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Abstract Reconfigurable systems have evolved as a more comprehensive and bet-
ter known area in the last years. Reconfigurability is strictly related to the ability
to change: the more flexible a system is, the greater is its reconfigurability. Recon-
figuration can provide the systems characteristics as self-adaptation, allowing their
resources to be used according to the environment in which they are found and,
consequently, extracting a better use of these resources. Unmanned Aerial Vehi-
cles (UAVs), mine hoists, mobile robots, and balloon systems are some applications
where self-adaptation and reconfiguration are important. Some reconfigurable sys-
tems are able to plan their reconfiguration at runtime, i.e., the system sets its new
configuration while running. These systems are called Dynamically Reconfigurable
Systems (DRSs). This paper aims to investigate DRSs seeking to answer four spe-
cific questions: (i) how the different kinds of DRSs are classified in the literature
and what is their definitions; (ii) what are the hardware and software platforms,
methodologies and techniques engaged in DRSs; (iii) what are the domains of ap-
plication of DRSs; and, (iv) which countries lead the number of publications in
DRSs. To do that, a systematic literature review was conducted, where, at the
end, 85 articles between 1995 and 2017 were completely read.
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1 Introduction

Reconfiguration is a property growing in importance in today’s systems. The
change in a system configuration may be related to different areas, such as a
change in a product design, upgrade in a software application, fault tolerance,
or even replacing obsolete parts. In this sense, reconfiguration can be seen as an
important part of a system design [4].

Reconfigurability is strictly related to the ability of changing, i.e., how flexible
the configuration of a system can be. A reconfigurable system can be simple as
a digital clock or complex as a network composed of hundreds of computers, and
may involve different areas, such as reconfigurable matter and digital and analog
electronic systems [54].

The concept of reconfigurable systems is extremely broad and may present
different meanings [26,54]. Digital systems, such as computers, are reconfigurable
systems as well as a 3D printer, capable of modeling materials in different forms
[54]. However, there is a class of such systems called Dynamically Reconfigurable
Systems (DRSs), that allows reconfiguration after its manufacture and during its
operation.

DRSs are able to perform their reconfiguration at runtime, i.e., to set a new
configuration while running. This is the main difference from static systems, such
as Application Specific Integrated Circuits (ASICs), which once manufactured can
not be changed, or systems that allow a single configuration, such as those based
on Programmable Read Only Memory (PROM), or systems whose reconfiguration
is a complex operation and takes a large amount of time, such as those based on
Erasable Programmable Read Only Memory (EPROM) [54].

Dynamic reconfiguration enables real-time systems adaptation. Unmanned Aerial
Vehicles (UAVs), which have become popular in the last decade, can be built with
fixed wing or rotors. There are researches that study the possibility of using both
systems, the so-called hybrid UAVs, which can take off on a small runway, but
keeps the benefits of fixed wings [33,3]. In this case, the exchange between both
systems characterizes a reconfiguration, and the concept of DRSs can be applied.
In addition, reconfiguration and adaptation have already been used in several real
intelligent control and robotic systems. We give some examples below.

Simulations demonstrate that using intelligent control system based on brain
emotional learning may present better results in attitude control of UAVs than
traditional methodology [71]. An intelligent control system based on ant colony
and fuzzy self-adaptive PID control was proposed for mine hoists automation
[53]. An autonomous mobile robot that switches internal systems to adapt to
the environment and reach a goal without colliding with walls is studied in [51].
A control algorithm was developed to operate a balloon semi-automatically under
a series of conditions and seeking to save energy consumption [85].

In addition, still in the area of UAVs, the autonomous navigation system is
another possible example of DRSs. There is a survey that presents different ways
of performing autonomous navigation, such as through the use of GPS or imaging
sensors [41]. A DRS could manage these systems, using the most appropriate
depending on the environment, or using them redundantly to avoid failures.

Another possible example of the importance of DRSs is in avionics. The new
generation of Integrated Modular Avionics (IMA) platform allows a reduction in
the required number of aircraft control equipment. The purpose of a reconfigurable
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system in this case is to use the same electronic device for different functions, rather
than using a different device for each function [11].

Historically, it can be said that control systems engineering was the first disci-
pline to put efforts on the design of systems reconfiguration mechanisms, allowing
its automation. It has played a crucial role in the development of piloting systems
for aircrafts, guided missiles, and industrial production [62]. With the development
of smaller and more powerful digital computers, its use as control units managing
reconfigurations has become an increasingly common practice [62].

Based on the relevance of DRSs for intelligent systems, the goal of this work
is to investigate the area of DRSs addressing the following research questions:

1. What is the understanding of the scientific community to define a DRS?

2. What are the hardware and software platforms, methodologies and techniques
engaged in DRS in a broader context, and not specifically related to only some
characteristics of DRSs?

3. In what application domains DRSs are used?

4. Which countries have published more in this area?

By answering these questions, we aim to perceive how DRSs are understood
within the community. Although there are surveys published in this area, to the
best of our knowledge, no other article addressed the same questions presented
above. For example, Lyke et al. present concepts, a taxonomy and future challenges
in the area of reconfigurable systems, but the focus of their work is not DRSs [54].
Jzwiak and Nedjah present and discuss the concept of reconfigurable systems,
but the main objective of the work is related to reconfigurable computing and
architectures for embedded systems [37]. Krupitzer et al. present a study on self-
adaptive systems and a taxonomy to classify them, but the focus of their work
is more conceptual and theoretical than practical [49]. Also, as far as the authors
know, no other Systematic Literature Review (SLR) was performed in the same
context.

The idea of an SLR is to define a research protocol and strictly follow it. In
this way, the results can be reproducible [46]. In addition, an SLR should delineate
the state of the art of a research area and present its gaps. An SLR is considered
a secondary study because it extracts information from other studies.

There are several ways to perform an SLR [46]. In this work, the search method-
ology involved a search string, i.e., a string of keywords is built and employed in
several different databases, such as IEEE and Scopus, to select papers related to
the keywords. Inclusion and exclusion criteria are applied to decrease the initial
number of papers and improve its selection. From the final set of selected articles,
properties are extracted with the aim of answering the research questions.

In this work, 5 databases were used and a total of 616 articles were obtained at
first. Based on this first retrieval, 72 were completely read. In addition, 13 papers,
which were not obtained through the string, were included in the review. In total,
85 papers published between 1995 and 2017 were read, being 77 selected for data
extraction. The difference (85 to 77) is due to similar contents, being kept only
the most complete version of the paper, and to quality assessment, being excluded
papers with low score.

This paper is structured as follows. Section 2 presents in detail all the steps of
this SLR. Section 3 presents the main results and analysis based on such results.
Concluding remarks and a research agenda are in Section 4.
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2 Systematic Literature Review: Steps

The SLR conducted in this work was based on [46,47,56]. Before starting the
review itself, we conducted a search including Google Scholar and Compendez
data bases to verify the existence of other secondary works about DRSs. The
following search string was used:

Dynamically Reconfigurable System AND (Review OR SLR OR Survey OR
Tazonomy)

Through visual inspection, the papers were analyzed and selected for a more
detailed inspection. Among all papers returned, none of them presented an SLR
related to DRS. Furthermore, with only one exception, all the selected papers
presented discussions about reconfigurable computing. They are briefly discussed
below.

In [81], a survey about Field Programmable Gate Array (FPGA) coarse grained
architectures is presented. Some of these architectures were also identified during
the study of other works in this review. In [58], approaches for reconfigurable ar-
chitectures are presented. However, due to the year of publication, the technologies
involved are already outdated, although the definitions are still valid.

In [82] and [77], solutions and applications of reconfigurable computing for
digital signal processing are presented. Finally, [87] present an abstract concept
of dynamic reconfiguration and 6 different types of reconfiguration for evolving
software systems.

The papers presented above can serve as a basis to understand the concepts
related to DRS in computing, but none of them discuss dynamic reconfiguration
covering questions about definition, classification and application on industrial
systems. Furthermore, to the best of our knowledge, no SLR has been published
in this area before, justifying the necessity of the present work.

Figure 1 presents all the steps followed in this work. Step 1, need of a systematic
literature review, has just been discussed. The next steps are presented in the
sequence.

2.1 Review Protocol

In accordance with Figure 1, the next step is to define the review protocol,
which encompasses the research questions, the search methodology and the inclu-
sion/exclusion criteria. Furthermore, we also present the verification of the review
protocol. In Table 1 the research questions and its goals are presented.

As shown in Figure 2, the search string was built through an iterative method-
ology, in which experimental searches were used to refine the string. The papers
returned after each search were analyzed through a random inspection to verify
its coherency with the aim of the research questions. Only metadata, i.e. title,
abstract and keywords, were used during the search. Besides that, it was decided
that the total number of papers must be between 400 and 600.

At the beginning, 4 databases were selected: Scopus, ACM, Web of Science,
and IEEE. As the number of articles was below the defined, the database Science
Direct was also included. The searches were made using the search engines available
on the web sites of the respective databases. The final version of the search string
is the following;:
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1 Step - Need of systematic review Planning

|

2™ Step - Definition of review protocol

y

3" Step - Verification of review protocol

4" Step - Search for works Conducting

|

5" Step - Studies selection

|

6" Step - Quality assessment of selected studies

|

7" Step - Data extraction

8" Step - Draw conclusions Documenting

|

9" Step - Publication of results

Fig. 1 Steps followed in this systematic review adapted from [56]

(( “Dynamic reconfigurable system” OR “Dynamically reconfigurable system”
OR “Dynamically self reconfigurable system” OR “Dynamic reconfigurable embed-
ded system” OR “Dynamic reconfigurable real-time system” OR “Reconfigurable
embedded system” OR “Dynamic adaptive system” OR “Dynamic adaptable sys-
tem” OR “Dynamic self adaptable system” OR “Reconfigurable real-time system”
OR “Partial reconfigurable system”) AND (“hardware device” OR “system on
chip” OR “system-on-a-chip” OR “system-on-chip” OR “embedded software” OR
“embedded system” OR “image processing” OR “image processor” OR “image
analysis” OR “classification of images” OR “processing of images” OR “image-
processing”)).

The above string was applied to four databases: Scopus, ACM, Web of Science,

and Science Direct. Since the database IEEE allows a maximum of 15 keywords
in the search engine, the original string was modified to the following one:
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Table 1 Research questions and its respective aims

Id Research Question

Aim

How the different kinds of

RQ1 DRSs are classified by literature
and what are their definitions?
What are the hardware and software

RQ2 platforms, methodologies and
techniques engaged in DRS?

RQ3 What are the domains of
application of DRSs?

RQ4 Which countries lead the number

of publications in DRS?

Understand what is the definition of DRSs,
what features they can present and verify the
existence of some taxonomy for these systems.

Understand how DRSs can be developed in
practice, i.e. what means exist to create a
dynamically reconfigurable system.

Understand in what contexts DRSs are used
in practice and for what purpose.

Outline the number of papers per country by
associating the authors with their institutions.

Definition of keywords

l

Definition of trial search string

l

Search for papers

l

Verify number of papers

Improve search string

Save found papers

Fig. 2 Steps for creation and improvement of the search string adapted from [56].
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(( “Dynamic reconfigurable system”) OR (“Dynamically reconfigurable sys-
tem”) OR (“Dynamically self reconfigurable system”) OR (“Reconfigurable em-
bedded system”) OR (“Partial reconfigurable system”)) AND (( “hardware device”)
OR (*“system on chip”) OR (“system-on-a-chip”) OR (“system-on-chip”) OR (“em-
bedded software”) OR (“embedded system”) OR (“image processing”)).

The keywords of image processing were added for the secondary purpose of
selecting articles that could bring reconfigurable systems as potential solutions for
this domain. It is well known that image processing is relevant within intelligent
systems. Hence, we added keywords specifically related to this field.

In order to organize this research and manage the classification of the articles,
we used Mendeley [1], and StArt [2], which is a tool for development of systematic
reviews [96].

After defining the research questions, the search strings and the databases, the
inclusion and exclusion criteria were decided. The inclusion criteria are divided in
two groups: primary studies and secondary studies. For primary studies, the papers
should present a use case in which DRSs was used as a possible solution, or discuss
some application in such case. For secondary studies, it was enough if it brings some
discussion about DRSs. Any articles published in journals, conferences, books, and
workshops were considered while editorial notes and white papers were excluded.
The exclusion criteria were defined as papers that do not bring any discussion
about DRSs or do not mention a use case for DRSs. Only articles written in English
and published between 1995 and 2016 were included. We emphasized more recent
and up-to-date publications with this review period.

To verify the inclusion and exclusion criteria, a sample of the results was clas-
sified by two different researchers (peer review). An agreement of about 70 % of
the sample was reached. The articles in the sample in which no agreement was
achieved were not included in the review.

2.2 Studies Selection

The studies were selected by reading the title, abstract, keywords, and applying
the inclusion and exclusion criteria presented in the previous section. Table 2 shows
the number of papers selected according to the protocol presented in the previous
section. In the first step, a total of 616 papers were returned from the 5 databases.
From this primary set, the inclusion and exclusion criteria were applied. About
18.3% (113) of the articles were duplicated and 35.7% (220) were editorials or not
related to DRSs. From the remaining, a total of 72 articles were chosen because
they were directly related to the inclusion criteria.

Table 2 Number of articles selected for each database

Database 15t step  27? step  3"% step
Scopus 273 24 24
ACM 96 15 11

Web of Science 38 8 6
Science Direct 147 17 17
IEEE 62 8 7

Total 616 72 65
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Of the 72 articles selected, 4 presented similar content and similar authors
and only the most complete version was considered. Furthermore, 3 presented
insufficient score according to our quality assessment (see Section 2.3). Thus, 72
papers were read, but only 65 were selected to extract information.

In addition, 13 other papers that were not returned from the databases were
included in the search. Some of these studies were indicated by a specialist while
others were requested in order to enrich the search with more examples of direct
applications of DRSs in real problems. Only 1 out of these 13 papers was removed
because it did not meet the quality assessment (see Section 2.3). In total, 85
articles were completely read, being 72 obtained through the search string and 13
indicated by a specialist. Of these, 77 (65 + 12) were chosen for the last phase.
Table 3 presents all the selected papers. The articles that do not have a database
specified were not obtained by the search string.

2.3 Quality Assessment

The quality assessment of the papers was constructed based on the work of [35].
As it is shown in Table 4, we defined 8 assessments, the first four about general
purposes and the last four about specific issues. With the exception of QA5, the
assessments can present 3 different values: 0, 1, or 2 as shown in Table 4.

A paper was evaluated by all the quality assessments presented in Table 4. We
then compute a value according to the following equation:

QAL+ QA2 + QA3 + QA4 + QA5 + QA6 + QAT + QA8
1

2.5. (1)

Thus, it was ensured that the quality assessment produces a value between 0
and 10. Most articles (57) presented scores between 5 and 8, 7 papers presented
scores higher than 8 and 13 papers between 4 and 5. As we defined the minimum
acceptable score as 4, and 4 articles achieved score lower than the minimum, they
were removed. Thus, 77 papers were kept to the next steps of the SLR.

The purpose of conducting a quality assessment is to verify whether the papers
are in accordance with the objectives of the research questions, i.e., it is a way
to check the consistency of the results. As Table 5 shows, QA4, QA5 and QAS
were the evaluations that obtained the lowest number of papers with maximum
score, which reveals where the results differed from the expected ones. This will
be better discussed in Section 3.

2.4 Data Extraction

Table 6 shows the 9 properties that have been chosen to be extracted from the
selected 69 works (Section 2.2). The first 2 properties, P1 and P2, are not related
to any specific research question, but the other properties are. They will be better
explained throughout this section.
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Table 3 Articles, in chronological order, used to extract properties

N  Year Database Reference N  Year Database Reference
1 1995  Science Direct  [40] 40 2009  Web of Science  [63]
2 1998 ACM (28] 41 2009 IEEE [90]
3 2000  Science Direct  [98] 42 2009  Science Direct [70]
4 2000  Scopus [10] 43 2009 - [52]
5 2003  Science Direct  [43] 44 2010  Science Direct  [14]
6 2004  Science Direct  [83] 45 2010  Scopus [88]
7 2006 ACM [84] 46 2010 Scopus [72]
8 2006 ACM [60] 47 2010  Scopus [48]
9 2006 - [94] 48 2010 Scopus [20]
10 2007  Scopus [93] 49 2010  Science Direct  [44]
11 2007 Scopus [73] 50 2010  Science Direct [38]
12 2007 - [22] 51 2011 Web of Science  [24]
13 2007 Scopus [74] 52 2011 Scopus [50]
14 2007 IEEE [30] 53 2012 - [66]
15 2007 Science Direct  [9] 54 2012 - (34]
16 2008 Scopus (75] 55 2012 - (33]
17 2008 Science Direct  [6] 56 2013  Scopus [15]
18 2008  Scopus [45] 57 2013 Web of Science [16]
19 2008 Scopus [59] 58 2013  Scopus (23]
20 2008 IEEE [99] 59 2013 ACM [97]
21 2008 Science Direct  [21] 60 2014 - [29]
22 2008 Science Direct  [17] 61 2014 Science Direct [92]
23 2008  Scopus [68] 62 2014 - [18]
24 2008 IEEE [80] 63 2014 ACM 7]
25 2008 IEEE [65] 64 2014 ACM (86]
26 2008 IEEE (89] 65 2014 Scopus (64]
27 2008  Scopus [67] 66 2015 Science Direct [49]
28 2008 Scopus [76] 67 2015 Scopus [69]
29 2009 Scopus [91] 68 2015 Web of Science  [36]
30 2009 Scopus [27] 69 2015 ACM [100]
31 2009 ACM [32] 70 2015 Web of Science  [5]
32 2009 Science Direct  [39] 71 2015 Scopus [42]
33 2009 ACM (78] 72 2015  Web of Science  [79]
34 2009 IEEE [95] 73 2016  Scopus [61]
35 2009 Science Direct [31] 74 2016  Scopus [57]
36 2009 Science Direct [§] 75 2016 - [19]
37 2009 ACM (13] 76 2017 - (3]
38 2009 - (37] 772017 - (55]
39 2009 ACM [11]

Scientific domain. This property aims to

industry related.

Secondary study: In general, a paper can be a primary work, a secondary
work, a tertiary work and so on. A paper called primary work is an individual work
that contributed to a systematic review; a systematic review is called a secondary
work, and is composed by several primary works [46]. A systematic review about
systematic reviews, i.e., a systematic review of systematic reviews, is called a

tertiary work [47].

identify what kind of paper is being
analyzed. Different kinds of studies exist, e.g. surveys, short reports and white
papers, each of them has a purpose. According to the necessity of the present work,
4 classes were created. They are called secondary study, theoretical, practical or
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Table 4 Quality assessments of the articles adapted from [35]

Id Evaluation Answer

Value

QA1  Description of the problem The authors give an explicit description of the problem
The authors give a general description of the problem
There is no description of the problem

QA2  Results of the study The authors explicitly list the contributions of the study
The authors give a general discussion about the results
There is no discussion about the results

QA3 Limitations of the study The authors explicitly list the limitations of the study
The authors briefly discuss the limitations
There is no discussion about the limitations

QA4 Future directions of the study The authors provide a list of future works
The authors briefly discuss the future works
The is no discussion about the future works

QA5 Scope of the study Studies where DRSs are used as a possible practical application

Architecture or design for DRSs

Approaches for simulating and testing DRSs
Studies which DRSs are indirectly cited

QA6  About the model presented in the study High level modeling
Low level modeling
No model is presented

QA7  Evaluation/validation presented in the study  The study presents tests using hardware devices

Only simulation is used
No evaluation/validation is done

QA8  If the study is linked to a bigger project Yes, the study is part of a bigger project
No, but presents discussions on other related projects

No, the study is just a research paper

Table 5 Number of articles for each of the specified quality assessments

Value QA1 QA2 QA3 QA4 QA5 QA6 QAT QAS

2 68 66 45 10 19 41 39 13
1.5 43

1 9 10 29 50 12 30 20 14
0 0 1 3 17 3 6 18 50

Here, a paper classified as a secondary work is not only a SLR, but also any
review or survey that is composed by several primary studies and aims to sum-
marize and identify current developments of a given research area. Furthermore,
if a paper is not considered a secondary study, it is a primary one and should be
classified among the classes below.

Industry related: if a work is not a secondary one, it should be checked if
it is strictly related to an industry problem. The works of this group focus on
presenting a solution for a real world problem independent of its results, if are
theoretical or practical ones. If the study is not clearly related to an industry
problem, it should be classified in one of the two classes below.

Theoretical: this group encompasses works that do not present anything prac-
tical, i.e., pure theoretical works that discuss the subject of interest. It can be a
paper presenting discussions about a new concept, a new definition or the future
trends. Besides that, this group also encompasses studies that present systems
within the scope of simulations.
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Table 6 Properties to be extracted from the selected articles

Id Property Research question
P1  Scientific domain Overview

P2 Completeness Overview

P3  Definition or taxonomy RQ1

P4 Field of knowledge RQ1

P5  Control unit RQ2

P6  Device used RQ2

P7  Use case RQ3

P8  Results obtained RQ3

P9 Country of authors RQ4

Practical: this group should include works that present a new methodology
and, in order to test it, present the results from practical workbench tests. If the
work only presents simulations and does not go deep into other tests, it should be
classified as a theoretical work.

Completeness. A paper can be incomplete and, in some cases, this incompleteness
creates trends in results. Here, an article is classified as incomplete if its authors
explicitly say that the work is in progress. If a paper is incomplete, this property
must extract the future work defined by the authors.

Definition or taxonomy. This property seeks to extract any definition, concept
or taxonomy related to DRSs presented in the paper. The first research question
(see Table 1) is directly related to this property. The combination of the concepts
present in all papers is the basis to answer this research question.

Field of knowledge. This property should extract the main goal of the study. It
could be, for example, presenting a methodology, discussing future trends, pre-
senting a new concept, etc.

Control unit. The control unit of reconfiguration is associated to how reconfig-
uration occurs. It can be automatically or manually, static or dynamic, local or
remote, or some other way that does not fit into any of the previous groups.

Device used. This property aims to know which physical device was used in the
paper. For example, if it is a microcontroller, which is its family. If it is an ordinary
computer, which is its configuration. If the article is a purely theoretical work or
a secondary study, this property does not apply.

Use case. This property is associated to the 374 research question which seeks
identifying the domain of application of DRSs. If the work presents a use case
or a solution to a problem, this property should extract in which domain it is.
Otherwise, it does not apply.



12 Gabriel Fornari, Valdivino Alexandre de Santiago Junior

Results obtained. If the system was tested by a simulation or a device, this prop-
erty should extract the results found. Although the results may be positive and
negative, only the positive ones should be extracted. Example of positive results
are power saving, better performance, resource saving, etc. It is important to re-
member that a work can present positive and negative results. The idea of this
property is to understand the purpose of the authors’ work, i.e. what is the goal
of their methodology.

Authors’ country. This property is responsible for extracting the actual country
where the author works. If two authors are from the same country we consider the
country only once.

2.5 Threats to Validity

One important phases of a systematic literature review is to perform a self-
assessment, highlighting its most critical points. In this section we discuss some
threats to validity of this work.

Search string. The initial set of studies was obtained through a search string.
Although we have tried to minimize any trend that the string may generate and
maximize the number of relevant studies of the research topic, it is not possible to
completely eliminate these problems. The criterion to evaluate the search string
in this work does not follow any strict metric, as presented in [56]. However, we
can state that the results returned by the string are significant and they answer,
in a very appropriate way, the research questions.

Studies selection. As defined in Section 2.2, the papers were chosen by reading
title, abstract, and keywords. If the information was not present there, the work
was eliminated. This might have eliminated relevant works for the research. A
possible solution to this problem is to include the reading of the introduction and
the conclusion if the information is not present in the abstract, as presented in
[56].

3 Results and Analysis

In this section, we present the results obtained through the steps presented in
the previous sections and we answer the research questions based on such results.
The result for P1, “scientific domain”, is as follows: 23.4% (18) of the works are
theoretical; 46.7% (36) are practical works; 20.8% (16) were classified as industry
related; 9.1% (7) are secondary studies. Regarding the results of P2, 3.9% (3) were
classified as incomplete. Of these, one of them presents only the full reconfiguration
of the system and states that the partial reconfiguration will be done as future
work [36]. Another work presents only the static version of the reconfiguration,
stating that the next step is the dynamic reconfiguration [32]. And, in [33], a
model for a reconfigurable UAV that is able to switch between helicopter and
aircraft is presented, but the work is still in progress and more simulations must
be done.
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In the following subsections 3.1, 3.2, 3.3 and 3.4, the results obtained for each
of the properties specifically related to research questions are presented and dis-
cussed. At the end of each subsection, a partial conclusion of the results is also
presented.

3.1 RQ1

The first research question is “How the different kinds of DRSs are classified by
literature and what is their definitions?”. The main goal of this question is to
understand what are DRSs according to the literature. The properties extracted to
answer this question are P3 and P4. First, the results are presented and discussed,
and, after, a conclusion is drawn.

In Figure 3 we can see the results from the classification of the papers according
to the property “definition”, the P3. As it can be seen, more than half of the works
(36) presents reconfigurable systems as FPGAs, i.e. the discussion in these articles
directly associates the reconfiguration in a system with the reconfiguration of the
logical units in an FPGA.

The class “self-adaptation” ranks second with 13 articles and includes the-
oretical papers, that define concepts about self-adaptive systems, and practical
papers, that seek to increase system flexibility. Note that the definition of self-
adaptive systems is associated with the behavior of a system, e.g., self-healing,
self-optimizing, or self-configuring [49]. Despite the concept of self-adaptation is
similar to the concept of reconfigurable system, it describes a behavior. It means
that a reconfigurable system not necessarily is self-adaptive, but can be. For ex-
ample, several works present the concept of reconfigurable UAV, but only a part of
them can be considered self-adaptive [3,33,34]. The others can not be considered
self-adaptive because they do not perform the reconfiguration authonomously [55,
18]. The difference between reconfigurable systems and auto-adaptive systems is
also discussed in [54].

Examples of studies within the class “self-adaptation” are presented as follows.
In [49], the authors present a taxonomy of self-adaptive systems and several con-
cepts about them, which makes it a theoretical paper. The practical works, on
the other hand, present methodologies for adaptation in different systems, such as
automotive [6,86,97] and cardiac monitoring [100,42]. In [97], the authors present
a way to perform system adaptation at runtime in AUTOSAR, which is an archi-
tecture for automotive system. In [6], a control system for automotive functions
is discussed. The aim of the work is to provide a dynamic middleware capable
of changing its policies and the policies of applications that operate over it. In
[86], a new adaptive driver assistance system is presented. In this case, the driver
assistance should adapt to the connection of a truck or a trailer to the car which
causes the insertion of new electronic devices into the system. On health moni-
toring studies, Zong et al. present a dynamic reconfigurable system that exchange
power consumption for performance during the measurement of cardiac monitoring
[100]. And Kay and Iaione present a Field Programmable Analog Array (FPAA)
that is configured by a smartphone and accomplishes acquisitions of electrocardio-
grams signals in real time [42].

The third place is occupied by the class “tasks”, with 12 articles. Initially,
we thought to create an intermediate class between “FPGAs” and “tasks” which
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Fig. 3 Results of the classification of the papers according to P3

would represent works that define the reconfiguration as the change of tasks, simi-
lar to what an operational system does using RAM, but with FPGAs. An example
of this class is the work [67] which presents a framework capable of relocating tasks
between a processor (software) and an FPGA (hardware). However, we decided to
keep only the class “tasks” and to include all the other works as belonging to it.
The papers within this class present reconfiguration as the ability to swap between
tasks. A task can be as simple as a function in a computing language, or more
complex as an abstract concept that is composed by several subtasks. For example,
in [94] a reconfigurable path planning for UAV is presented. The reconfigurability
lies on selecting the best strategy during the flight of the UAV according to the
circumstances. In this case, each strategy can be seen as a task.

The class “subsystems”, ranked in fourth, includes works that sees reconfigu-
ration as the capability of a system to change its subsystems to achieve a specific
goal. Then, in 5th place, the class “networks” encompasses works related to net-
works and communication.

The remaining classes are divided as follows: three works present reconfigurable
UAVs whose parts can be arranged around a single platform to configure different
types of UAVs [18,19,55]; two works are strictly related to reconfiguration with
ASICs and two works discuss software reconfiguration; and, finally, one paper
presents the reconfiguration using an already obsolete processor called transputer
[40].

Based on Figure 3, we can see that DRSs are directly linked to FPGAs. This
fact can be explained by the recent enhancement of such devices allowing dynamic
and partial reconfiguration, e.g. Xilinx Spartan 3 was released in 2003, Virtex-4
in 2005, and Virtex-5 in 2008 [54]. Thus, the dynamic and partial reconfiguration
allows changing only a part of the device while the other parts can keep its normal
process. According to [54], FPGA is what we have today as the best example of
a reconfigurable system but, as the author also explains, it is not the only way
to reconfigure a system. This point is also shared in our analysis. As the results
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indicate, the use of ASICs, removable UAV parts or even a transputer can also
compose the set of tools/devices able to make systems reconfigurable.

Figure 4 shows the results of the classification according to P4, which aims
to define the main goal of each study. The classes defined for this property are
very specific and consequently numerous. We have done it with the purpose of
highlighting the characteristics of each work which would not be possible using
generic classes.

30
Transputer
25 Software o
ASIC
20 4 M Physical parts
m Networks
15 B Subsystems —
W Tasks
10 M Self-adaptation —
B FPGA

Fig. 4 Results of the classification of the papers according to P4

Despite the huge number of classes, the studies share a common feature which
is the discussion about ways, approaches or attempts to make a system reconfig-
urable. For example, in [11] the authors present a system control for reconfigu-
ration in the context of Integrated Modular Avionics (IMA) platform that aims
to improve the reliability of the aircraft. In a different context, a multi-agent ar-
chitecture is applied to an industrial system to control the reconfiguration among
possible scenarios [44]. In another context, [52] presents a low cost autopilot for
UAVs that can be easily reconfigured and adapted to other contexts without the
need of reprogramming the entire system.

The class “architecture”, with 24 studies, presents reconfiguration control ar-
chitectures for specific platforms, such as FPGAs. Most of the works in this class
(18 out of 24) are related to FPGAs, i.e. they present architectures for reconfigu-
ration using FPGAs. One interesting thing to note is that, if all papers related to
FPGA were removed, the graph would be close to a straight line, revealing that
most part of the research on DRSs is associated to the use of FPGAs. Otherwise,
there is not a main driver of research but different approaches in different contexts.
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We noted different kinds of DRSs when reading the papers. From the differ-
ences of these systems, we propose a new classification for DRSs as presented in
Figure 5. Our new classification relies on several studies. For example, [40] defines
three possible types of reconfigurations: static, dynamic, and semi-dynamic. Since
static reconfiguration is performed prior to the execution of a program and dy-
namic reconfiguration occurs at run time whenever there is a need, semi-dynamic
reconfiguration was defined by a reconfiguration that can only occur in rigid inter-
vals of time during the execution of a program. This is the only paper that talks
about ”semi-dynamic” reconfiguration. However, static and dynamic reconfigura-
tions are common expressions, especially when the subject is reconfiguration of
FPGAs [43,44)]. Instead of static and dynamic, the terms “offline” and “online”
are also used, respectively, to describe the same types of reconfiguration [18]. In
addition, “partial” reconfiguration is also common when discussing reconfiguration
of FPGAs. Partial reconfiguration has emerged as an alternative to full reconfig-
uration, and its main idea is to reconfigure only a few internal FPGA modules,
while the others remain unchanged, saving reconfiguration time.

Another concept discussed in the articles is about the platform used for recon-
figuration. The majority of papers discusses hardware reconfiguration, but there
are some papers that present software reconfiguration. For example, [13] defines
dynamic reconfiguration as “adaptation mechanisms are actually handled by mod-
ifying the software applications configuration” and [22] presents an architecture
for software reconfiguration. In addition, two papers present the task migration
between hardware and software [31,67] which involves both hardware and software
platforms.

The last two features are related to the works [18,55], which present a de-
mountable UAV that can be adapted to configure fixed wings or rotors, and to [19],
which presents an strategy for designing a family of UAVs with shared modules.
In these papers, the reconfiguration requires a person to assemble or disassemble
their parts, i.e., the decision of when it should be done and the reconfiguration
itself are necessarily manual. Although these are the only works that present this
features, it is important to show that the other works present automatic systems,
which means that the system is responsible not only for the reconfiguration, but
also for the decision making. In addition, the control system responsible for the
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reconfiguration can be located anywhere, like a ground station that controls a
satellite.

We believe that our taxonomy is more complete than others in the sense that
we present the question “who?”, which leads to the decision process of reconfigura-
bility and to the two possible answers: manual or automatic. Unlike in the context
of reconfigurable systems, an adaptive system cannot be manual, and the question
“who?” does not make sense, as presented in [18].

Conclusion. Based on all the papers and the remarks we have just made, we
propose a new definition for a DRS as shown below.

Definition 1. A DSR is a system whose subsystems can be modified or have their
settings modified during operation to achieve a specific goal.

We believe that this definition is general enough and it does not specify from
what a system must be made up of, or how its reconfiguration must happen, or
how many times it can be done. In [54], for example, the authors present a defini-
tion and say that reconfiguration is not infinitely repetitive neither instantaneous.
Furthermore, we totally agree with [54] when it presents configurability as a design
choice, and we use this concept to help defining reconfigurable systems, saying that
a reconfigurable system is a design choice.

3.2 RQ2

The second research question is “What are the hardware and software platforms,
methodologies and techniques engaged in DRS?”. The focus of this question is
to understand which devices are used in DRSs and how their reconfiguration is
managed. The results of properties P5 and P6 are presented and discussed in this
subsection and, in the end, a conclusion is drawn.

Property P5, control unit, is strictly linked to the taxonomy and classification of
DRSs. As shown in Figure 5, 5 different types of control units were identified during
the reading of the studies. With the exception of the results about granularity, the
others are presented below.

The results related to time and decision making are strictly related. Of the
77 studies, in 8 of them no such characteristics were identified. In addition, 64
papers present automatic approaches and 62 dynamic. The only two works that
present automatic and static systems are FPGA systems whose reconfiguration
occurs only once. One of them was classified as incomplete and presents as future
work the dynamic version [32]. The 5 works which reconfiguration is manual and
static are related do reconfigurable UAVs [34,66,18,19,55].

The results about subsystems were classified according to the type of device
used. Of the 77 studies, 8 had its characteristics unclear and were not classified, 39
present systems developed to hardware devices, 11 to both hardware and software,
and 11 to software. Of the remaining studies, 5 of them introduce the idea of UAV
with interchangeable modules, 2 of them present hybrid UAVs capable of morph-
ing from helicopter to aircraft, and, finally, one last work present reconfigurable
network protocols.

It is important to emphasize the difference between software reconfiguration
and hardware reconfiguration. The first one defines a system designed in a high
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level language that changes its own routines to achieve a goal and runs on general
purpose processors. For example, [94] introduces the idea of a reconfigurable path
planning for a UAV, that chooses a strategy of flying mode among several strate-
gies given the current conditions of the UAV. The system runs on three PC104
embedded devices. On the other hand, hardware reconfiguration involves low level
programming and reconfigurable hardware, such as an FPGA. The problems solved
in this kind of systems tend to be simple due to its high complexity during de-
velopment. Besides that, there is a third approach when software and hardware
reconfiguration are mixed, e.g., [31,67] present the idea of task migration between
general purpose processor and reconfigurable hardware.

Figure 6 shows the results about the control unit. In this work, we call con-
trol unit the subsystem responsible for reconfiguring the system. Without the 8
works whose characteristics could not be extracted, the vast majority of the works
presents reconfiguration internal to the device, i.e., presents a system that does
not depend on an external system.

A second part of the studies present systems composed by more than one de-
vice, that can be FPGASs, sensors, microprocessors or even a mix of them, whose
representation in Figure 4 occurs in 3 different groups: devices, FPGAs, and sen-
sors. The idea of these works is to present DRSs capable of managing the resources
of different devices. With one exception, we considered the reconfiguration of these
groups as external to the system. In some cases, it is easy to define if the control
unit is part of the system, as when a ground station controls a satellite, but in
some cases it is not. We wonder that the devices plugged to the system are used
as resources, but the control unit runs in another device external to them.

The class “physical pieces”, with 5 papers, represents the reconfiguration that
occurs in physical pieces, such as flexible wings and replaceable rotors. In this
class, the reconfiguration is controlled by another device, and is clearly external.
Another reconfiguration strategy is to use a processor attached to some device,
such as an FPGA. In this case, the reconfiguration is also external. Finally, 3
works present reconfiguration in network communication, which is controlled by
the same system responsible for the communication and the reconfiguration. The
other works present reconfiguration using multiple devices.

As this review is related to systems with dynamic reconfiguration, this explains
the small number of static reconfiguration approaches in the results. In addition,
we can also say that dynamic systems are also automatic, which does not mean
that there are no manual dynamic systems, but they have not been detected in
this work. The large number of systems whose reconfiguration is hardware-related
can be explained by the large number of articles that present strategies for re-
configuration in FPGAs. Finally, we can state that, in DRSs, the reconfiguration
methodologies are essentially based on a control unit. This unit can be part of the
device where the reconfiguration itself is made or be in an external device.

The results of P6 can be seen in Figure 7. If we count the number of devices
in each group we found 84, exceeding the number of selected papers. It happens
because, in some studies, more than one device is used. Without the theoretical
works, whose properties do not apply, most of the devices used are FPGAs. In
addition, they are Xilinx FPGAs, such as the Virtex family. In less quantity, we
can found different types of processors, e.g. PowerPC and ARM processors. There
is also a paper that presents a system based on Rasberry Pi.
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Fig. 7 Results of the classification of the papers according to P6

As discussed in Section 3.1, the majority of studies uses FPGAs as reconfig-
urable systems. On the other hand, the number of devices that are not FPGAs
is proportional to their diversity, making the graph similar to a straight line. It
means that there is not a specific device used in the researches.

Conclusion. In this section, we presented and discussed methodologies and
devices used for reconfigurable systems. Specific questions about reconfiguration
methodologies have not been made, e.g., what kind of algorithms are used in task
planning, what techniques are available to reconfigure an FPGA, or how recon-
figuration in software can be performed. Although they are important questions,
they would lead to very specific responses and more general questions were an-
swered. With the exception of the works about reconfigurable UAVs, we can state
that DRSs are automatic and based on either hardware or software. Furthermore,
every DRS is based on a control unit, which is responsible for the decision making
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Fig. 8 Results of the classification of the papers according to P7

and to perform the reconfiguration of the system. This unit can be seen as a system
that manages another system, and can be external or internal to it. In addition,
it can involve several devices, homogeneous or not. In short, the concept of recon-
figuration is valid for a large number of different systems, but its implementation
is unique and must adapt to the features of the platform.

3.3 RQ3

The third research question is “What are the domains of application of DRSs?”.
In order to answer it, properties P7 and P8 are discussed in this section.

Figure 8 shows the use cases and application examples extracted from the
studies. Although some papers present more than one use case, only one was
extracted per work. In total, 9 papers claim to have conducted tests, but they do
not specify how they were done or what they involved. In addition, in 23 works
the property was not extracted because the articles were conceptual and did not
bring any use case. The difference of 1 paper when compared to P6 (see Figure 7)
is explained by the study whose verification was done through simulations in an
FPGA Virtex 4 [72].

As explained before, there is a good number of studies related to FPGA and,
consequently, a good amount of use cases related to it. In general, FPGAs are
used for simple, repetitive, and easily parallelizable tasks, such as signal and im-
age processing. In these cases, the application domain includes space applications
[63], automotive tasks [20], network communication [39] and others [74,98]. Be-
sides the studies involving FPGAs, the fields of application include avionics [11],
industrial pneumatic system [44], reconfigurable UAVs [18,19,34,66,55], naviga-
tion control for UAVs [52,94], cardiac monitoring [42,100] and automotive tasks [6,
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20,86,97]. Below we discuss some works in more detail. In [8], the authors present
a control system embedded in an FPGA that is able to, during runtime, change
its configurations. Claus and Stechele present an architecture for video processing
during different drive conditions. The main purpose of the work is to reconfigure
an embedded hardware with different algorithms depending on the context that
the automobile is [20]. Kachris et al. present a system able to dynamically change
its modules to better adapt to different requests received by a network [39].

Figure 9 presents the positive results achieved by the studies. The negative
results were not considered because they are presented only in a few works, a
characteristic also verified in [56]. In addition, sometimes a paper has more than
one positive result, so, adding all numbers in the graph, the result is 85, instead
of 77 (number of papers). Without considering the first group, which property is
not applicable due to theoretical and conceptual papers, the largest group, with
18 papers, shows gains in performance, which includes less resource consumption.
Thereafter, 13 works present use cases whose result helps designing systems. The
need for area saving is typically a feature of FPGAs and 8 papers claim to de-
crease the use of FPGA resources through reconfiguration. In addition, decreasing
reconfiguration time and saving energy also appear as relevant results.

The class “adaptation” is ranked among the last four positions. Actually, only
three article claimed an improvement in adaptiveness. Of these, 2 works present
UAVs that could be mounted with fixed wings or rotors, using the best option
depending on the context [18,55] and one presents a family of reconfigurable UAVs
that can be optimized by customizing the components for different missions [66].

As can be seen in Figure 9, the main focus of the results is increase performance
and decrease resources needed. In addition, the results also presents tools and
architectures to assist in designing DRSs, which is a fact discussed in this area,
since designing such systems is a complex activity. On the other hand, there is a
lack of papers that discuss gains such as flexibility, fault tolerance, and reliability.

Conclusion. The large number of FPGA-related studies may have created a
trend in the results. Consequently, the results did not present application areas
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linked to specific problem solving, but rather to generic areas such as image and
signal processing. This gap has already been reported in the quality assessment
(see Table 5) and can be compared with the results of Figure 9 which show little
concern for adaptability or reliability, but rather for resource management.

3.4 RQ4

The fourth and last research question is “Which countries lead the number of
publications in DRS?”. To answer this question, the property P9 was extracted
from the studies.

Figure 10 shows the results of the property P9 by country and Figure 11 by
continent. As we can see, the two countries leading the number of publications
are USA and Germany. In a second group we can see Brazil, Spain, France, Italy,
and China. The others countries have, approximately, the same small number
of publications. Besides that, Europe lead the number of publications with 46
different articles, which is explained by its high number of countries and not only
by the number of publications. For example, while the European continent has
48 papers distributed over 13 countries, America has 32 works distributed over 3
countries. The Asian continent is ranked in third with 11 articles, and Oceania is
in fourth with only 1 paper. The African continent has zero publications.

Although it is difficult to explain the distribution presented in the Figures 10
and 11, we discuss below some trends involving the two countries that leads the
publications, EUA and Germany. The most cited devices in this review are related
to two companies of logic programmable devices, Altera and Xilinx (see Fig. 7),
both founded in Sillicon Valley, EUA. Maybe improving these devices is a strong
research point in EUA. On the other hand, all papers found in this systematic
review related to automobile issues have, at least, one German author, which
suggests an effort in applying reconfiguration in this area [6,20,86,97].
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4 Conclusions

This work presented a systematic literature review of DRSs which involved study-
ing their concepts and classifications, domains of application and methodologies
engaged in their construction. In total, 85 articles published between 1995 and
2016 were read and 77 were selected to extract properties. We believe that, at
the end of this SLR and through the answers obtained for the proposed research
questions, a clear and broad view on DRSs was conceived.

The main findings are presented below.

Concept of DRS. Based on the concepts obtained during the read of the
studies, we proposed the definition that a DRS is a system whose subsystems can be
modified or have their configurations changed during operation to reach a certain
goal. This definition is similar to the definition proposed by others papers [54,37]
and also encompasses the concept of reconfigurable computing, a term proposed
in 1960 to describe electronic systems able to modify their internal structure in
order to increase performance when processing specific tasks [25]. Also, as a result
of this work, a new taxonomy for DRSs was proposed.

DRSs as digital systems. Although [54] proposes a taxonomy for reconfig-
urable systems that encompasses analogue and digital architectures, in this review,
only digital systems were addressed without considering the work of the reconfig-
urable UAV that does not has dynamic reconfiguration. It means that the strategies
in the domain of DRS are essentially based on software or hardware, being most
part of the works based on hardware.

Research involving FPGA. More than half of the papers (52.17%) pre-
sented studies related to FPGA. We believe that, due to its recent evolution and
commercialization, the research involving such devices has grown. The main issues
in this area are not binded to a bigger project to solve industry-related problems,
but to the exploitation of the resources of the devices themselves. For example,
some works look for strategies to reduce the reconfiguration time of the FPGA,
proposing different architectures to do it [90,60,43]. Although several works have
demonstrated the power that an FPGA can achieve [29], designing systems for
these devices is very arduous and there is still the necessity of skilled workers
engaged in these projects.

Small number of studies related to industry. What we here called in-
dustrial use cases are works that present solutions to real problems, such as the
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reconfigurable UAV [18,34,55,66] or the steering assistant for cars [86]. As system
adaptation is a growing need, we expected to find more works related to it.

Based on the results obtained in this SLR, we propose the research agenda
below for the development of DRSs. This agenda includes some unanswered ques-
tions in this review that can guide future efforts in this area. The most important
points are listed below:

1. To treat the research area of reconfigurable computing, which includes mainly
studies with FPGAs, as an independent domain from DRSs. Reconfigurable
computing is an area that proposes data processing architectures capable of
modifying themselves in order to create specific processing units [25]. Com-
pared to other architectures, reconfigurable computing is located between Von
Neumann architecture and ASICs, the former having high flexibility, but low
performance, and the second low flexibility, but high performance [12]. Un-
like the general purpose processors, which are static, the goal of reconfigurable
computing is to be dynamic adapting to the applications needs. In addition,
reconfigurable computing can be seen as part of DRSs domain, which leaves
us to propose reconfigurable computing as an independent subarea of DRSs.
Thus, we believe that treating them individually helps to better define their
concepts and goals. While in reconfigurable computing the architectures are
discussed at bit level and the aim is to save memory or to improve perfor-
mance, in adaptive systems the level of the abstraction is higher and the goal
is to provide to an entire complex system a certain kind of intelligence. Finally,
understanding these two domains as separate areas is important to define new
research questions of future literature reviews;

2. To explore methodologies used in DRSs and FPGAs, i.e., define the metrics
used for decision making, how decision making occurs and on what it is based,
for each of the areas proposed in the previous item;

3. To study the difficulties founded during the implementation of DRSs, the ex-
isting solutions and the challenges that still exist;

4. To stimulate the development of methodologies and techniques for DRSs, and
their application to a significantly greater number of industrial or research case
studies. Specifically, research and development of DRSs into aerospace context,
focusing on aspects such as self-adaptation, is of great value, since aerospace
systems are subject to operating environments whose characteristics can often
change in an unpredictable way;

5. To investigate the use of other hardware platforms besides FPGA. As men-
tioned in this SLR, we can state that FPGA dominates the context of DRSs.
It would be interesting to investigate other hardware platforms, such as micro-
controllers and general purpose processors, for the development of DRSs.
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