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Federico Santa Marı́a
Valparaı́so, Chile
diego.gatica@sansano.usm.cl

Toeska research team
Universidad Técnica
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Abstract—System-of-Systems (SoS) are composed by heterogeneous constituent systems that are autonomous, independently
managed and operated, and geographically distributed. Architectural evaluation is a key activity of all systems design, construction and operation; unfortunately, the interrelationships among
SoS constituent systems and quality attributes (QA) make hard to
evaluate SoS. Several evaluation techniques have been proposed,
but this corpus of knowledge has not yet been organized for easy
access. This article describes the design, execution and results of a
Systematic Literature Mapping (SLM) of architectural evaluation
proposals, focusing on the QA’s they address and the techniques
they use. The SLM yield 1675 articles, of which 22 were selected
for detailed analysis; most of them take a quantitative perspective
(82%) and the rest are hybrid quantitative/qualitative (18%);
most proposals offer no empirical validation at all (64%); and
the most addressed QA’s are performance and robustness.
Index Terms—System-of-System, SoS, Systematic Literature
Mapping, Quality Attributes, Architecture Evaluation

I. I NTRODUCTION
In the current era of information technologies (IT), systems
are rarely built to operate alone. Examples of this type
system can be found in specialized technological domains,
like Smart Cities, Internet of Things, or Intelligent Transport
Systems [1]. These systems are built to operate through the
interaction of constituent systems to meet complex stakeholder
needs, leading to the well-named System-of-systems (SoS).
SoS are systems formed by heterogeneous constituent systems, autonomous, independently managed and operated, and
geographically distributed [2]. Much of the success of SoS
involves addressing a set of extra-functional properties (quality
attributes, QA’s) through an appropriate architectural design
which can be justified by a reasoned architectural evaluation.
The main goal of this activity is to identify whether the design
decisions taken totally at any stage of system development
address correctly the specified QA’s.

Architectural evaluations in SoS context is a complex proposition [3], since architecture design in those big systems is
not only influenced by QA’s, but also by interaction with
legacy systems, embedded systems, sensors, critical systems,
and other characteristics inherent to SoS. Several techniques to
evaluate SoS architecture have been proposed in the scientific
literature; most of them differ both in their goals and used
methods, which calls for a rigorous overview of the area in
order to organize the growing corpus of knowledge. The goal
of this article is to identify and characterize extant proposals
for architectural evaluation of SoS according to their goals,
QA’s, and methods used. SoS Previous work to address this
goal focuses on in making a holistic description of the SoS
areas (specially [4] [5]) or are reviews related not conducted
as rigorous systematic reviews [3].
In order to achieve our goal, we conducted a Systematic
Literature Mapping (SLM) following the guidelines proposed
by Petersen et al. [6]. Results show that most proposals focus
on quantitative evaluations, offer no empirical validation, and
are agnostic about the inherent SoS characteristic that can
affect systems quality. Also, most proposals focus on a few
QAs, like performance and robustness, which win by far to
other QA’s like evolution, interoperability, and evolvability.
The remainder of the article is structured as follows: Section II defines SoS and architectural evaluations; Section III
describes related work; Section IV presents the article filtering
criteria; Section V shows the SLM results and answers the
research questions; Section VI synthesizes results; Section
VII addresses threats to validity; and finally Section VIII
summarizes and concludes.
II. BACKGROUND
The two key concepts for this article are systems-of-systems
and architectural evaluation.

III. R ELATED WORK

A. Systems-of-Systems
A System-of-Systems (SoS) is a system understood as a
set of constituent systems that interact with each other to
fulfill a common goal that can not be carried out by any
of them independently [2]. Since this initial definition could
also include a CPU with an LCD monitor, Nielsen et al. [7]
reviewed several definitions in the literature and converged in
a few characteristics:
•
•

•
•
•
•

•
•

Independence: constituent systems can operate when
detached from the rest of the SoS.
Autonomy: a constituent system’s behavior is governed
by its own rules rather than by others external to the
constituent.
Geographical distribution: constituent systems are dispersed geographically.
Evolutionary development: a SoS is in constant change,
and functions may be constantly added or removed.
Emergent behavior: the SoS behavior arises as a result
of the synergistic collaboration of its constituents.
Interdependency: mutual dependency that arises from
constituent systems having to rely on each other to fulfill
their common goal.
Evolution: Many SoS are long-lasting and subject to
change, in functionality delivered or its quality.
Emergence of behavior: an SoS can to undertake structural changes without planned intervention.

Some previous work has already addressed aspects related
to the goal of this SLM.
Klein et al. [4] performed a systematic literature review on
SoS architecture research. The authors conclude that many
of the proposals are domain-oriented, and without broad
adoption, leading to a low maturation of area. They did not
focus on architectural evaluations.
Santos et al. [3] conducted a review of architectural evaluations in SoS. The study yield 16 relevant articles categorized
into three evaluation type: mathematical-modeling (6 of 16),
simulation-based (4 of 16), and scenario-based (6 of 16) [12].
The QA’s most addressed were found to be performance, reliability, operability, complexity, and flexibility. Unfortunately,
this study didn’t follow a rigorous SLM approach.
Bianchi et al. [5] performed a SLR with to determine the
QA’s most important in the SoS, and analyzed the coverage of
the ISO/IEC 25010 quality model. The study yield 56 QA’s,
among which the most important were security, interoperability, performance, reliability, and safety. Unfortunately, this
study did not concern itself with evaluation approaches used
by the techniques.
IV. M ETHOD D ESIGN AND E XECUTION
To perform this SLM, we followed the guidelines proposed
by Petersen et al. [13]. The following subsections describe in
detail the study design and its execution.
A. Research Questions

B. Architectural evaluations
The architecture of a software system is the result of
early design decisions, which are materialized through software elements and relationships that expose externally visible
properties. The process of designing an architecture allows
reasoning about fulfillment of QA’s (also known as ilities or
non-functional requirements), which are fundamental for the
success of a software project [8].
Architectural evaluation is the activity concerned with evaluating the quality of a software system by determining whether
its design addresses the specified QA’s and sub-attributes [9].
Architecture evaluations can occur at an early or late stage:
early evaluations require that some decisions has already been
taken but there is no built system yet (e.g. to assess ongoing
project progress), and late evaluations require that the system
be already implemented (e.g. to make changes).
Architectural evaluations can be grouped into three categories [10] [11]: questioning, measuring, and hybrid. Questioning techniques (like SAAM) evaluate a design architecture
in any phase of the process, by generating questions about
how it addresses some QA’s using in scenarios or checklist.
Measuring techniques (like ArchOptions) provide answers to
questions that an evaluation team has about particular qualities of the architecture, and require that architectural design
artifacts be finished to apply simulations. Hybrid techniques
(like ATAM) mix both approaches.

The main goal of this study is summarize and characterize
the existing proposals in the academic literature of architectural evaluations of SoS, according to the types of evaluations
and QA’s mostly addressed by them. To achieve this goal, we
defined the following research questions:
• MRQ: Which techniques have been proposed to evaluate
System-of-Systems architectures?
• RQ1: Which kinds of architecture evaluation techniques
(questioning, quantitative, and/or hybrid) are used for
SoS?
• RQ2: Which quality attributes are addressed by the
techniques?
• RQ3: Which kinds of validation are used by the studies
reporting techniques?
B. Search
Following the P.I.C.O. structure (Population, Intervention,
Comparison, and Outcome) [14], We articulated the search
string with keywords derived from the research questions.
However, since the study is a systematic mapping, we followed
Petersen’s suggestion [13] [6] and used only Population and
Intervention.
Once we got our initial set of keywords, we performed
searches for primary studies using digital search engines
recommended for software engineering research [15] [16]. To
validate the search string, we intersected the initial set of
papers (recovered with the query applied to the databases)

TABLE I
S EARCH STRING

TABLE II
I NCLUSION /E XCLUSION CRITERIA

Item

Keywords

Inclusion criteria

Exclusion criteria

Population: Software architecture in System of
System

”system of system” OR ”system-ofsystem” OR ”SoS” OR ”architecture system of system” OR ”architecture systemof-system”

Only articles in English

Articles that are in other language

Articles that refer to SoS

Proposal that refer to other type
systems (e.g., Monolithic Systems,
services-based systems)

Intervention: Method to
evaluate quality aspects
in System-of-System architecture

”evaluation” or ”evaluating” or ”simulation” or ”simulating” or ”assurance” or
”quality”

Only primary studies

Secondary and Tertiary studies not
are considered

Serch string

P+I

Articles that present a proposal or initiative for evaluate SoS architecture

Proposals that focus on other activities (e.g., testing, design, etc)

Evaluation proposals that
focus on QAs

Proposal that focus on other aspects
(e.g, failure cascading, risk, etc)

Only articles that validate
the proposal through a case
study, experiment, or illustration.

Proposal without validation.

with the final set of papers reported by Santos et al. [3],
considering that both survey have similar goals. Since our
search string recovered 11 of the 16 articles identified by
Santos et al., we can say that our search string has sufficient
recall and representativity to recover relevant studies related
to architectural evaluations of SoS.
Since each database engine had different limits on the
length and syntax of the search string, We followed the
strategy reported by Chet et al. [17], and customized the
search string for each database to avoid losing search sensitivity while maintaining similarity among them. The final keyword set for each database can be perused at
https://doi.org/10.5281/zenodo.1336282.
C. Inclusion/Exclusion criteria
To perform the LSM, the researchers applied the inclusion
and exclusion criteria defined in the Table II in three phases.
In the first phase, the set of articles was divided into two
equal parts and each of them was assigned to a researcher, who
read the titles, keywords and abstract, and removed duplicate
articles.
In the second phase, the resulting set was divided into
three equal parts that were randomly assigned among the three
designated researchers, who again read the title, keywords, and
abstract, but now also read the introduction and conclusion.
Finally, in the third phase, the resulting set was divided into
three equal parts that were randomly assigned among the three
designated researchers, who read the full article.
If an article did not pass at least one criterion (in any of
the phases), it was rejected. If a researcher had doubts about
whether an article passed a criterion or not, the decision was
taken in a face-to-face discussion. The number of articles at
each stage is shown in Figure 2.
D. Quality Assessment
Regarding the the last Inclusion criterion (see Table II),
we focused on articles with validations. However, there were
three articles in particular [18]–[20] that after a face-toface discussion, the researchers decided to leave in the set
because their proposals were particularly interesting from SoS
perspective. The articles distribution can be seen in Figure 1.

Fig. 1. Publication type

E. Data Extraction
Data extraction was done by three researchers, which
used a worksheet to tabulate and organize data. The
data values extracted from the papers and their relation with the research questions can be perused in
https://doi.org/10.5281/zenodo.1336282.
V. R ESULTS OF THE MAPPING
We run the SLM from 30-aug-2017 until 20-nov-2017,
executing the phases mentioned in the subsection IV-C. Table
III summarizes the result obtained applying the query in each
database.
Figure 2 summarizes the results of each phase. The queries
in all databases yield a total of 1675 articles, which were
divided into 2 equitable subsets and reviewed independently
by two researcher, who applied the first filter and obtained a
total of 166 articles.
In the second phase, the set of 166 articles was divided
into 3 equitable subsets and assigned to the three designated
researchers, who read the title, abstract, introduction and
conclusion, obtaining a total of 54 articles.

TABLE III
A RTICLES BY DATABASES ENGINE
Database

Number articles

ACM

364

IEEE

337

Scopus

794

Web of Science

96

Science Direct
Total

84
1675

In the third phase, the set of 54 articles was again divided
into 3 equal subsets and assigned to the three designated
investigators, who read the full article and reapplied the criteria, obtaining 22 relevant articles1 distributed between 2005
and 2017. Finally, two researchers extracted the necessary
data to answer the research questions and stored them in the
worksheet in https://doi.org/10.5281/zenodo.1336828.
1) RQ1: Which kinds of architecture evaluation techniques
are used for SoS?: Most proposals are quantitative (18/22 ≈
82%); 4/22 (≈ 18%) techniques are hybrid (see Table IV);
and no purely qualitative techniques were found. The same
table shows the techniques that the proposals use to perform
the evaluations; 18/22 were based on quantitative techniques,
mainly using a mixture of fuzzy logic with meta-heuristics
(7/18) [21] [24] [22] [29] [35] [39] [23], and simulations
models (6/18) [22] [20] [27] [28] [30] [31].
Generally method that use meta-heuristics with fuzzy logic
focused on identifying a set of constituent systems that meet
the desired quality levels, whilst model-driven evaluations
(specially simulations) show how architecture design behaves
under certain conditions.
Finally, most quantitative techniques focus on QA’s, like
Performance, that are obviously easy to measure by purely
quantitative metrics [40] (see Figure 4). Hybrid techniques
focus on well-known and accepted methods: ATAM & Mission Treat workshops [18], QFD matrix generation [26], and
DoDAF [38].
2) RQ2: Which quality attributes are addressed by the
techniques?: We considered the QA’s used for proposals
validation, as well as those that could be addressed outside the
validation but were mentioned by the authors. Consequently
the mostly addressed QA’s are: Performance (11/22 ≈ 50%),
flexibility (6/22 ≈ 27%), robustness (6/22 ≈ 27%), and
reliability (4/22 ≈ 18%) (see Figure 4). Notice that operational QA’s predominate over other types related with postdeployment, like maintainability, evolvability, sustainability
and others. This is really interesting because in the SoS context
the constituent systems must be reconfigured to collaborate
and address a common goal; however, QA’s related to those
properties are addressed to a lesser extent. An example of
systems (that can be considered as constituent systems) that
claim for these QA’s are legacy and SCADA systems, which
1

[18]–[39]

Fig. 2. Process for Systematic Mapping Study

within the current context of SoS are considered interesting
[41] [42].
3) RQ3: Which kinds of validation are used by the studies
reporting techniques?: Most proposals offer no empirical
validation: 10/22 (≈ 45%) were illustrated with an example,
whilst just 8/22 (≈ 36%) were validated with a case study
(see Figure 3). It is curious to note that quantitative proposals
preferred validation via illustrations, although the proposal
[23] validated through experiment was also in this category
(see Figure 4). Finally, is interesting remark that the proposal
that used an experiment as a validation method focused only
on one QA.
4) MRQ: Which techniques have been proposed to evaluate
SoS architectures?: Most architectural evaluation proposals
come from the systems engineering community2 (21/22);
2 See

https://doi.org/10.5281/zenodo.1336828

TABLE IV
A RCHITECTURAL EVALUATION TYPES
Approaches

Quantitative
Questioning
Hybrid

Metaheuristic/
fuzzy
logic
7
0
0

Model

FDA

6
0
0

2
0
0

Bayesian
Networks/event
tree
2
0
0

within them, 18/22 are quantitative, mostly using techniques
related to meta-heuristics and fuzzy logic. These types of techniques have mainly been developed to evaluate the interaction
of sets of systems according to the needs and expectations of
stakeholders. In the same line, but to a lesser degree, were
techniques that use formal models to corroborate the behavior
of the design of the architecture. On the other hand, four hybrid
techniques were found, of which only one comes from the software engineering community: a mixture of two well-known
techniques, ATAM and MTW, but for which no validation was
found. Respect to QA’s, most approaches are operational, like
performance, reliability, etc. Flexibility, despite being a nonoperational attribute, was highly considered according to the
evolutionary nature of SoS; however, proposals that address it
from a qualitative perspective were not found.

Color
nets

1
0
0

petri

ATAM/MTW

QFD matrix

DoDAF

None

0
0
1

0
0
1

0
0
1

0
0
1

Even more so, Nielsen et al. [7] performed a survey that
synthesized the most important dimensions of SoS found in
the literature, and then mapped each of them to specific
studies (see Table 1 from Nielsen paper). Results showed that
emergent Behavior (22), Evolution (21), Interoperability (20),
and Distribution (19) were the characteristic most mentioned;
however, our SLM found that both Evolution and Interoperability were the least addressed by evaluation proposals (1/22
each), while no proposal addressed the emergent behavior
and geographic distribution. This glaring mismatch suggests
opportunities to develop evaluation techniques that address
these QA’s in the SoS context.
The most used Software Engineering evaluation proposals
use methods based in scenarios (such as ATAM) rather than
formal methods (quantitative); thus, it is quite a contrast
to notice that the preferred techniques to evaluate SoS are
Genetic Algorithm, Fuzzy Logic and other similar approaches.
This may be explained because SoS are usually associated
to critical systems in fields like defense, health care and
emergency, which have an interest in quantitative techniques.
Specialized technological domains such as Smart Cities are
of current interest and share similar characteristics with SoS,
which opens up important opportunities to study techniques to
identify trade-offs more precisely than with classic scenariobased methods, and to be able to articulate more quantitative
assessments.
VII. T HREATS TO VALIDITY

Fig. 3. Validation Types. None means that it has not illustrated the proposal

VI. S YNTHESIS AND DISCUSSION
We aimed to identify existing proposals to evaluate architectures and to determine which QA’s were most addressed.
To this end, we designed and executed an SLM which yield
articles since 2005 to 2017, with an increasing number of
publications per year (see Figure 5). However, considering the
related works mentioned in Section III, we consider that there
is a gap between the most QA’s addressed by the proposals
found in this SLM, and the key QA’s identified recently.
Bianchi et al. [5] determined that the QA’s most addressed
in several SoS application domains (Military, IT systems,
Smart Grid, Automotive, Transport) are Security, Performance,
Interoperability, and Reliability. However, our SLM found
that only Performance and Reliability are among the QA’s
most addressed by architectural evaluations (with 11 and 6
proposals, respectively).

Throughout the execution of the protocol we identified and
mitigated two validity threats.
1) Selection bias: We tried to mitigate the bias through the
strict protocol defined in Section IV. In each phase (except the first), the articles were randomly redistributed
among the researchers, so in the next stage each read
articles selected by another one; if a reader was not sure
whether an article passed all criteria, it was discussed by
the entire research team applying a voting systems.
2) Missing literature: We executed the search string in the
selected databases and counted the number of articles
in the intersection between the initial set recovered by
our query and the final set obtained by [3], which had
a similar goal to this SLM; we found that their final
set of articles is a subset of our initial set. Finally, since
several database engines have different query syntax and
rules, we personalized the initial set of keywords for
each database, following Chen’s example [17].

Fig. 4. Mapping between proposal and quality attributes addressed

Fig. 5. Publications per year

VIII. C ONCLUSIONS AND F UTURE WORK
SoS are complex systems with constituent systems which
interact to achieve a common goal, characterized by independence, autonomy, distribution, evolutionary development,
emergent behavior, etc. [7]. The concept has been used to
describe systems within technological domains of interest to
the software engineering community, such as Industry 4.0 and
Smart Cities.
Much of the success of a SoS can be linked to the fulfillment of quality attributes or extra-functional properties, which
can be evaluated by architectural evaluations. To understand

how evaluations are carried out, we conducted a Systematic
Literature Mapping to identify and characterize proposals to
evaluate System-of-Systems. The study yield 22 unique articles, of which 21 were from System Engineering community
and just one from Software Engineering. Most proposals are
quantitative (18/22) and focus on operational properties (e.g.
performance, reliability, etc), and many of them use sophisticated techniques like fuzzy logic, meta-heuristics, and model
simulation. Other properties like maintainability, evolution and
sustainability were addressed to a lesser degree (one proposal
each).
Considering the finding of Nielsen et al. [7] who attempt to
find the most relevant characteristics in the context of SoS,
there is a clear gap between QA’s most addressed by the
proposals found by this SLM and the properties/characteristics
that these two articles have determined as relevant. Architectural evaluations that consider the impact of these characteristics in QA’s were found in few proposal (just proposal
that addressed interoperability, evolvability, sustainability, and
others).
These results may help practitioners to identify available
evaluation techniques for SoS, allow researchers to identify
research opportunities, and help all readers to understand the
current status of architectural evaluations of SoS.
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