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Abstract

There is a wide area of applications that use embedded systems, and the number of such systems keeps growing. The
required functionality and complexity of embedded systems are also constantly increasing, and development of such
products is becoming increasingly harder. This requires new thinking on the product development processes, and
one such emerging philosophy is the agile methods. These methods were created by the software engineering
community where they are commonly used. Since then, they have been adopted in embedded systems
development; however, whether they can improve the embedded systems product development processes remains
an open question. This study aims to bring forth what is known about agile methods in embedded systems
development and to find out if agile practices are suitable in this domain and what evidence is there to support the
findings. We conducted a literature review and a mapping study to answer these questions. The scope of this study is
not only limited to embedded software development, but also to embedded hardware and integrated circuits. We
have found that agile methods can be used in the embedded domain, but the methods and practices need to be
adapted to suit the more constrained field of embedded product development. Furthermore, the field of embedded
product development has wide diversity of products with different needs and domain-specific problems so that no
single method is applicable, but rather many methods and practices are needed for different situations.
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1 Review
1.1 Introduction
An embedded system is a specialized computer system
designed for a dedicated task or a purpose which is
embedded as component to a larger system usually includ-
ing hardware and mechanics. There is a wide area of
applications that use embedded systems from cell phones,
navigation tools, video cameras, cars to appliances to
name a few. The amount of functionality and complexity
of embedded systems has increased substantially, mak-
ing it increasingly harder to efficiently develop embed-
ded systems products. A similar trend has been seen
in software engineering where the traditional plan-based

*Correspondence: mkaist@utu.fi
1Business and Innovation Development (BID), University of Turku, Turku
20520, Finland
Full list of author information is available at the end of the article

methodologies have not been able to answer to this
increasing complexity and unpredictability, and as reac-
tion to this, lightweight agile methods have gained wide
popularity in the software product development. Even
though embedded systems differ from the conventional
software application development in many ways, there is
increasing awareness in the embedded field about agile
methods. However, this information is somewhat scat-
tered on various forums, and it is additionally fairly inco-
herent. Development of embedded systems consists of
development of software and hardware that is commonly
part of a larger system or device. The purpose of this study
is to bring forth the current state of agile development
in the embedded systems domain and classify current
academic papers to acquire the needed cohesion of the lit-
erature in a way that it is useful for both the practitioners
and academics as well. The scope of the review is in the
context of embedded systems where the components of
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such systems are explicitly included in our search strategy
rather than only concentrating on embedded software. As
it was found in our trial searches that substantial amount
of information can be found as non-academic mate-
rial, we included an independent search to address this
issue.
Earlier reviews [P1,P22] have found out that agile meth-

ods could be used in an embedded domain, but their
use is not yet widespread. Furthermore, these studies
focused on embedded software development, whereas
our focus is broader. In this study, a number of stud-
ies were found that were not included in the previous
reviews. In this review, also non-academic material is
included. These sources generally have practical ideas on
how to actually apply agile methods in the embedded
domain.
This paper in organized as follows: in Section 1.2, we

discuss about agile methodologies and give an overview
of previous literature reviews and state the objectives
of this study. In Section 1.3, we describe the research
method. In Section 1.4, the results are discussed.We show
what kind of studies have been done and briefly summa-
rize the main points of the studies and discuss what is
known about agile methods in the embedded world in
general. Section 1.5 is a discussion about non-academic
articles found by the Google search engine. The find-
ings of this study are discussed in Section 1.6, and the
paper is concluded and future directions are presented in
Section 2.

1.2 Background
In this section, we start with a brief introduction to agile
methods - the main idea of agile and how it relates
to embedded systems development. This is followed by
a summary of previous reviews in agile development,
emphasizing surveys on the embedded domain after
which the research questions are stated.

1.2.1 Agile methods
Plan-driven development methods were practically the
only alternative for organizations until the 1990s. Royce
[1] introduced a model that became known as the water-
fall model in the 1970s. It has commonly been considered
that the presented single-pass waterfall cycle is an exem-
plary development model when, in fact, Royce used it as a
simplified example before proceeding to iterative models
that he actually preferred.
The foundation of agile methods is in the iterative

and incremental development. Agile methods have gained
increasing popularity since the 1990s when the agile
movement begun and several software production pro-
cesses evolved such as the well-known Extreme Program-
ming (XP) and Scrum methods. The teams are commonly
small, self-organizing and co-located, working closely

together that helps in producing a high-quality soft-
ware. Frequent feedback from closely collaborating cus-
tomers is also promoted as a means of fulfilling customer
needs [2].
The agile methods are a set of practices created by expe-

rienced software developers. The agile methods can be
seen as a response to plan-driven processes that empha-
size extensive planning and documentation with strict
processes, and have a view that specifiable and pre-
dictable solutions to problems exist [3]. In contrast to
plan-driven methods, Agile Manifesto [4] highlights the
following: individuals and interactions over processes and
tools, working software over comprehensive documen-
tation, customer collaboration over contract negotiation
and responding to a change over following a plan. Even
though the manifesto highlights the values of the items
on the left more than the ones on the right, it does not
abandon the ones on the right either. The main differ-
ences between the plan-driven and the agile development
paradigms are illustrated in Figure 1. In plan-driven devel-
opment, there are consequent phases which are usually
handled by phase-specific teams. Information between
the phases is transferred using extensive documenta-
tion. In agile methodologies, the development is done
in incremental iterations in integrated teams. Require-
ments for the developed system are stored in the product
backlog.
Besides the manifesto, there is no single and exact def-

inition of agile, but rather there are various methods that
share the same philosophy which call themselves agile.
Most methods have iterations with continuous refinement
of plans and goals. However, each method has its own
practices and terminology, putting emphasis on different
issues in software development, and hence can be adopted
to suite for different situations.
For example, XP is a set of pragmatic practices that

emphasize extensive testing, code revise and pair pro-
gramming [5], whereas Scrum is a development frame-
work that focuses onmanagement issues in projects where
planning is difficult. The core of Scrum is in frequent feed-
back loops and Sprints that take place in daily stand-up
meetings and with monthly (or more frequent) planning
meetings [6]. Another popularity-gaining methodology,
Kanban, differs from the previous as only having few prac-
tices and promoting gradual change and a constant flow
over timeboxed iterations [7].
In this paper, themethodological analysis is based on the

division between the plan-driven and the agile paradigms.
It has been argued that other methodological paradigms
also exist. For example, open source development has
been seen as a distinguished development approach. On
the other hand, the open source development can be seen
as one of the many development domains where agile
methods can be successfully applied [8].
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Figure 1 The main differences between the plan-driven and the agile development methodologies.

1.2.2 Review questions
In this review, the main objective was to find out the cur-
rent state of agile methods in the field of embedded sys-
tems development. We made a clear distinction between
embedded software and embedded systems development.
In our discussion, the former is software development
which is constrained by the used hardware, whereas
the latter is not only constrained by hardware but also
includes hardware development.
As the purpose of this study was to find out what is

currently known about agile methods in embedded sys-
tems development and if thesemethods are suitable in this
domain, we focused on the following questions:

RQ1 What is currently known about agile methods in
embedded systems and embedded software
development?

RQ2 Are agile methods suitable for embedded systems
and embedded software development?

RQ3 What kind of evidence is there to support these
findings?

1.2.3 Summary of previous reviews
The first found review about agile methods in general was
published by Abrahamsson et al. [9] in 2002, reviewing the
existing agile methods and practices. Dybå and Dingsøur
have written a review on the existing empirical studies in
agile software development [3].
There have also been systematic literature reviews on

agile methods in embedded systems development prior to
this study [P1,P22] which are analyzed in more detail in
Section 1.4.1. Albuquerque et al. [P1,P22] present a sys-
tematic literature review, which is similar to our survey,
on agile methods in embedded systems development. In
the review, the current state of agile methods is examined;
the most often used agile method is found, and the chal-
lenges in adopting these methods in embedded systems

are discussed. The authors point out that the suitable agile
methods for embedded systems development should be
surveyed in more detail.
Even though the starting point of Albuquerque et al. [P1]

is close to our survey, the results, to some extent, differ.
Our approach is more hardware development oriented,
and we have emphasized embedded hardware and inte-
grated circuit development in our review. Albuquerque
et al. have included a total of 23 articles from which 12
articles are also selected to this study. The difference in the
found articles is due to slightly different viewpoints in the
article selection process and in the inclusion and exclu-
sion criteria. Albuquerque et al. emphasize agile methods,
such as Scrum or XP, while our study concentrates on
agile and lean methods putting more emphasis in the
actual agile hardware development including integrated
circuits.
The literature study by Shen et al. [P22] concentrates

on studies about the usage of agile methods in embed-
ded software development. The emphasis in the selected
articles is in the application of agile principles. The sur-
vey includes 40 articles. Regardless of the slightly different
approach, there are 12 same articles in these surveys
where the difference is mostly due to different search
strategies. The observation made by Albuquerque et al. is
shared in that a more rigorous research is needed.
In our study, we did not limit the review to any par-

ticular agile method and we also included lean methods
as an important part of the review. We also decided to
include several search strings that emphasize hardware
and not just embedded systems to make the search more
comprehensive. The development of embedded hard-
ware and integrated circuits is included because of their
essential role in the development of embedded systems.
This study also includes non-scientific forums which
were found to be a relevant source of information on
agile methods.
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1.3 Research process
A systematic literature study is a systematic and repeat-
able approach to identify and study all relevant evidences,
i.e. primary studies, on a specific research question or
phenomenon [10]. The method consists of literature
search, study selection, data extraction and synthesis.
Systematic literature studies can be roughly divided in
two categories [10]: systematic literature review (SLR)
focuses on finding existing evidence on a specific ques-
tion, while systematic mapping study (SMS) categorizes
existing studies on the topic in order to show the gaps of
knowledge.
In this paper, we performed a study that incorporates

features on both SMS and SLR on the use of agile software
development methodologies in the context of embed-
ded software and embedded systems development. We
decided to map the existing evidence and, thus, to iden-
tify gaps in current research in addition to synthesizing
the found primary papers.
We use major publication databases and search

engines available at our university. We started the search
process by conducting several pilot searches using dif-
ferent search terms and search options and decided
to concentrate on the terms ‘agile’ and ‘lean’ from the
process method viewpoint and to the terms ‘embedded
software’, ‘embedded system’, ‘hardware’ and ‘integrated
circuit’ from the viewpoint of domain knowledge.
Thus, we used the following search string: [agile AND
(‘embedded software’ OR ‘embedded system’
OR ‘embedded systems’ OR hardware OR ‘in-
tegrated circuit’ OR ‘integrated circuits’)]
OR[lean AND(‘embedded software’ OR ‘embed-
ded system’ OR ‘embedded systems’ OR ‘in-
tegrated circuit’ OR ‘integrated circuits’)].
The search was performed using full text option, when
it was available in the search engine. The searches were
done in December 2012.
A study was selected if it was from the field of agile

development of embedded systems, embedded software,
electronics hardware or integrated circuits. We included
expert opinions, lessons learned papers and articles pre-
senting empirical results from students, professional soft-
ware developers and academics. We did not include edi-
torials, book reviews, or interviews. Papers documenting
the same original work were considered as duplicates, and
therefore, only one of them was included. Only articles
written in English were included.
The article search was divided into three stages as

shown in Figure 2. In the first stage, the search engines
were divided between three authors and the studies were
included based on the title of an article. An article
was selected if the article was from the field of agile
development of embedded systems, embedded software,
electronics hardware or integrated circuits. From 20,430

hits, only 379 were selected (most of the duplicates
removed) for the second stage.
In the second stage, the abstract of each selected paper

was read by two authors. By using the same criteria as in
the first stage, the two authors voted on each article to
include it or not for the third stage. The authors agreed in
about 80% of cases. In a case where one author suggested
inclusion and the other did not, a third opinion was used
to decide. After the second stage, 58 articles remained to
be analysed in the third stage.
In the third stage, the articles were randomly distributed

to three authors so that each article was skimmed through
by at least two authors. In this stage, the papers were
checked in detail in terms of the inclusion and exclusion
criteria. In the end of the third stage,a total of 28 articles
were selected for the final review where the articles were
read carefully and data was extracted from them.
In the data extraction, the articles were categorized

in terms of their content and type. The categories were
pre-defined, and each article was classified by at least
two authors. From the content, we divided the studies
to be either embedded systems or embedded software
related. In our analysis, a ‘systems article’ is defined to
have some content on hardware or mechanical develop-
ment, and a ‘software article’ is about embedded software
development possibly with embedded systems-related
constraints. In addition, articles were categorized being
qualitative, quantitative or neither. Also, the used agile
method from each article was mapped. The results from
the first extraction phase are collected in Table 1.
After the categorization, the selected studies were read

carefully and they were summarized. We used descrip-
tive synthesis to analyse the findings. We identified three
themes - method development, adoption of agile meth-
ods and experience reports - that recurred in different
papers, and we classified the articles based on these
categories.

1.4 Results
The 28 chosen articles were classified in terms of their
content and type as described. The selected articles have
been published quite recently. The first published paper
was in 2003. The amount of published studies per year has
remained fairly stable as shown in Figure 3.
The selected articles have several different approaches

in studying agile methods. Some of them focus on previ-
ously known methodologies, such as Scrum or XP, while
others concentrate on the agile practices and the original
Agile Manifesto [4] without utilizing any certain method-
ology. There are also papers focusing on development
of new agile methods. The distribution of different agile
methods appearing in the selected papers is illustrated in
Figure 4. The figure shows that XP is the most frequently
mentioned method. From the more detailed information,
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Figure 2 Illustration of primary study selection process and used search engines. The numbers of articles selected for each stage are shown.

presented in Table 1, one can notice that in many stud-
ies, XP and Scrum methodologies are used together. The
Applied agile category includes studies where the used
method is unique and typically based or modified from
previously known methods such as Scrum or XP. The cat-
egory other includes methodologies such as test-driven
development (TDD) and agile manufacturing. All of the
different methods appearing in the other category are
named in Table 1. The final method category is for studies
which include multiple agile methods. These articles are
typically reviews which survey the previous works on the
field.
From the selected articles, 18 included a case study

or an experiment report. Project-specific characteristics
are presented in Table 2. The projects and teams were
quite often small, but the specific team size was left
unmentioned in half of them. Few of the articles con-
centrated on large organization-related challenges. Quite
many projects had changing requirements, which had led
to selection of agile methods. Project areas were quite
wide in embedded system and software development, e.g.
satellites, telecommunication and processor firmwares. In
the majority of the articles, the success of a project was
based on the impression of the authors. In six cases, there
were also some measurements based on which success
was defined: effective code lines per hour [P3,P26], defect
rates monitored [P26,P27], time used [P2,P26], failures in
field and upload success rate [P13], performancemeasure-
ments compared to previous similar products [P20] or test
coverage [P3]. One case [P3] used a survey to get insight
about how people felt.

1.4.1 Review articles
Among the selected articles, there are three studies which
are considered as surveys. These articles include two sys-
tematic literature reviews [P1,P22], and they were briefly
presented in Section 1.2.3. Albuquerque et al. [P1] present
a systematic literature review on the agile methods in
embedded systems development. The authors in [P1] have
found out that agile methods have had a positive impact
on embedded systems development while their use is
still not widespread. They present potential research lines
which should be investigated in more detail. Research
should be conducted on suitability of different agile meth-
ods to the development of embedded systems and how
these methods affect the product quality as well as to
the development cost and effort. They also point out a
need for investigation on how to adopt agile methods
when safety intensive requirements have to be taken into
account. Albuquerque et al. have made a conclusion that
the suitable methods for embedded systems development
should be surveyed in more detail.
The other extensive SLR among the selected studies

is authored by Shen et al. [P22]. It surveys the studies
on agile methods of embedded software development.
The selected articles are surveyed especially in terms of
the application of the agile principles. Shen et al. share
the observation of Albuquerque et al. that more rigorous
research of the field is needed. They have noted that XP
and Scrum are the two most used agile methods in the
field of embedded software and see that the characteristics
of embedded software development bring new challenges
into applying these methods. The authors see that the
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Table 1 Article content

Embedded Analysis Agile Method

Number Software Systems Qualitative Quantitative Scrum XP Applied Other Number

P1 x x x P1

P2 x x x x Plaform-based design P2

P3 x x x x P3

P4 x x x TDD P4

P5 x x x x P5

P6 x x x P6

P7 x x x P7

P8 x x x P8

P9 x x Agile manufacturing P9

P10 x x P10

P11 x x P11

P12 x DDD P12

P13 x x x x P13

P14 x x x P14

P15 x x x x P15

P16 x x x P16

P17 x x x x x P17

P18 x x x P18

P19 x x x x P19

P20 x x HW/SW co-design P20

P21 x x x P21

P22 x x P22

P23 x x x TDD P23

P24 x x TDD P24

P25 x x x P25

P26 x x x P26

P27 x x x P27

P28 x x x P28

Total 20 9 25 5 6 11 7

DDD, document-driven development; TDD, test-driven development.

investigation should be extended to a wider scope outside
the well-known XP and Scrum methods. They also con-
clude that active collaboration with embedded industry is
essential in the research of agile methods for embedded
software development.
While surveying the used agile methods for embed-

ded systems development, Srinivasan et al. [P25] have
noted that there are both technical and organizational
issues in adoption of the agile practices. They noticed
that the main gap in the literature is the absence of
reports on failures in the agile adoption in embedded sys-
tems development. Based on the published literature, the
authors made recommendations on how the focal prin-
ciples, such as test-driven development or requirements

management, should be utilized to evade the issues. They,
for instance, recommend to tailor the agile practices into
larger organizational context and harmonize the require-
ment management to support modifiability, maintainabil-
ity and dependability. They conclude that adoption of
agile methods needs organizational support. Willingness
for organizational culture change is required especially
because of the soft factors present in the agile practices.

1.4.2 Method development
The selected articles include three studies that pro-
pose a new development method for embedded soft-
ware [P2,P24] and systems development [P12]. Smith
et al. [P24] propose a method that emphasizes test-driven
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approach that could be considered most suitable for
embedded software development. Cordeiro and Barreto
[P2], in turn, propose a platform-based design method
where a platform consisting of frequently used function-
ality can easily be extended and modified for different
projects. The method proposed in [P12] might be better
suited for embedded systems design as it is based on an
appropriate documentation system that simplifies infor-
mation sharing between stakeholders. Four other studies
can be considered as method development, which do not
propose a new method, but rather extensions to exist-
ing ones. In [P11], various pragmatic suggestions are
proposed on how large-scale organizations can better uti-
lize agile methods. Articles [P9] and [P10] compare agile
methods to othermethods, and in [P28], agilemethods are
introduced into requirements engineering, and it is tested
by a case study.
Smith et al. [P24] propose a development process

where the authors try to find the most suitable prac-
tices from test-oriented processes that can be adapted
to the embedded software development. The proposed

12XP

6Scrum

7applied agile

5other

5multiple

0 1 2 3 4 5 6 7 8 9 10 11 12
Number of occurences.

Figure 4 Used agile methods.

development method, to some extent, lies on the find-
ings of an experience report by Smith et al. [P23] where
undergraduate students experimented with test-driven
development in embedded domain. The core of this new
embedded test-driven development approach is a subset
of practices from XP. The practices that were modified
to the embedded domain include test-driven develop-
ment, refactoring, simple design, pair programming and
continuous integration. To implement test-driven devel-
opment in the embedded domain successfully, some
changes are required to the practices. For example,
refactoring should be interpreted as making improve-
ments in speed and in lower power consumption even
if this might reduce the portability, clarity and mod-
ularity. The proposed method addresses the issue of
different life cycles in embedded products compared
with conventional software applications and proposes
how this difference could be addressed in product
development.
In [P28], Waldmann points out that in agile, require-

ments engineering process should be transparent to all
stakeholders. In the presented case study, agile practices
had been applied in requirements engineering of a new
generation of platform components (generic components
that can be used over different products) for hearing
solutions. It was found that the same product should
be customizable to answer the needs of different cus-
tomers instead of developing different products for all
the different customers. A similar view is found in [P2]
where Cordeiro and Barreto propose a platform-based
design development method where a microprocessor-
based architecture can be rapidly extended, customized
for a range of applications and quickly delivered to cus-
tomers. Most of the used practices in the proposed
method are adopted from XP and Scrum methods.
Cordeiro and Barreto also briefly discuss the results of
the proposed method, applying it in three small projects
with one to four developers in a project with two to three
sprints. It is argued that the proposed method showed a
reduction of development time in the case studies, but it is
acknowledged that development methods are difficult to
compare.
In [P12], Luqi et al. introduce a new document-driven

development (DDD) method. They point out the impor-
tance of documentation especially in complex real-time
systems and emphasize the use of appropriate documen-
tation. The core of the proposed method is in the doc-
ument repository where all information concerning the
development is stored. Information can be represented in
different forms, depending on who needs the information
and thus providing the means of communication between
stakeholders, e.g. managers, developers, sponsors, main-
tainers and end-users. The aim is also to use the DDD to
integrate all used methods and tools into this new system,
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Table 2 Case studies and experiment reports

Number Method(practices) Team size Success Discipline Project characteristics

P2 A new platform-based design 1-4 The development platform reduced Three embedded system projects: Team uses pre-designed and
method based on XP, Scrum and substantially development time of pulse oximeter, digital soft-starter pre-characterized components instead
agile patterns (e.g. Sprint and the product and the induction motor simulator of full custom design methods
Product backlogs) equipments

P3 XP (The planning game, short development Total 29 XP can be used to develop Software development of mission- There were four about 18-month
cycles, pair programming, test first people in complex mission-critical systems critical two-way radio systems projects projects, where requirements change
programming, collective code ownership, 4 teams after the team starts to work
frequent integration, never solving a
problem that has not occurred,
refactoring, minimal documentation)

P4 XP practices (unit test first N/A Agile techniques can be used Software for control boards The team had used agile
with mock objects, automate building also in embedded development of automated guided vehicles in web and desktop applications
software and testing, write code in previously
testable fashion)

P5 Selected practices from Scrum 7 Experiences are mostly positive, Firmware for processors The team members have
(Sprint, Sprint planning meeting, but full adoption is seen a slow specialized domain knowledge, the
Daily scrum, Sprint review/ process requirements change and
Retrospective) and XP (simple hardware dependencies
design, unit testing, refactoring, force change. Team is also distributed
pair programming, collective code
ownership, continuous integration,
on-site customer, sustainable pace,
coding standards)

P6 XP (planning, small releases, metaphor, N/A In small teams, development Telecommunication software The specifications and
simplicity, test, refactoring, pair cycles were shorter, but in the development requirements are fuzzy in the
programming, common code ownership, whole project, the results were beginning of project and change
continuous integration, 45-h week, on-site not satisfactory during the project
customer, coding standards)

P7 A new piloting method when 20 and 15 Team can be Agile, even though Software and hardware solutions for A large, distributed company
introducing Scrum to the company the company is not and piloting can the wireless and automotive industries.

reduce resistance to change
P8 Agile manifesto-based method N/A Project was successfully finished Design and development of The project has high level requirements

(individuals and interactions, emphasis within short schedule and limited time two small satellites of uncertainty, cost and schedule
on working system, collaborative interface
with sponsor, responding to change)

P12 Document-driven development (DDD) N/A Improvement was seen in more Software for a system to administer The deployment is for long periods of
effective design procedure and improved therapeutic intravenous fluids time and used globally. There are
communication between all stakeholders mission-critical requirements; frequent

changes and components are
developed in different organizations
with variety of stakeholders
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Table 2 Case studies and experiment reports (Continued)

P13 Agile practices (unit test, test first) N/A Agile elements are serious Embedded software for busses and coaches High degree of customer-specific
options for development of functionality to be implemented,
embedded software e.g. within days

P15 XP and Agile (user stories, start N/A Project was viewed successful A system for scheduling satellite The developed system is large,
simple, user involvement, refactor) both internally and externally tracking stations and the organization complex.

The development team is inexperienced,
and there have been previous failures
in the project using waterfall

P18 Agile in general (e.g. Boehm’s spiral 4 Successfully created first A control software for satellite The requirements change, and the
model, common room, pair programming) software versions in schedule despite camera equipment schedule is tight. Engineers share time

some requirement changes with hardware development

P19 Scrum and XP (e.g. user stories) N/A In large organizations, agile Telecommunication There are challenges in work
development requires very skilled allocation between teams in large
developers and has to be a organizations when using agile.
combination of old and new practices Requirements engineering is also used

in this project

P20 HW-SW codesign (hardware N/A Higher performance was seen A high performance computing system There are power and performance
simulation and code analysis tools) relative to conventional HPC design challenges

P21 Scrum (sprints, daily stand-ups, 15 people Agility was applied only to Advanced communication system project The original waterfall project
sprint backlogs, sprint review and in 4 teams software team, and to fully benefit suffered from frequent requirement
sprint retrospective and customer from it, it should be broadened changes, lack of communication and
involvement) and deepened expensive overheads

P23 TDD-based tool and method N/A Current unit testing tools can Experience on a tool in digital Experience on embedded test-driven
be adapted to embedded environment signal processing applications development tool usage in university

laboratory course with undergraduate
students

P26 XP (e.g. collective code ownership, 4-6 Unexperienced team’s productivity Software for a grain monitor The software developer team is
unit tests, always enabled tracing system) cannot be distinguished from best unexperienced and small

teams in industry, when the team uses
Agile practices

P27 XP testing techniques (always on trouble log, About 5 Amazingly low bug rate and it Software for a mobile spectrometer A new product is developed from a
dual-targeting, unit tests, domain level tests) was easy to distinguish whether scratch with changing hardware

the problem is in software or hardware

P28 Agile requirements engineering Over 100 in Flexible requirements engineering Hearing solutions based on platforms The new platform project is
the project provides business value, even with large with inherited functionality and

severe resource constraints professional requirements engineers
included for the first time
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but how this could be achieved remains an open question
for the researchers.
Articles [P9] and [P10] compare agile to other meth-

ods. In [P9], Kettunen compares agile manufacturing and
agile software development models and also finds out new
manufacturing concepts that could potentially be adopted
in software production. An example case of network
element products also proves the similarities between
these two methods. In [P10], Kettunen and Laanti com-
pare eight different software process models from which
three are agile methods, namely feature-driven develop-
ment, adaptive software development and XP. The anal-
ysis results can be used for selection of a suitable model
based on the anticipated project problems. The valida-
tion of the results is done through four examples based
on certain past real-life projects. Kettunen and Laanti
[P11] also have various pragmatic suggestions on how
agile methods could be used in large-scale embedded soft-
ware products based on industrial experience. It is noted
that in a large-scale new product development organiza-
tion, it is important to have a comprehensive view of the
whole organization. One simple suggestion on creating a
more efficient work-flow is to co-locate related hardware
and software developers. It is pointed out that in a large
company to work in an agile manner, it is not enough
to concentrate only on teams and projects, as is usually
done in agile methods. Furthermore, a company should
understand what are the goals it tries to achieve with agile
methods and, hence, what kind of methods or practices
are needed. The answer is company dependent, and not
all companies should adopt the same ways.

1.4.3 Adoption of agile developmentmethods
Only four studies [P4,P5,P13,P14] have addressed the
introduction of agile development methods in the embed-
ded domain. However, all of them are expert reports from
different projects in the industry; [P4,P5,P13] reported
a case while [P14] compared experiences from previous
projects to the XP’s practices. All these studies focused
mainly on the embedded software development. None of
the articles included into this review addressed the ques-
tion of introducing agile methods in embedded systems
development.
The adoption of agile methods in a new domain has

raised arguments. On one hand, Matthews [P14] argues
that the XP’s practices are not agile nor software devel-
opment specific; instead, they are the baseline for every
practical working method. Matthews acknowledged that
agile methods will be adopted in the embedded world in
the near future; however, he demands consideration on
which practices should be adopted. Also, [P5,P13] noted
that an agile method should not be followed dogmatically
in the new domain. On the other hand, Fletcher et al.
[P4] remark that there was nothing which would have

prevented them from using the same methods that were
used in the conventional software development.
Only a few disadvantages were reported. In [P4], the

authors raise the lack of support of the software tools to
utilize agile practices as one of the challenges. Mannhart
and Schneider [P13] and Greene [P5] argued that the
importance of domain knowledge in the embedded soft-
ware development hinders the use of the principle of
shared responsibilities.
Drivers for agile adoption varied: Constant changes

required by the hardware team were mentioned as one
of the main reasons in [P5]. In [P13], the main focus was
to clarify the process on adding specialized functionali-
ties and individualizations asked by the customers to the
buses with embedded software. In [P4], the team decided
to use the same methods that they had been using previ-
ously. All studies judged that adoptions were successful -
although one engineer left the team arguing that they
‘were not acting enough as a team’ in the case of [P5].
Similarly, the ways of introducing agile differed. In the

case of [P5], no formal education was reported before
the adoption of Scrum and XP - the members of the
team read through a book of XP beforehand. In [P4], a
team that had a long experience on XP, in other domains,
was hired to work with embedded software. However,
their report focuses on introducing test-first practices
to the embedded domain. In [P13], the agile methods
were introduced to the process step by step: in the first
phase, they presented only test-first and unit-testing prac-
tices to embedded software teams. They used also Goal-
Question-Metrics approach (see e.g. [11]) to foster the
adoption; however, no results were reported as the project
was still ongoing.

1.4.4 Experience reports and case studies
Experience reports and case studies discuss either tech-
niques used for improving quality and predictability early
in the development process, or reasons and practices
behind successful adoption of agile methods in embedded
systems development.
In [P27], Van Schooenderwoert and Morsicato intro-

duce how using domain-level simulations helped in isolat-
ing bugs easier while developing a mobile spectrometer,
whereas in [P20], Shalf et al. present how performance
and power consumption of a high-performance compu-
tation application could be estimated by simulating the
system model in different abstraction levels. In both arti-
cles, it is also described how a simulation environment
was developed to enable and support these approaches.
A few articles mentioned the importance of adaptation

of agile. For example, when applying XP into telecommu-
nication software development [P6] and mission-critical
two-way radio systems [P3] development, some sort of
top-level documentation is needed which is not pointed
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out in XP practices [P3,P6]. In [P6], Gul et al. also noted
that applying XP in small teams resulted in shorter devel-
opment cycles, but applying XP to the whole project did
not give satisfactory results. In [P3], Drobka et al. suggest
using strong outsider coach, training, periodic audits and
code spot-checks.
Also, articles [P8,P15,P21] emphasize the importance

of process tailoring to get the best out of agile practices
in embedded systems development. In their experience
report [P8], Huang et al. describe how the organisational
structure and process for developing high technology
satellites could be modified according to the agile princi-
ples to meet cost and schedule requirements. As Morgan
[P15] points out, the process tailoring can also mean that
the development team itself can operate in an agile man-
ner, whereas it has to adapt working with non-agile teams.
In a government-funded development project of a system
for scheduling satellite tracking stations, the team had to
create some design artefacts that were used only exter-
nally. Shatil et al. [P21] bring forth several topics that were
considered important during the agile adoption process.
Involving management in early stage of the adoption pro-
cess enabled multidisciplinary teams to be familiarized
with the software team’s process and help other teams to
bemore synchronized with the software team. The project
management also started to manage the project by taking
into account the software team’s iterations. As a means of
getting members of the development team committed to
the adoption process, it described how their feedback was
used to find main concerns and solving these. Finally, agile
practices taken in to use were tailored to find the best fit
for the development environment.
Instead of adapting some specific agile method, [P18]

and [P26] used some agile practices in development. In
[P18], dos Santos Jr. et al. describe the usage of an itera-
tive model with agile characteristics in a small team that
developed a control software for a satellite camera equip-
ment. Creation of useful and reliable software rapidly was
achieved by reacting to changes, using pair programming
especially in complex routines, strong communication
and allowing developers tomakemost technical decisions.
In [P26], Van Schooenderwoert describes a novice

development team challenging an experienced team
where the performance of the teams was measured by
several industry standards. The agile practices behind the
success were collective code ownership and strong unit
tests. The lack of experience of some team members
was overcome by agile software development techniques
and the presence of senior level developers that allowed
knowledge transfer between teams.
Studies presented in [P7] and [P19] focus on agile meth-

ods in large organizations. In [P7], Heidenberg et al. sug-
gest that piloting is a good way to overcome resistance to
change and to convince management that a team can be

agile even though the rest of the company is not. A three-
step piloting method (marketing the pilot, preparing the
pilot and executing the pilot) is introduced and validated
as a case study in two pilots within the same company. In
[P19], Savolainen et al. describe challenges of large orga-
nizations in embedded systems when transitioning into
using agile process models. Using user stories may present
a problem in large embedded systems, since user interac-
tion might be far from the implemented framework. Use
of Scrum with key requirements engineering practices is
seen a good way to introduce agile methods to embed-
ded systems. Savolainen et al. also conclude that it is a
good idea to preserve some of the key practices instead of
starting from scratch when introducing agile methods.
In [P16], Ronkainen and Abrahamsson analyse pros-

pects of using agile methods in embedded software
development under hardware constraints based on
observations in signal processing application develop-
ment. They point out that agile methods are not targeted
for developing embedded software and that new meth-
ods for embedded software development need to solve
many challenges: real-time constraints of the hardware,
need to experiment the software on hardware and need
for documentation so that all stakeholders stay informed
and that the development is inherently test-driven with
hardware-related constraints. The authors conclude that
agile methods might offer solutions for embedded soft-
ware development, but the methods need to concentrate
on the embedded domain-specific requirements.
Salo et al. [P17] have arranged a questionnaire of the

actual use and usefulness of XP and Scrum in organiza-
tions developing embedded software. The survey involved
35 individual software development projects and focused
on observing the level of use as well as the experienced
or expected usefulness of the agile methods. The ques-
tionnaire concentrated to XP and Scrum and the separate
practices involved in these two methods. Authors have
asked which methods have been utilized, if any. They also
asked how frequently the separate practices of Scrum and
XP were utilized and have they been found useful. The
results show that at least two thirds of the respondents
have utilized one or both of the methods. From these two
methods, XP was used more in the investigated compa-
nies. Those familiar with the methods have found them
mostly useful. However, the authors point out that no
broad generalizations can be made from the results.

1.5 Non-academic material
In order to review non-academic material available, a
Google search was conducted on January 16, 2013 using
the same search terms as for the literature review. Since
it was assumed that plural forms of search terms should
be automatically included by the Google search engine,
they were excluded from the search. This resulted in seven
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distinct search strings with 50 first results from each taken
for further analysis. Following the procedure used in the
literature review, search results were then split between
two authors and non-relevant search results having lit-
tle or no content discussing agile or lean were excluded.
In the next step, two authors read through all 48 search
results that passed the previous step and voted for inclu-
sion or exclusion of each with a third opinion used when
two authors did not agree. After this step, 21 search results
were left for deeper analysis. Search results were excluded
if there was no agile or lean content, they were already
covered by the SLR, or they were duplicates pointing to
a same web page. It is notable that searches done using
search term ‘lean’ resulted only in three results passing
through all phases. Even though the 14 of the selected
search results were from the recent 3 years (2010, 2011,
2012), also some older ones were found starting from
2004. We have included the most relevant sources con-
cerning our study in the references.
The results can be categorized into two groups by

the author type: one group was those whose work was
included in the literature review (e.g. Michael Karlesky,
Pekka Abrahamsson, Petri Kettunen and Nancy Van
Schooenderwoert), while the other group consists of peo-
ple contributing to agile embedded HW/SW development
mainly by maintaining blogs, writing articles to electronic
newsletters, providing training and/or consulting and giv-
ing speeches in agile conferences (e.g. Zubin Irani, Neil
Johnson and Timo Punkka).
Instead of bringing new and revolutionary ideas, search

results had generally a practical approach in applying
agile practices into embedded systems design. A couple
of the search results provided information about where
to find more information about agile in embedded soft-
ware development, or whom to ask for more information
[12,13]. Some considered the characteristics of embedded
systems that should be taken into account when adopt-
ing agility, and others gave practical advice on useful agile
practices in embedded systems design [14]. Applying agile
methods to hardware development was also discussed in
several sites [15-18].
It is also noted that even though hardware developers

should look for the common practices in the software
development domain when adopting agile practices, the
characteristics of hardware development should be taken
into account and practices adapted according to those
[17,19-21]. For example, delivering a working prototype
in the end of each iteration is not possible. The key for
hardware developers is to resist getting caught up with the
differences between software and hardware and to instead
focus on the similarities [17,18].
Common themes found involve use of test-driven devel-

opment, continuous integration, dual targeting, iterative
development and customer collaboration [16,17,22,23].

Dual targeting answers to the lack of prototypes in the
end of every iteration, but it also brings carefully thought
design to the software-hardware interface [17,21]. Con-
tinuous integration including automatic testing will help
to identify failures in the early stage [16,17,23]. There are
several ways to improve customer collaboration, e.g. user
stories can be used, but the term user can also refer to
nearer customers, not necessarily to the end user [21].

1.6 Discussion
In this paper, we studied what is currently known about
using agile methods in the development of embedded sys-
tems and embedded software (RQ1). The results showed
that the research is rather scattered and mainly driven
by industry reports. It was found that there is no one
method for the diverse world of embedded systems devel-
opment, but many emphasize different viewpoints. There
were multiple new development methods proposed that
would better suit the needs and constraints of the embed-
ded domain in addition to ideas on how to scale agile
methods in large organizations and in ways agile meth-
ods have been adapted to suit various needs of different
companies.
Our second research question was whether the agile

methods are suitable for the development of embedded
systems and embedded software. For example, Ronkainen
and Abrahamsson [P16] lay out requirements for agile
methods that need to be addressed when used in embed-
ded product development. The characteristics of embed-
ded product substantially differ from what agile was
originally targeted for. Meeting real-time requirements of
embedded systems is pointed out to be the most impor-
tant difference that new agile methods should be able to
support. In embedded systems, the role of architecture
and up-front designing cannot be avoided. This require-
ment also leads to a need to find techniques that take into
account the suitable amount of documentation and speci-
fication. Furthermore, it is pointed out by Ronkainen and
Abrahamsson that top level documentation is important
due to many different stakeholders involved in the project,
and for this problem, it is pointed out that coordina-
tion and communication methods are required. The view
that system-level documentation is required in embedded
product development is also supported by [P3,P6,P12]. In
[P12], a document-driven development approach is pro-
posed where the importance of documentation is believed
to be prominent especially in complex real-time systems.
The main idea is in a coherent and appropriate documen-
tation system that can be used to effectively share infor-
mation between project stakeholders through a document
repository.
Ronkainen and Abrahamsson [P16] also observe that

experimenting cannot be avoided as the hardware con-
straints affect the code in an unpredictable way and that
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the amount of the embedded software generated with
experimenting is significant. In addition, it is pointed out
that as the development progresses and more teams are
getting involved (as the product gets more and more inte-
grated), the embedded software has to become more rigid
as all the changes made in the later stages of development
ripple further and further to other teams and develop-
ers. This requires changing practices during the project,
which is not supported at the moment. This discussion
was on constrained embedded software development, but
in this study, we also looked for ways to develop embed-
ded products including hardware. This idea is suited well
to the embedded product development where later stage
changes have a huge impact on the project. One of the
ways in reducing the impact is proposed by Punkka [24]
where SW and HW co-design is emphasized. The point is
in starting early with what you can and using, e.g., bread
boards and evaluation boards and rapidly build a demo or
a prototype of the product by experimenting. This should
help the problem with later stage changes as the devel-
opment needs to become more rigid only after demo and
prototype rounds. At this point, most of the uncertainty
and the whole product-related changes should have been
done, and required changes would not ripple down too far.
Ronkainen and Abrahamsson also discuss the prob-

lems in test-driven approach. Testing is the cornerstone of
embedded systems as most of the generated code needs to
be tested against hardware and the code can be hardware
dependent. It is pointed out that test-driven approach is
problematic because the test environment is different in
the embedded domain, e.g. it has more severe memory
and performance constraints. A need for an appropri-
ate test suite is pointed out, a view shared in [P4]. Work
from [P23,P24] advances test-driven approach where the
most suitable testing practices from XP are adapted into
the embedded systems development. Smith et al. [P24]
also point out that practices should take into account the
constraints of embedded systems, e.g. refactoring should
emphasize making improvements in speed and in lower-
ing the power consumption rather than making the code
modular or readable.
Another view was in an experience report from

Waldmann [P28]. It was found that with many differ-
ent customers requiring slight modifications to a product,
the product should be customizable instead of develop-
ing a whole new product for all the different customers.
A similar problem is addressed in [P2] where Cordeiro
and Barreto discuss a customizable platform-based design
method. The platform contains a customizable processor
that can be modified and extended on different products
(a platform is not suitable to be used in [P28], but the
same need is observed in both). This method can be used
when a similar product is modified slightly to different
customers or with completely new products that share

the same basic functionality. The key is to determine the
functionality that is shared over projects.
We also studied what kind of evidences there are to

support the suitability of using agile methods in embed-
ded software or embedded systems development (RQ3).
The results showed that most of the studied academic and
non-academic articles were experience reports from the
industry and expert opinions. We did not find any rigor-
ous controlled experiments. Therefore, it seems that the
evidences in the suitability of agile methods and pros and
cons of the methods need more research.
Some articles discuss about new product development

in large-scale organizations, where embedded systems
development requires hardware and mechanics in addi-
tion to software. Kettunen and Laanti [P11] suggest that a
large company should understand what it tries to achieve
with agile methods, instead of focusing only on team and
project level. One way to introduce agile methods to a
large company is piloting in several teams [P7]. A good
idea is to preserve some of the key practices, like require-
ments engineering practices, instead of starting from a
scratch.
There were many experience reports which stated that

agile methods could be used in the embedded domain. In
most of these cases, the chosen agile method was adjusted
to fit the business model by choosing agile practices that
could be implemented easily and would support the devel-
opment work. It seems that practices that were felt to
bring the best return on investment to the development
process were implemented first. Depending on the case,
these prioritized practices vary a lot due to the different
nature of the business cases and, possibly, due to different
customer interface, technical maturity, or adopted work-
ing methods and competences of development teams.
Generally, there were no opposing views that agile meth-
ods could not be used in the embedded domain. However,
evidence about the suitability is mostly based on opinions
and uncontrolled case studies with inadequate description
of research methods that strict conclusion could be made.
There was only one questionnaire on the usefulness of XP
and Scrum in embedded development. It was found that
to some extent agile practices were used by at least two
thirds of the respondents and that those who were famil-
iar with them found them useful. It is also noteworthy to
point out that failures or bad experiences from adopting
agile were not reported in any of the studies. All studies
state that agile methods could be beneficial in embedded
domain and that most experience reports are in favour of
agile methods.
Our survey included not only the development of

embedded software, but also embedded hardware and
integrated circuits development, and we found out that
very little has been done from the hardware development
point of view. However, in the study concerning non-
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academic papers, more discussions about agile meth-
ods for hardware development were found than in peer-
reviewed academic articles. The studies close to hard-
ware development typically concentrate on more abstract
issues such as communication or requirement manage-
ment. Therefore, there is a need for more rigorous
research on utilization of agile methods in the actual
development work of hardware and integrated circuit
designers.

2 Conclusions
It was found that there are embedded domain-specific
problems about agile methods that need to be solved
before agile methods can be successfully applied to the
embedded domain. To some extent, there are studies that
address these issues, but the amount of evidence still
remains scarce. Most of the studies address the issues of
embedded software development. Some studies concern-
ing embedded systems development were also found, but
the amount of hardware-related agile studies remains low.
Some discussions, however, were found among the non-
academic articles concerning agile methods in embedded
systems and hardware development.
Most of the found experience reports and case stud-

ies find no reason why agile methods could not - at least
to some extent - be used for the embedded domain, but
the lack of rigorous empirical research is a clear gap on
the evidence of the actual benefits of agile methods in the
embedded domain.
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