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Abstract. Context: Most problems that occur at system delivery of
Embedded Systems (ES) are related to requirements misconceptions in
capturing requirements. Hence, a Requirements Engineering (RE) pro-
cess is crucial to meet time, cost, and quality goals. Objective: We in-
vestigate the studies to analyze and understand how the RE approaches
are used for embedded systems development. Method: We conducted a
Systematic Literature Review (SLR) as the basis for our work. Results:
We uncovered 92 studies and found out the RE phases that are attracting
more attention, the main requirements modeling styles used, the types
of requirements modelled, and the existing challenges/problems. We also
proposed a research agenda. Conclusions: This paper is a step towards
developing a body of knowledge in RE for ES that is derived from a
large-scale SLR. We believe the results will benefit both researchers and
practitioners.

Keywords: Embedded Systems · Requirements Engineering · System-
atic Literature Review.

1 Introduction

An Embedded System (ES) can be defined as a system that regulates a physical
device by sending control signals to actuators in reaction to input signals pro-
vided by its users and by sensors capturing the relevant state parameters of the
system [4]. In everyday life, people are dependent on several services supported
by embedded software, many of them transparent to the final user. The majority
of ES are less visible, and for example they run in engines, brakes, seat belts,
airbag, and audio system in your car. Additionally, they command robots on a
factory floor, power generation in a power plant, processes in a chemical plant,
and traffic lights in a city [14].

Embedded systems are known for their high complexity, caused by the in-
creasing number of functions and the growing number of interactions among
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different functions. Due to the complexity, the risk of undetected errors and
deficiencies increases considerably. According to Broy and Stauner [4], in the
embedded system domain, most problems are detected when the system is de-
livered. However, the problems are not related to the correctness of implementa-
tion but with misconceptions in requirements capture. Improper Requirements
Engineering (RE) practices may result in incomplete requirements, incorrect
elicitation and specification, high complexity, and economic or human loss. In-
appropriate Requirements Engineering (RE) practices may result in incomplete
requirements, incorrect elicitation and specification, high complexity, and eco-
nomic or human loss. Hence, an adequate requirements engineering process is
crucial to meet time, cost, and to develop quality embedded systems [21].

Requirements engineering problems continue to occur despite the efforts and
advances in their understanding [18]. Due to their unique properties, ES require
different approaches, methods, and tools to improve their quality. Some studies
provide insights into the state of art and practice of RE for embedded systems
[8,21,22,24]. However, there is no recent, systematic attempt to perform an ex-
tensive identification, mapping, and constraints of requirements approaches for
ES.

Hence, the goal of this work is to conduct a Systematic Literature Review
(SLR) to identify and analyze the Requirements Engineering (RE) approaches
for Embedded Systems (ES). In doing so, we investigate the RE research prob-
lems addressed by them. We want to find out which RE phases (eg. elicitation,
analysis, specification, validation and management) are attracting more atten-
tion to the ES community and which ones deserve a special care. It is also
important to investigate the main requirements modeling styles (scenario-based,
goal-oriented, textual requirements, etc) used. It is critical to discover whether
the RE approaches for ES have been used to manage both functional and non-
functional requirements.

In this paper, we perform an SLR [10] to evaluate and synthesize the evidence
available in the literature to answer research questions (see Table 1) related to
the use of approaches, methods, techniques, and processes to support the RE
in the ES domain. We also summarize the existing evidence concerning RE for
embedded systems to highlight empirical evidence of the challenges/problems of
the published studies [10]. Last but not least, we propose a research agenda to
RE community.

The results presented in this systematic review can be beneficial to the RE
community, since it gathers evidence from the primary studies included in the
review, forming a body of knowledge regarding requirements engineering for
embedded systems.

The remainder of this paper is organized as follows: Section 2 presents related
work. The research methodology adopted to conduct the SLR is outlined in
Section 3. The results and the analysis of our research questions are described
in Section 4. Finally, conclusions and future works are shown in Section 5.
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2 Related work

Similar to our work, another secondary study that synthesizes RE in embedded
systems domain is discussed in [22]. The authors present an SLR on requirements
elicitation and specification for embedded systems. Their work differs from ours
by means of a time interval, RE activities, the number of databases, and research
questions. Our SLR considered studies from a 48 year period. It took into account
all activities of the RE process and included seven databases in the studies
selection, while [22] considered studies from 2000 to 2014 and only included those
related to elicitation and specification activities. Regarding the databases, the
authors in [22] used six, while we considered seven. It is important to highlight
that our research questions are different from those proposed in [22].

Ossada et al. [19] presented a Requirements Elicitation Guide for Embedded
Systems (GERSE). The authors propose a set of organized and practical re-
quirements elicitation activities for the domain of embedded systems. However,
their work focuses only on elicitation activity of the RE process. Although the
authors stated that their study contributed to decrease the gap between soft-
ware engineering and embedded systems engineering, they suggested that more
work is required to include activities related to production and control quality
of the product. In our SLR we considered studies that address at least one RE
phase, and we also provide a set of embedded systems characteristics to support
elicitation and specification of these systems.

In 2012, Sikora et al. published the results [21] of an industrial survey in the
embedded systems domain to identify RE needs for ES. In their survey, the au-
thors focused on five aspects of RE: use of natural language versus requirements
models; support for high system complexity; quality assurance of requirements;
the transition between RE and design; and the interrelation of requirements en-
gineering and safety engineering. Our work differs from [21] in two main aspects.
First, we performed a retrospective on RE for embedded systems. This, in turn,
contributes to the identification of RE approaches that solve some particular RE
problem. Second, we considered studies from academy and industry. This has
helped us to identify a more significant number of concepts and challenges on
RE for ES compared to the results depicted in [21].

Although the above works cover several aspects related to requirements en-
gineering for ES, none of these works perform an extensive identification and
mapping of requirements approaches for embedded systems.

In our previous work [20], we presented some limited results. It differs from
this new work in terms of time interval, method description, presentation and
discussion of the results, research questions, and research agenda. It is worth not-
ing that this SLR was updated and considered studies from 1970 to June 2019,
while [20] recognized studies from 1970 to October 2016. As a result, seventeen
new studies were considered. The quality assessment of the studies, as well as
their overview, were not described in [20]. In this work, we carefully detailed the
quality assessment criteria, and we provided an overview of the studies by pub-
lication year, application context, research method, and type of source. Finally,
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the findings presented in this work are more representative. Moreover, we also
provide a set of questions for further investigation.

3 Research methodology

A systematic literature review, as well as other kinds of review studies, is an ex-
ploratory study to investigate evidence in the literature about a specific theme
[12]. To perform this SLR, we used guidelines and the protocol template pro-
posed by Kitchenham and Charters [10], whose process involves several activ-
ities grouped into three main phases: planning, conducting, and reporting of
the review. It consists of the following steps: (1) identification of the need for a
systematic review, (2) development of a review protocol, (3) a comprehensive,
exhaustive search for primary studies, (4) quality assessment of included stud-
ies, (5) data extraction and monitoring, (6) data analysis and synthesis, and (7)
report-writing.

The purpose of this systematic literature review is to analyze and understand
how the RE approaches are used for embedded systems development as well as to
understand which information regarding embedded systems should be specified
by requirements engineers to reduce the gap about what should be considered
when performing RE for ES. Thus, we intend to answer the research questions
described in Table 1.

Table 1: Research questions and motivations
Research Question Description and Motivation

RQ1. What phases of the require-

ments engineering process have

been supported?

This question provides a starting point to understand what are

the main phases (elicitation, analysis, specification, validation and

management) of the requirements engineering process supported

by the approaches. It may help to identify which RE phases are

attracting more attention to community and which ones deserve

a special care.

RQ2. What style of requirements

modeling have been supported by

the approaches?

The answer to this question allows the identification of main styles

of requirements modeling (scenario-based, goal-oriented, textual

requirements and so on) that have been supported by the ap-

proaches. It may help to identify which requirements styles are

attracting more attention to embedded systems community and

the strengths and weakness of each style in the embedded sys-

tems domain.

RQ3. What type of requirements

have been supported by the ap-

proaches?

This question intends to identify what is the distribution of

the studies with respect to the type of requirements (functional

and/or non-functional) addressed. It is important to investi-

gate whether requirements engineering approaches for embedded

systems have been used to manage both functional and non-

functional requirements.

RQ4. What challenges/problems

are identified in research literature

relating to RE for ES?

The purpose of this question is to identify the open problems

reported by the studies. This information is useful to identify gaps

in current research and suggest areas for further investigation.

The SLR was motivated by the need of specific RE processes for embedded
systems desired by academia and industry as reported in many studies [3], [16],
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[17], [19], [21], [22].The gap that exists between the traditional requirements
engineering processes, methodologies, tools, and notations and the ones used for
embedded systems also contributes to the need of this SLR.

An automatic search was conducted in the electronic databases ACM Dig-
ital Library, El Compendex, IEEE Xplore, ISI Web of Science, Science Direct,
Scoups, Springer Link, and validated by requirements experts.We selected these
libraries because they include high-quality software engineering journals and
proceedings of conferences.

The search period starts in 1970 when embedded system was an emergent
area. The search period finishes in June 2019. The search was executed in title,
keywords, and abstract based on terms presented in Table 2.

Table 2: Terms of the search.
# Related words

(T1) ”requirements engineering” OR ”requirements elicitation” OR ”re-

quirements specification” OR ”requirements management” OR ”re-

quirements validation” OR ”requirements verification” OR ”re-

quirements eduction”

(T2) ”requirements modeling” OR ”requirements modelling”

(T3) ”embedded systems” OR ”safety critical systems” OR ”real time

systems” OR ”embedded software” OR ”embedded product”

(T4) ”approach” OR ”technique” OR ”framework” OR ”processes” OR

”methods” OR ”tool”

In this paper, we want to collect information about requirements engineering
for embedded systems. Therefore, such information can be used by academics
and practitioners to improve the requirements process to reduce the risk of un-
detected errors and deficiencies. Thus, we had focused on terms in RE area,
embedded systems, and kind of contribution.

Our procedure for selecting studies consisted of six main steps, as shown in
Fig. 1.

Inclusion and exclusion criteria We are interested only in primary studies,
that present some contribution to requirements engineering for embedded sys-
tems, and that satisfies a minimum quality threshold. The results presented here
are important since they take into account the several decades of research about
RE for embedded systems.

Secondary studies, short papers (≤ 5 pages), studies that are not related to
research questions, non-peer-reviewed studies, duplicated studies (only one copy
of each study was included), non-English written papers, studies that do not
discuss requirements engineering in embedded systems development, grey liter-
ature, redundant paper of same authorship, and ongoing work were considered
exclusion criteria.
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Step1: indentify and organize studies 
retrieved from the eletronic bases.

Step2: automatic removal of duplicated 
papers using START tool.

Step3: authors reviewd the titles and 
keywords and excluded those that did 
not attend the inclusion criteria. If 
there was insufficient data, the paper 
was left for the next assessment.

Step4: authors analyzed the paper’s 
abstract and excluded those which did 
not attend the inclusion criteria. If 
there was insufficient data, the paper 
was left for the next step.

Step5: the complete text from the 
papers selected at Step 4 were 
retrieved and revised and those that 
attend the inclusion criteria were 
selected.

Step6: the papers that did not satisfy a 
minimum of 50% quality score were 
excluded.

ACM:
689

titles

COMPENDEX:
734

titles

IEEE:
2682
titles

SCIENCE 
DIRECT:

3053
titles

SCOPUS:
3594
titles

WEB OF 
SCIENCE:

143
titles

SPRINGER:
4653
titles

15548
titles

12658
titles

629
abstracts

381
included

120
included

92
included

Fig. 1: Systematic literature review steps. Adapted from [12].

Threats to validity We used the four categories of threats presented by [26],
which includes threats such as construct, internal, external and conclusion va-
lidity threats.

Construct validity: We followed the guidelines provided by [10] to develop a
reliable and auditable research protocol. The protocol was validated employing
inspection and comparison between already published SLR protocols. The search
string of an SLR was evaluated several times to avoid the risk of omitting relevant
studies.

Internal validity: During data extraction, subjective decisions may have oc-
curred since some papers did not provide a clear description or proper objectives
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and results. We conducted the SLR process iteratively to try to mitigate the
probabilities due to personal bias on study understanding.

External validity: To mitigate external threats, the search was defined after
several trial searches and validated with the consensus of all authors.

Conclusion validity: The methodology chosen in [11] already considers that
not all relevant primary studies that exist can be identified. It is possible that
some studies excluded in this review could have been included. To mitigate
this threat, the selection process and the inclusion and exclusion criteria were
carefully designed and discussed by authors to minimize the risk of exclusion of
relevant studies.

In order to avoid bias and maximize internal and external validity we per-
formed a quality assessment (QA) of the selected studies. All studies were as-
sessed against a set of 12 quality criteria. The quality score in each criterion of
the selected studies are available at the following [link]. We considered 50% as
minimal score for a study to accepted. The overall quality of the selected studies
is acceptable since the mean of quality is 66.32%.

4 Results and analysis

In this section, we present the results and analysis of the selected studies.

Publication year The analyzed studies in this review were published between
1980 and June 2019. Figure 2 shows that, from 1980 until 2004, the number of
publications was almost continuous. We highlight the year 2015, with a total of
eleven publications. From 2004 until 2014, we can observe a gradual increase in
the number of publications.

Fig. 2: Temporal view of the studies.

https://drive.google.com/file/d/1XrauQIhMx1FaXwrjosWXGHUjKTJ3CHQV/view?usp=sharing
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Application context The academic and industrial context were considered in
this classification. Forty-nine papers (53.26%) are in the academic category and
43 papers (46.73%) in the industry category. Hence, the industrial community
of embedded systems is also very interested in investigating methods, processes,
and approaches for requirements engineering.

Research method In order to classify the research method of the publications,
we rely on [7].

The research methods of the majority of the papers are illustrative scenarios
(49 papers, 53.26%), followed by case study (37 papers, 40.21%), controlled
experiment (3 papers, 3.26%), quasi-experiment (1 paper, 1.08%), survey (1
paper, 1.08%), and not applicable (1 paper, 1.08%). Ethnography and action
research were not found in our classification. We can observe that research in
the field of RE for embedded systems is focused on small examples and case
studies to evaluate contributions while the remaining methods are put aside.

4.1 RQ1. What phases of the requirements engineering process
have been supported?

The phases taken into account to answer this question were defined according to
the RE process established by [13]: elicitation, analysis and negotiation, specifi-
cation, validation, and management. The predominant phase that we identified
was Specification (76.09 %), followed by Validation (42.39%), Analysis and Ne-
gotiation (36.96%), Elicitation (27.17%), and Management (17.39%). It is im-
portant to note that a study could have addressed more than one phase of the
RE process.

Requirements
style

Count %

Scenario-based 25 27.2%
Formal language 22 23.9%
UML 21 22.8%
Textual
requirements 18 19.6%
Non-specific 12 13.0%
Description logic 8 8.7%
Feature models 1 1.1%
Problem frames 1 1.1%

Table 3: Requirements
modeling style

Fig. 3: Requirements modeling styles
over RE phases.
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An interesting finding is that 28 studies (30.4% of papers included) met both
Specification and Validation phases in the same paper, indicating the interest to
specify and validate the ES requirements.

4.2 RQ2. What style of requirements modeling have been supported
by the approaches?

In order to guide our classification, we used seven requirements style presented
in the work of [7], except for Description logic since it was discovered during
the classification. The results presented in Table 3 were defined according to the
distribution of the studies.

Scenario-based category is the most frequent type of RE modeling addressed
by the studies. This category included studies on all RE phases, but the majority
of studies are concerned with requirements specification, analysis, and validation
of requirements, as can be seen in Fig. 3.

4.3 RQ3. What type of requirements have been supported by the
approaches?

The purpose of this research question was to identify what is the distribution
of the studies with respect to the type of requirements (functional and/or non-
functional) addressed. The categories we used were: (1) functional requirements,
(2) non-functional requirements, and (3) both types. Table 4 presents the distri-
bution of the studies within these categories. As expected, the majority of stud-
ies (80.4%) addressed functional requirements. Interestingly, (39.1%) of studies
considered both functional and non-functional requirements in the same study,
indicating their concern with a more complete requirements specification.

Table 4: Functional and non-functional requirements distribution
Type of requirements Count %

Functional req. only 38 41.3

Non-functional req. only 18 19.6

Both 36 39.1

4.4 RQ4. What challenges / problems are identified in research
literature relating RE for ES?

The purpose of this question is to identify further research needed in this area.
These challenges/problems were extracted from the selected studies, and they
are presented in the [link]. We focused on specific RE problems for ES. The
problems of the studies that fit in general purpose problems (32.6%, 30 studies)
were left aside. Besides, many studies presented just their proposals, but did

https://drive.google.com/file/d/19fr3v25i-T2Lalx2zXQUO6RvQEaRjxJh/view?usp=sharing
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not discuss challenges/problems on RE for ES. This corresponds to 31.5% of the
studies (29 studies).

One important finding is that eight challenges (33.2%) are related to non-
functional requirements for ES (O3, O5, O6, O8, O9, O13, O18, and O21). There
are 11 (11.9%) studies highlighting the need to handle quality requirements such
as timing, safety, reliability, performance, user interface, and others, indicating
that NFRs need further investigation. It should be noticed that safety is related
to five challenges and timing to 3 problems.

Seven studies are concerned with the specification phase of the RE process.
The challenges O3, O4, O9, O10, and O18 point a concern to investigate the
specification of quality requirements, environmental assumptions, and scenarios
for embedded systems. Considering that 58 of the studies did not cite any tool
support, the finding of O5 and O14 might indicate the need of development
of tools capable of verifying timing requirements, and dealing with different
domain tools. Another important aspect is the need to investigate requirements
standards in different domains. Moreover, one study argue the need to enhance
the IEEE Std 830 [9] for automotive systems.

The most cited challenge/problem is Apply the proposed study in industry em-
bedded systems project (O1). This challenge was referenced in 6 studies (6.5%),
and it is the consequence of the low number of proposals evaluated in the indus-
trial context (46.7%). These results show the need of applying the proposal in
practice with real users to assess the extension of the contributions. O2 - Apply
the proposed approach in different domains is the second most cited challenge.
The goal is to test the proposed solution in different domains, expanding the
examples and checking the effects [25,6,23].

In sequel, we have O3 - Specification of timing requirements, O4 - Refin-
ing requirements into specifications taking the environmental assumptions into
account, O5 - Timing requirements verification and tool support development,
and O6 - Analysis of hazard and threats, timing, performance, and safety. Tim-
ing requirements and environmental assumptions are necessary for the correct
operation of embedded real-time systems [1].

ISO 26262 is an international standard for functional safety of road vehicles.
This standard can be used to Improve the development process for ensuring func-
tional safety requirements (O7). It is possible to deal with performance analysis
for specification of NFRs in the Handling of non-functional requirements such
as QoS, safety, reliability, resource and scheduling properties (O8).

Investigations are also necessary to propose mechanisms to perform the Spec-
ification of safety requirements (O9). A possible approach is to derive safety re-
quirements from the results of a systematic analysis of the system. This deriva-
tion can be done by formalizing the results of fault tree analysis. Multiprocessor
based environments and case maps notation can be used in the Specification and
analysis of scenarios for embedded systems (O10)

Difficulties are also faced to Enhance the IEEE Std 830 and establish a ref-
erence Software Requirements Specification (SRS) for automotive system (O11).
Considering that there are many different SRS for the automotive system, the
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development of a reference template is a substantial challenge. Introducing hard-
ware at the beginning of the verification infrastructure and considering the use
of different interaction paradigms can support the Hardware verification and
modeling of synchronous and asynchronous components (O12) respectively.

Measuring requirements stability and reusability in embedded systems domain
(O13) is a challenge. The goal is to define a set of criteria for measuring require-
ments stability and its reusability. A possible solution may be the use of the
Requirements Maturity Model (RMM) to evaluate the requirement reuse pro-
cess.

The contributions presented (see the table with the complete list of contribu-
tions in the [link]) can be useful in different contexts. For example, a newcomer
(e.g., new student) will be able to identify new research opportunities, and they
can become the subject of new research projects.

5 Conclusions

In this paper, we presented a systematic literature review that investigates stud-
ies reporting approaches proposed to elicit, analyze, specify, validate and manage
requirements for embedded systems. Our SLR draws on 92 studies, selected out
of 12658 over 49 years, through a multi-stage process. An essential aspect of this
review is that it does not restrict itself to a particular domain. Thus, the search
gives us deeper insights on the state-of-the-art about the content of requirements
engineering for embedded systems.

The most relevant findings from this review and their implications for further
research are as follows:

Need to include all requirements engineering phases. The majority
of studies only partially address the RE process. In fact, only two studies con-
sidered all five phases and only one addressed four phases of the RE process.
This indicates that only part of the RE process is met by the studies included in
this review, demonstrating that there is a lack of approaches that consider the
whole RE process.

Lack of a specific requirements engineering process for embedded
systems. The embedded systems community does not present a well-defined,
standardized, and known requirements engineering process to guide companies.
Hence, there is a need to investigate and develop a specific requirements en-
gineering process by providing inputs, outputs, and work products for correct
requirements development and management for the scope of embedded systems.

Need to improve the specification and analysis of timing require-
ments. Timing requirements are necessary for the correct operation of embedded
real-time systems [2]. Hence, the requirements engineering for ES should provide
guidelines for the specification, analysis, and verification of timing requirements
[5,27].

Need to improve safety requirements. It should be noticed that spec-
ification of safety requirements have been treated by some approaches, as de-
picted in question RQ4. However, safety is related to five challenges (20.8%),

https://drive.google.com/file/d/19fr3v25i-T2Lalx2zXQUO6RvQEaRjxJh/view?usp=sharing


12 T. Pereira et al.

which involves specification, analysis, and verification activities. For example,
the requirements specification must be suitable to derive safety requirements
Therefore, RE approaches for ES need to provide guidance of safety-related con-
cerns.

Need to improve the specification and analysis of the NFRs. Despite
the current contributions to ameliorate the non-functional requirements problem,
there are several open issues to be solved. Handling of multiple NFRs such as
QoS, safety, and reliability is pointed out by [15] as future work. The difficulty is
to select the best possible system configuration based on a set of non-functional
requirements. Therefore, RE approaches for embedded systems need to provide
a significantly improved account of NFRs concerns.

Need of integration tools. The development of embedded systems requires
stakeholders from different expertise. Thus, a tool should be able to organize the
specification in a structured manner into several abstraction layers (additional
views/expertise). Additionally, it is necessary to develop interfaces to support
migrating from well-known requirements management tools such as Doors and
RequisitePro. Moreover, the tools should be capable of dealing with elicitation,
analysis, specification, validation, and management of embedded systems re-
quirements.

Need to consider RE standards. There are different requirements engi-
neering standards such as IEEE Std 29148:2011 and IEEE Std 830:1998. Nev-
ertheless, RE approaches for ES are not using what has already been done to
develop specific RE processes for ES domain. The RE standards provide tasks,
activities, practices, goals, and work products that can be tailored to accomplish
the RE needs for a specific ES domain.

Need for industry validation. Despite the fact that the industrial com-
munity of embedded systems is investigating requirements engineering (46.7%
of the studies were applied in an industrial context), there is still a need for
implementing the studies in real industry projects with real users in order to
improve the relevance of the research and to assess to what extent the approach
contributes to the RE for embedded systems.

Need to apply the proposed solution in different domains. Fourteen
studies (15.2%) applied their solutions in more than one domain. This fact may
indicate the the need to test with the appropriate indicators, the proposed so-
lution in different domains, expanding the examples and checking the effects
[25,6,23]. Hence, it may be necessary to evaluate in a second domain, a solution
specially developed for a specific area.

Motivated by the results of this SLR we propose a research agenda for the
RE community for embedded systems:

1. How can we develop a RE process to address elicitation, analysis, specifica-
tion, validation, and management phases?

2. What is the core set of information that should be considered by require-
ments engineers in the development of embedded systems?

3. What are the main requirements engineering patterns and how they can be
used in a RE process for the domain of embedded systems?
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4. What are the requirements and constraints need to develop a tool capable
of dealing with integration with other tools and that supports all five RE
phases?

5. How to measure the feasibility of using requirements engineering approaches
in embedded systems?

6. What are the primary non-functional requirements and how they are related
to embedded systems specificities?

7. How to improve the maturity level of requirements engineering processes for
embedded systems?
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