of a disagreement between reviewers, a discussion was con-
ducted to ensure that a full agreement was reached. More-
over, data extracted was crosschecked to minimize researchers
bias.

Regarding bias of the classification schema, to character-
ize the context and maturity of the selected reference archi-
tectures, we analyzed them based on aspects from existing
frameworks such as the one proposed by Angelov et al. [4],
and an updated them when necessary as the evaluation level
from [61, 89].

Research Validity: To address research method bias,
SMS was purposely selected as the research method in our
investigation, and reasons for that are presented as follows.
Secondary studies as systematic mapping studies and sys-
tematic literature reviews (SLRs) are well-know evidence-
based research methods proposed by the Empirical Software
Engineering area. The execution of an SMS allows researchers
to identify and classify research related to a given software
engineering topic, providing an overview of that topic [78,
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2]. In particular, an SLR enhances the research synthesis
making use of data from previously published studies in a re-
search topic [2, 52, 53]. In our study, we selected SMS over
SLR since we intended to provide an overview of existing
reference architectures rather than comparing them regard-
ing their relative merits, which is a goal of SLR [2].

Multivocal literature reviews (MLR) are a special type of
SLR that includes as primary studies from both academic lit-
erature and gray literature (e.g., technical reports, preprints,
and practitioners blogs). MLR make it possible to under-
stand the state-of-the-art and practice by including evidence
from practitioners that was not published in academic li-
braries. Considering the broader scope of MLRs comparing
with SMSs and SLRs, recent guidelines reported that plan-
ning and conducting an SMS or SLR is be a fundamental
step of the overall MLR process [39]. The main reason is
because planning an MLR is not so different from planning
SMS or SLR that follow well-known guidelines in [52, 78].

Concerning generalizability of this study, we are aware
that, by considering studies published only in academic li-
braries or those recovered from snowballing implies a threat
on results generalization, since we did not consider all possi-
ble reference architectures created by industry or those pub-
lished in the gray literature, e.g., standards repositories. To
mitigate this threat, we applied the snowballing technique
[83, 99] on reference lists of included studies. With this,
we identified ten reference architectures published in techni-
cal reports or gray literature. Moreover, all results reported
in this SMS related with industry participation were based
exclusively on evidences obtained from industrial architec-
tures retrieved in academic data libraries. Henceforth, our
intention is not to use the SMS results to generalize the soft-
ware industry participation for creating reference architec-
tures. To do so, this study’s results could be further extended
with evidence obtained from gray literature through the con-
duction of an MLR.

7. Conclusions

We performed an SMS on existing software reference ar-
chitectures, published in scientific data libraries, to under-
stand their application domains, main characteristics (i.e.,
perspective, purpose, and context), design issues, and matu-

rity. Additionally, we investigated the involvement of academia

and the software industry and their collaborations at con-
structing these architectures.

Academia first started to invest in designing reference ar-
chitectures. Academic reference architectures have appeared
in 34 out of the 40 domains and types of systems identified
in this study. Academic architectures have predominated for
software environments, SOA, education, and robotics sys-
tems. Almost two third of the reference architectures pro-
posed by academics are characterized by their classical per-
spective and facilitation purpose, since they have promoted
the sharing of concepts, software elements and configura-
tions, and decisions (e.g., architectural patterns, styles, tac-
tics, and technologies) that can be reused to design new soft-
ware systems in a specific domain. Academic architectures

have facilitated such reuse in existing (or consolidated) do-
mains, as well as in new domains in which many uncertain-
ties exist. Considering the perspective of reference architec-
tures, those preliminary ones are mostly led by academia,
with 70% (42/60) of participation, offering the fundamen-
tal building blocks for innovative software systems, for in-
stance, RA88 for cloud computing systems. Only a small
part of academic architectures (i.e., 8% or 8/99) can be con-
sidered as mature and the remainder ones possibly could
present difficulties to be used as an asset in real software
projects. Most of them were mainly assessed through the
use of toy examples (or prototyping), expert opinions (us-
ing surveys), and controlled experiments in laboratory con-
texts. Considering that academia had invested important ef-
forts during three decades to construct reference architec-
tures, it was expected a more impact of their architectures in
real projects; however, most academic architectures lack of
evidences to ensure their viability in software development
projects. Therefore, in practice, academic architectures are
more adequate to obtain a first understanding about domain
terminology, possible operations of software systems, and
(if available) reasonable arrangements for systems’ internal
structures.

Industry has increasingly involved in the creation and
dissemination of reference architectures, with main focus on
application domains where large, complex systems are re-
quired, such as transportation, health-care, electrical, and
agriculture. Industry has focused on classical architectures
for standardization, abstracting best architectural practices
from existing software systems in a domain, and standardiz-
ing such practices to guide architectures of new systems in
the sector. Differently from academia, a good part of indus-
try reference architectures (i.e., 62% or 13/21) can be con-
sidered mature, since many of them were defined to enhance
software development processes in real organizations.

Whilst the proportion of academic and industrial archi-
tectures has decreased in last decade, the proportion of ar-
chitectures from their collaboration has augmented, which
can demonstrate the necessity of forming multidisciplinary
teams to address challenges associated to the software in-
dustry market. Despite the increase of architectures from
cooperation, their maturity is minor compared with indus-
trial architectures. Moreover, the proportion of mature ar-
chitectures from collaboration has decreased in last decade
whilst the proportion of mature architectures from industry
has augmented. Architectures from collaboration have tend
to be constructed (by using approaches for it) and assessed
(by not fully evaluating them in industry case studies or real
scenarios) in similar ways than academics architectures, but
application domains are more related with industry needs,
i.e., transportation.

Based on evidences obtained from studies analyzed in
this mapping, it was not possible to identify practices for
constructing mature reference architectures for specific pur-
poses (i.e., facilitation or standardization) and perspectives
(e.g., classical or preliminary). Obtaining empirical evidences
to understand, for instance, how reference architectures are
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being engineered by the software industry could be of great
benefit to the software architecture community. Such inves-
tigation could be inspired by the work in [48] that proposes
a generic process to analyse, synthesize, and evaluate soft-
ware architectures. In the same line of research, it could
be interesting to gather evidence from industry to better un-
derstand factors associated to reference architectures matu-
rity, longevity, and sustainability. For instance, AUTOSAR
(RA156), IIRA (RA153), S3 (RA27), and Mars Design Ref-
erence Architecture (RA154) could be used as case study
to investigate how such architectures have been managed to
deal with modifications throughout software development
projects life cycle.

We are aware of the necessity to complement this investi-
gation with evidences from gray literature, i.e., studies pub-
lished in different sources than academic data libraries. Pos-
sible information sources could be standards repositories of
organizations as NIST, IEEE SA, or ISO/IEC, which contain
important reference architectures resulting from consortium
collaboration, for instance, [98]. Based on such evidence,
we consider it could be possible to better characterize, for
instance, standardization and the industry impact on mature
architectures, as well the approaches used by industry, which
were not identified in this SMS.

Although we found that there are several references ar-
chitectures in a plethora of diverse domains, we consider
there is still an amount of application domains and types of
systems that do not present reference architectures. Some
examples are those that require software systems with dy-
namic architectures, what could include domains as smart-
* (building, grid, farms), autonomous vehicles, airport sys-
tems, and so on. Even for domains or types of systems that
have benefited from reference architectures, there are sub-
domains still not covered. An example is the software engi-
neering area with 12 architectures, but lacking of architec-
tures to support the design and integration of tools in many
software engineering activities, such as evolution, maintain-
ability, project management, among others. For designing
all these new architectures, derivation from existing ones
could be adopted, intending to reuse well established expe-
rience even from other domains or types of systems.
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4324 LNAI, 27-48.
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Springer Publishing Company, pp. 3-6. gence

RASI Lin, C., Lu, S., Fei, X., Chebotko, A., Pai, D., Lai, Z., Fotouhi, F.,Hua, J., 2009. A refer- | A N C E3 Scientific Systems
ence architecture for scientific workflow management systems and the view soa solution.
IEEE Transactions on Services Computing, Vol. 2, pp. 79-92.

RAS52 Ceri, S., Brambilla, M., 2010.Search computing sys-tems. Lecture Notes in Computer | A F P EO Scientific Systems
Science (including sub-series Lecture Notes in Artificial Intelligence and Lecture Notes
in Bioinformatics) 6051 LNCS, 1-6.

RAS3 Martinez-Barbera, H., Herrero-Perez, D., 2010. Programming multirobot applications A F C E4 Robotics

using the thinking cap-ii java framework. Advanced Engineering Informatics, Vol. 24,
pp. 62 -75.
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RA54 | Kanstren, T., Savola, R., 2010. Definition of core requirement sand a reference architec- | C F P E2 Monitoring
ture for a dependable, secure and adaptive distributed monitoring framework. In: Third
International Conference on Dependability (DEPEND), pp. 154-163.

RASS Macedo, H., 2010. Model driven development approach to natural language generation A F P El Human Computer
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RA57 Resinas, M., Fernandez, P., Corchuelo, R., 2010. Automatic service agreement negotia- A F C E3 Software  Environ-
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Rodriguez, A., Mazzini,S., Hougaard, P., Fowell, S., Ferraguto, M., Panunzio, M., 2010.

Space on-board software reference architecture, Vol. 682.

RAS9 ing, J., Zhang, J., 2010. Research on open Saa$S software architecture based on SOA. In: A F C EO SOA
International Symposium on Computational Intelligence and Design (ISCID), IEEE, pp.

144-147.

RA60 Rivero, C.R., Hem;\;ndez, 1., Ruiz, D., Corchuelo, R., 2011. A reference architecture for A S C El SOA
building semantic-web mediators. International Conference on Advanced Information
Systems Engineering. Springer, Berlin, Heidelberg, p. 330-341.

RA61 De La Cruz, E., Lopez, D.b., Uribe, G., Gonzalez, C.b., Blo-bel, B., 2011. A reference C S C El Healthcare
architecture for integrated ehrin colombia, v. 169, pp. 305-309.

RA62 Krellner, B., Kunis, R., Runger, G., 2011. Modeling of energy-sensitive manufacturing A F C EO Electrical
processes. In: 9th International Conference on Industrial Informatics. IEEE, 2011. p.

334-340.

RA63 Mikkonen, T., Salminen, A., 2011. Towards a reference architecture for mashups. Lecture A F C El Web
Notes in Computer Science(including subseries Lecture Notes in Artificial Intelligence
and Lecture Notes in Bioinformatics) 7046 LNCS, pp. 647-656.

RA64 Machado, C. A., Silva, E., Batista, T., Leite, J., & Nakagawa, E., 2014. RA-Ubi: A A S C E4 Software  Environ-
Reference Architecture for Ubiquitous Computing. In European Conference on Software ments
Architecture. Springer, pp. 98-105.

RA65 | Oliveira, L., Nakagawa, E., 2011. A service-oriented reference architecture for software | A F C E3 SOA
testing tools. Lecture Notes in Computer Science (including subseries Lecture Notes in
Artificial Intelligence and Lecture Notes in Bioinformatics) 6903 LNCS, pp. 405-421.

RA66 Riddick, F., Kibira, D., Tina Lee, Y., Balakirsky, S., 2011. A component-based approach 1 S C E5 Component Based
for manufacturing simulation. In: Proceedings of the 2011 Emerging M&S Applications Systems
in Industry and Academia Symposium. Society for Computer Simulation International,
pp. 54-61.

RA67 Trew, T., Botterweck, G., & Nuseibeh, B., 2011. A Reference Architecture for Consumer C S C E5 Electrical
Electronics Products and Its Application in Requirements Engineering. In Relating Soft-
ware Requirements and Architectures, Springer, Berlin, Heidelberg, pp. 203-231.

RA68 | Astudillo, H., Becerra, C.b., 2012. A digital library built around the information-content | A F P El Scientific Systems
model duality. Lecture Notes in Computer Science (including subseries Lecture Notes in
Artificial Intelligence and Lecture Notes in Bioinformatics) 7634 LNCS, pp. 299-308.

RA69 Sleiman, H.A., Corchuelo, R., 2012. A reference architecture to devise web information A F C El Web
extractors. In: International Conference on Advanced Information Systems Engineering.

Springer, Berlin, Heidelberg, pp. 235-248.

RA70 Verriet, J., & van Wijngaarden, B., 2012. A reference architecture capturing structure and | C S C El Warehouse ~ Man-
behaviour of warehouse control. In Automation in Warehouse Development. Springer, agement
London, pp. 17-32.

RA71 Liu, J., Zhang, LJ., Hu, B., He, K., 2012. Ccra: Cloud computing reference architecture. | I N C ES Cloud Computing
In: IEEE Ninth International Conference on Services Computing (SCC), pp. 657-665.

RA72 Lewis, G., Novakouski, M., Sanchez, E., 2013. A reference architecture for group- A F C El Ambient Intelli-
context-aware mobile applications. Lecture Notes of the Institute for Computer Sciences, gence
Social-Informatics and Telecommunications Engineering 110 LNICST, pp. 44-63.

RA73 Simanta, S., Lewis, G., Morris, E., Ha, K., Satyanarayanan, M., 2012. A reference ar- A F C El Militar
chitecture for mobile code offload in hostile environments. In: IEEE/IFIP International
Conference on Software Architecture (WICSA), pp. 282-286.

RA74 Zimmermann, O., Miksovic, C., Kiister, J., 2012. Reference architecture, metamodel, and C F P E2 Business Manage-
modeling principles for architectural knowledge management in information technology ment
services. Journal of Systems and Software, v. 85, n. 9, p. 2014-2033.

RA75 Satake, H., Skutt, T., Sherman, M., Eagleson, W., Rittenbach, T.,Sepka, T., 2013. Gov- 1 F C E4 Militar
ernment reference architecture extensions for application to base stations, in: Military
Communications Conference, IEEE, pp. 1762-1767.

RA76 Affonso, F., Nakagawa, E., 2013. A reference architecture based on reflection for self- A F C El Self-adaptive ~ Sys-
adaptive software. In: VII Brazilian Symposium on Software Components, Architectures tems
and Reuse (SBCARS), pp. 129-138.

RA77 Rocha, H., Costa, E., Brito, H., Tenorio, M., 2013. Recommending software architecture A F C EO Education
for customized learning management system. In: 8th Iberian Conference on Information
Systems and Technologies (CISTI), pp. 1-6.

RA78 Bruns, R., Dunkel, J., 2014. Towards pattern-based architectures for event processing A F P E2 Software Environ-
systems. Software - Practice and Experience 44, pp. 1395-1416. ments

RA79 Fitzpatrick, D., Coallier, F., & Ratté, S., 2013. A reference architecture for an enterprise A F P EO Business Manage-
knowledge infrastructure. In: IFIP International Conference on Product Life-cycle Man- ment
agement. Springer, Berlin, Heidelberg, pp. 326-335.

RAS0 Guerra, E., Alves, F., Kulesza, U., Fernandes, C., 2013. A reference architecture for C F C E5 Software Environ-
organizing the internal structure of metadata-based frameworks. Journal of Systems and ments
Software 86, pp. 1239-1256.

RAS1 Heisey, C., Hendrickson, A., Chludzinski, B., Cole, R., Ford, M.,Herbek, L., Ljungberg, C F P E5 Transportation

M., Magdum, Z., Marquis, D., Mezhi-rov, A., Pennell, J., Roe, T., Weinert, A., 2013. A
reference software architecture to support unmanned aircraft integration in the national
airspace system. Journal of Intelligent and Robotic Systems: Theory and Applications, v.
69, pp. 41-55.
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RAS2 Heredero, G., Penmetsa, H., Agrawal, V., Shastri, L., 2013. Activity context-aware system I F C E5 Human Computer
architecture for intelligent natural speech based interfaces. In: Workshops at the Twenty- Interaction
Seventh AAAI Conference on Artificial Intelligence, pp. 21-35.

RA83 van Sinderen; M. Steenwijk; P. Verkroost, M.E.I.M.J., 2013. Towards a reference archi- C F C El Business Manage-
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