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Overview
Context: Several research efforts have been targeted to support architecture centric development
and evolution of software for robotic systems for the last two decades.

Objective: We aimed to systematically identify and classify the existing solutions, research
progress and trends that influence architecture-driven modeling, development and evolution of
robotic software.

Research Method: We have used Systematic Mapping Study (SMS) method for identifying and
analyzing 56 peer-reviewed papers. Our review has (i) taxonomically classified the existing
research and (ii) systematically mapped the solutions. To conduct the SMS, we document the
methodological details and necessary steps for the study as the research protocol.

Conclusions: In this report, we provide the details of the research protocol that identifies and
documents the necessary data and steps for the SMS. The details of the protocol help to understand
the methodology, reproducing the results and helps to interpret the study findings more objectively.

Report Organization: We have organized this report as follows. Section 1 defines the research
protocol for mapping study. Section 2 presents the identification and qualitative assessment of the
primary studies. Section 3 concludes the report with discussion about evaluating the protocol.
Section 4 presents some validity threats to the mapping study.

Keywords: Research Protocol, Research Methodology, Systematic Mapping Study

1. Defining the Research Protocol

We used Systematic Mapping Study (SMS) method [2] that involves a three step process (in Figure
1): (i) planning a study, (ii) data collection and synthesis, and (iii) mapping and documenting
results. A systematic approach for a review reduces bias in identifying, selecting, synthesizing the
data and reporting results. Following sub-sections provide the details of research methodology
guided by Figure 1
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Figure 1. An Overview of the Methodology for Mapping Study

1.1 Defining the Protocol for Systematic Mapping Study

According to the guidelines for conducting the systematic review and mapping studies in [1, 2],
the research protocol includes, (i) identification of the needs to conduct the mapping study, (ii)
defining study’s scope based on research questions (RQs) to be answered, and (iii) formulating the
search string and search strategies (based on RQs) to identify, include/exclude and qualitatively
analyze the relevant literature. A study’s protocol documents methodological details and logistical
procedures for a research study [1]. The protocol also allows us to evaluate different activities and
their outcomes. We discuss the individual steps involved in the protocol.

1.1.1 Identify the Needs for Mapping Study

Despite a multi-disciplinary and continuously growing research for more than twenty years, there
was no effort to systematically select, analyze, and report the peer-reviewed research on the
progression, maturation and emerging trends of architectural solutions for robotic software. In
contrast to the existing research in [3, 4], that are focused on service-orientation or in general
software solutions for robotics; our proposed study aims to focus on generic architectural solutions
for robotic software. Specifically, in comparison to [18]; our proposed study is aimed at going
beyond SOA and providing a more comprehensive mapping and review of other architectural
solutions. Before conducting the SMS, we must ensure that a similar study to our review has not
been conducted or published. Therefore, we searched the IEEE Xplore, ACM Digital Library,
Springer Link and Science Direct (on 04/03/2016) with the following search string in Listing 1 to
identify the relevant secondary studies. Specifically, Listing 1 presents the search string to identify
any relevant (survey/review-based) secondary studies on software architecture for robotic systems.
Based on the literature identification with the following search string, none of the publications that
we retrieved were aimed at answering the outlined research questions below that had motivated
our mapping study.



(“Systematic Literature Review” OR “Systematic Mapping” OR “Study” OR “Survey”)
AND
(“Software Architecture” OR “Software Component” OR “Software Framework” OR “Software Engineering’)
AND
(“Robot” OR “Robotic” OR “Humanoid”)

Listing 1. Search String to Identify the Relevant Secondary Studies.

1.1.2 Specifying the Research Questions
We formulated three research questions to be answered by our study. Each of the main research
questions has sub-questions for fine-grained investigation and presentation of the results.

RQ 1: What is the state-of-research on software architecture-based solutions for robotic
systems?
The objectives of this question can be met by answering the following sub-questions.

— RQ 1.1: What research themes have been identified and how they can be classified?

— RQ 1.2: What types of architectural solutions have been reported for robotic software?
— RQ 1.3: What architectural frameworks have been provided to support the solutions?
— RQ 1.4: What architectural notations have been exploited for solution representation?
— RQ 1.5: What validation methods have been employed to evaluate the solutions?

— RQ 1.6: What were the application domains for architectural solutions?

RQ 2 — What are the demographic details of research in terms of publication years, sources
and active communities?
To answer different aspects of research demography, we decompose the questions as follows.

— RQ 2.1: What is the publication frequency and fora of research over the years?

— RQ 2.2: What are the prominent venues of publication and the types of published
research?

— RQ 2.3: What research communities are active on software architectural solutions for
robotic systems?

RQ 3 - What were the past trends and what types of existing and emerging trends could be
identified for architecture-based solutions for robotic systems?

To discuss the past, present and possible future research trends, we answer the following
questions.

— RQ 3.1: What are the past trends of research on architecting robotic software?
— RQ 3.2: What are the emerging trends of research on software architecture for
robotics?



1.1.3 Searching the Relevant Literature — Primary Studies

After defining the protocol, we followed the steps to collect and synthesize the data (from Figure
1). Figure 2 shows the search process used for this study. The above-mentioned research questions
helped us to identify a set of keywords that were used to build a search string that was applied to
five databases shown in Figure 2. We limited our search to the peer-reviewed literature from years
1991 to 2015 (15/09/2015). The year 1991 was chosen as the initial search found no earlier results
related to any of the research questions with 23380 hits. In the primary search process (detailed
next), we focused on title and abstract, therefore, it resulted in a high number of studies that were
not relevant, which we refined with secondary search process - limiting the extracted studies to
308 in total. In order to identify and select primary studies, the search string was customized as
per individual databases for effective search [1]. Please note that the first search string (cf. Section
1.1.1) helped us to identify the relevant secondary studies on software architecture for robotic
systems.

In contrast, the search string in Figure 2 aims to identify the primary studies that focus on methods
and techniques for architecture-driven robotics software. Based on screening and qualitative
assessment of the extracted studies out of 97 a total of 56 studies were selected for inclusion in
this study.
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Figure 2. Summary of the Literature Search Process with Search String




2 ldentification, Qualitative Assessment and Data Extraction of
Primary Studies
2.1 Selection of Primary Studies

Step | — Primary Search is further decomposed into four tasks to identify the relevant literature.
We provide a summary of each task involved in the primary search process in Table 1.

Table 1. A Summary of Steps for Primary Search of Relevant Literature.

Search Step

Description

A. Deriving Search
Terms

We derived search terms from RQs in Section 1.1.2

B. Considering
Synonyms and
Alternatives for Search
Terms

We considered the alternative keywords for deriving the
literature search stings:

- Software Architecture as [Software Design, Software
Component, Software Framework]

The other relevant terms for architecture like ‘Software
Structure’ or ‘Software Styles’ were excluded as they resulted in
a large number of irrelevant literature hits.

- Robots as [Robotic, Robotics, Humanoid].

The other relevant terms for robots like ‘Agent’ or ‘Android’
were also excluded to avoid a large number of irrelevant hits.
We combined the search terms to compose the search strings:

- Boolean OR operators were used to incorporate alternative
spellings and synonyms

- Boolean AND operators is used to link the search terms.

We divided and customized the search strings so that they could

C. Combining Search
Terms to Compose
Search Strings

D. Dividing and . : TR -7

Customizing Search Ib_e applied to different databases (digital libraries) containing the
X iterature.

Strings

We assigned the unique IDs to every (sub-) search string.

Step Il — Customized Search Strings

As per the step D in Table 1, we derived the following customized search strings as per the
individual digital libraries. Google Scholar have been used as a primary source for the
identification of relevant literature in systematic reviews. However, among others the critical
factors such as the (i) frequency of changes (tweaks) to Google search algorithm?, (ii) personalized
and context-driven searching capabilities, and (iii) a significant amount of gray literature
determined our decision about not including Google Scholar as one of the primary literature search
source. We only used Google Scholar as an auxiliary search engine to ensure if some relevant
literature may not have been missed by our selected search engines/digital libraries (cf. Figure 2)

1 Google Algorithm Change History:


http://www.seomoz.org/google-algorithm-change

to randomly cross-check the search results. The cross check did not reveal any additional relevant
study.

- IEEE eXplore (www.ieeexplore.ieee.org)
Search String 1 for IEEE eXplore

- ACM Digital Library (www.dl.acm.org)
Search String 2 for ACM Digital Library

- Springer Link (www.link.springer.com)
Search String 3 for Springer Link

- Science Direct (www.sciencedirect.com)

Search String 4 for Science Direct

- Scopus (www.scopus.com)

We have refined the following search string with the exclusion of the term ‘KEY” (keyword-based
selection), that helped us eliminating a significant number of irrelevant studies. In doing so, we
may have overlooked some relevant literature (cf. Section 9, Validity Threats to the Identification
of Primary Studies). However, we believe the refinement of the search strings has helped us to
minimize the irrelevant literature.

Search String 5 for Scopus



Step 111 — Secondary Search a two phase process consisting of the primary and secondary search
is based on the guidelines and empirical comparison of literature search using digital
database/libraries and the snowballing process [5]. As detailed earlier, the primary search (cf.
Section 1.1.3, Figure 2) identified the relevant studies for SMS by executing the search strings on
digital databases/libraries. After screening and qualitative assessment, we selected 56 studies for
review and analyzed the references/bibliography section for each of the 56 selected studies to find
other relevant studies for their possible inclusion — the snowballing process. We limited the
snowballing process to the selected primary (56) studies to avoid any exhaustive search. A detailed
comparison and the relative benefits and limitations of literature search using digital databases vs
snowballing is detailed in [5]. As a results of snowballing process, we did not identify any study
to be included in the review. In particular, during the snowballing process; we found studies that
were either (i) already included in the list of primary studies, (ii) not explicitly relevant to RQs or
(iii) eliminated during the qualitative assessment process.

2.2 Screening and Qualitative Assessment of Studies

The study selection comprises of a two-step process that includes screening and qualitative
assessment as presented in Tables 2 and Table 3. In Table 3, the qualitative assessment helps us to
include/exclude studies and rank the selected studies based on their quality score.

Step | — Screening of Studies

The study screening is a two-step process consisting of the Generic Screening (having five sub-
steps, I-A to I-E) and Specific Screening as outlined in Table 2. During the Generic Screening step
(review of study titles), first we need to screen the 308 studies to ensure that (i) duplicate studies
(Step 1-A), (ii) non English language literature (Step I-B), (iii) non peer-reviewed and non-
published research (Step-1-C) and, (iv) any study representing an entire book (Step I-D) are
removed first. Furthermore, any secondary study (such as a systematic review or survey-based
literature) is eliminated from primary studies to be reviewed — any secondary study represents
related research to our SMS. The Generic Screening step helped us to remove a significant number
of studies (211) with total remaining studies 97.

Table 2. Summary of the Study Selection Process (without qualitative assessment)

Step | — Generic Screening

-A | Is the study a duplicate? YES NO

'8 | Is the study in English language? YES NO

-C | Is the study a scientific peer-reviewed published research (no white papersor YES NO
technical reports)?

D | Is the study not a secondary study? YES NO

€ | Is the study not a book? YES NO

If [YES] to all four criteria then go to Step |1, otherwise exclude study

Step Il — Specific Screening

. RQ1, RQ2 Does the study presents an architectural method, technique or a solution for

robotic software systems?

If [YES] go to Table B.2 (qualitative assessment), otherwise exclude study




During the Step Il - Specific Screening, we performed a preliminary review to analyze the
relevance of the studies to RQs (method, technique or a solution for robotic software systems).
During Step 11, the decision to exclude ([NQ]) or proceeding to the final selection ([YES]) was
based on an examination of study titles and a preliminary review of the abstracts, conclusions and
any other relevant part of the remaining studies. Based on the screening the number of studies was
reduced to 97.

Step Il — Qualitative Assessment of Studies

During qualitative assessment of 97 included studies, we focused on assessing the technical rigor
of contents presented in the study. The qualitative assessment is based on two factors as general
assessment (G) and specific assessment (S), in Table 3. We adopted the guidelines of qualitative
synthesis of research evidence [6], tailored them as per the needs for our study as presented in
Table 3.

Table 3. Summary of Quality Assessment Checklist

General Items for Quality Assessment (G)

Score for General Items Yes= Partial= No=
1 0.5 0

G1 | Are problem definition and motivation of the study clearly
presented?

G2 | Is the research environment in which the study was carried out
properly explained?

G3 | Are research methodology and its organization clearly stated?

G4 | Are the contributions of the in-line with presented results?

G5 | Are the insights and lessons learnt from the study explicitly
mentioned?

Specific Items for Quality Assessment (S)

Score for Specific Items Yes= Partial= No=
1 0.5 0

S1 | Is the research clearly focused on software architecture solutions
for robotic systems?

S2 | Are the details about related research clearly addressing
architectural solutions?

S3 | Is the research validation clearly illustrates the evaluation of
architectural solutions?

S4 | Are the results clearly validated in a real (industrial case study)
evaluation context?

S5 | Are limitations and future research clearly positioned?

Quality assessment represents 5 factors criteria, providing a maximum score of 1. In the
assessment formula below, S and G each represent a total of five factors as Specific and Generic
Items with S having a maximum score of 3 and G with a maximum score 1. S contributes three
times more than G (75% weight) as specific contributions of a study are more important than
general factors for assessment. Based on the consensus among the researchers the maximum score
was decided as G + S = 4, where a 3 — 4 score represented quality papers, a score less than 3 and
greater than or equal to 1.5 was acceptable and a score less than 1.5 resulted in study exclusion.




Based on qualitative assessment of 97 studies, we excluded a total of 41 (quality score less than

5 5
Quality Score = IZGEI + (ngl X 3>

1.5) studies to finally select 56 primary studies for the review.

2.3 Data Extraction for Synthesis

To collect and record the format in Table 4 collects two types of data (i) generic and study
demographic data items (D01 — D06) and ii) classification and mapping specific data items (MO1

— M10). The latter category helps us to answer the RQs (cf. Section 1.1.2).

Table 4. Template for Extraction of Data from Primary Studies

ID Data Item Aim
Generic and Study Demographic Data Items
D01 Study 1D Unique id of study
D02 Study Title The title of Study
a) List of Author(s)
D03 Bibliography b) Year of Publication
c) Source of Publication
Journal Conference Symposium  or
Workshop Other
D04 Citation Count Total number of citations
D05 Quality Score Quality score of study
D06 Additional Any additional or study specific information
Information
Classification and Mapping Specific Data Items
M01 Research Overview of research problems addressed
Problem
MO02 Architectural Overview of solution to address the problem
Solution
MO03 Research Context and application domain:
Context Academic  Industrial  Both  Other
MO04 Framework Architectural Framework for Development.
Support
Yes No  Description
MO05 Modeling UML ADL Graph Models Ontologies  Other
Notations
MO06 Architecture Component  Service  Object  Other
Model Type
MO7 Validation Design and Evaluation  Case Study  Survey
Method Experiments  Other
M08 Architecture Yes No  Description
Evaluations
MQ09 Research Trends | The identified research trends




M10 Future The identified future research
Dimensions

The protocol was internally reviewed a few times for improvement. We also have our study’s
protocol externally evaluated for refinements and reducing the bias. We performed a pilot study
by reviewing 15 (more than 25%) of the included studies. The pilot study purported to reduce the
study identification bias and to refine the process for (i) identification of primary studies, (ii)
extraction of data from these studies and (iii) synthesizing the results. Based on the protocol review
and pilot study, we expanded the review scope in the context of relevant studies [1, 2], improved
search strategies and refined the study inclusion/exclusion and qualitative assessment criteria [6].
We also evaluated the study protocol with details provided later in this section.

3. Evaluating the Protocol for SMS

Once the protocol is defined, the guidelines for conducting the SLR and SMS [1, 2, 5, 6] suggest
the needs to internally and externally evaluate the study protocol before its execution. We
performed both the internal and external evaluation of the protocol to eliminate or minimize the
possible bias. We focused on specifically evaluating steps that included (i) identification and
qualitative assessment of the primary studies, (ii) consistency of data extraction and reporting,
and finally (iii) data synthesis and results reporting.

3.1 Internal Evaluation

As a team of two researchers, we focused on a structured representation of the information (e.g.;
Qualitative assessment of studies — Table 3, Data extraction template — Table 4) for an objective
interpretation and evaluation of the methodology steps. First of all, both the researchers executed
the search string on the selected digital libraries (cf. Figure 2) individually and then shared the
search results. We also conducted a pilot search first to refine the search strings. For example, the
terms software architecture and software design are complementary and virtually synonymous.
We also included the term software design in the search string that led to a significant increase in
the number of identified studies and the efforts to retrieve the most relevant. We excluded the
terms like ‘Software Structure’ or ‘Software Styles’ in order to minimize the irrelevant literature.
Once the consistency of search results was ensured, the first researcher identified the relevant
studies, maintaining their references and derived a multi-criteria assessment of the study quality
(cf. Table 3). The second researcher cross-checked the results of literature identification (randomly
selecting and checking results with 2/5 of the digital libraries) and assessing studies against the
qualitative assessment checklist.

3.2 External Evaluation

As a two-step process was performed by a researcher external to our team, who had expertise in
conducting SLRs and whose research interests lied in the area of software architecture. In the first
step, we shared the RQs, identified studies and the data extraction form. Based on his feedback
and recommendations, we refined the research questions and made necessary adjustments to the
data extraction template (cf. Table 4). For example, a suggestion was to distinguish between the
presentation of solution validation and architecture evaluations (attributes M07, M08 in Table 4 —



Data Extraction Form). In the second phase, due to time constraints instead of sharing the detailed
results, we only shared the data extraction form and research questions. Based on the external
feedback, we refined and finalized the data extraction form before capturing data and synthesizing
results. Some possible threats to the validity of research are detailed later after discussion of the
results.

4. Validity Threats

This study provides a classification to map the reported solutions by reviewing and analyzing peer-
reviewed literature. We followed the guidelines for conducting systematic mapping studies
reported in [1, 2, 5] based on a defined and - internally and externally - evaluated protocol for SMS
(cf. Section 1). Like any other empirical study, systematic mapping studies can also have
limitations that must be considered for analyzing the potential impact of the validity threats to the
findings of SMS [6]. We discuss three types of validity threats associated with different activities
of this SMS.

4.1 Threats to Identification of Primary Studies.

In the literature search strategy (cf. Section 1, Section 2), we aimed to retrieve as many relevant
studies as possible to avoid any possible literature selection bias and to accommodate all the
available evidence. We faced a challenge in determining the scope of our study as the notion of
architecture means different things to different research communities including software
engineering, robotics, artificial intelligence and others. Therefore, to cover them all and avoid any
bias, we searched the literature based on relevant terms (cf. Table 1) and combined them in our
search string (cf. Figure 2). While this search strategy and search string composition significantly
increases the search work, however, it enabled us to find a comprehensive set of the relevant study.
We also developed and evaluated a review protocol (cf. Section 1 - Section 3). The protocol
provides a replicable blue-print to derive the search strategies, literature identification and
selection.

4.2 Threats to Quality of Studies and Data Extraction Consistency

The results of this study and their quality are based on the quality of the studies that have been
reviewed. This means if the quality of the primary studies is low, the claims and their supporting
evidence derived from these studies are unlikely to be strong and reliable. Therefore, it is vital to
(i) minimize the threats regarding the quality of selected studies and to ensure (ii) a consistent
representation of data extracted from these studies. It is of central importance to qualitatively
analyze and synthesize of the data extracted from the selected studies. As described in section 1,
we followed a multi-step process and explicitly assessed the quality of each individual study to
ensure that a lack of quality results in an exclusion of the study. The ideal scenarios may strictly
adhere to the guidelines in [1, 2], however, the quality metric (Table 2, Table 3) can be subjective
based on the objectives of SMS and the consensus among researchers.

Moreover, we derived a structured template (cf. Table 4) to ensure consistency in data extraction
and capturing as per the needs of the study’s RQs. For a fine-grained representation of the extracted
data, we have defined a generic and mapping specific attributes to capture data for detailed
synthesis.



4.3 Threats to Data synthesis and Results Reporting

The final type of threat corresponds to the bias or a lack of systematic approach to synthesize and
report the results. We tried to mitigate this threat by conducting a pilot study. A limited number of
researchers and their expertise (software engineering and software architecture) may have an
internal bias on the style and reporting of results. The threat to the reliability of data synthesis and
reporting has been mitigated based on discussion and peer review of the extracted data by the
researchers, having a structured template for data synthesis, and several steps where the scheme
and process were refined and evaluated. Whilst we followed the guidelines from [1] to conduct the
study, we had deviations from the ideal approaches based on the requirements of this study detailed
in Section 1. We believe that the validity of the study is high, given the use of a systematic and
recommended procedure, the extensive discussions and evaluation of the protocol and a pilot study
to refine the scope of review.

5. Demography of Published Research

We now discuss the demography of the published research in terms of (i) main sources of
publication (in Section 5.1), and (ii) various research communities actively pursuing research on
software architecture for robotics (in Section 5.1).

5.1 Main Sources by Publication Frequency

We report the main sources (publication venue/sources) of the reviewed studies based on
publication frequency as presented in Table 5. The information in Table 5 is expected to help us
to identify the representative research communities and an evidence of robotics or specifically
software architecture for robotics as a multi-disciplinary research. We present the prominent
publications venues in terms of journals, conference series or symposium/workshop along with the
type of research that has been published in those venues. We only highlight the publication sources
that have at-least two or more studies published as in Table 5. We do not provide extensive details
of the published studies. Table 5 indicates the studies (Study ID) that provide a reference to consult
previous sections. Table 5 highlights a mix of robotics and software engineering research venues
and their research focus.

Among others, the main sources are RAS, T-ASE, IROS as some of the premier journals and
conference series respectively for the robotic research community, whose studies are focused on
supporting design and reconfiguration activities with a temporal distribution between 1998 to
2015. The top venues in software engineering community are SEAMS (a community of self-
adaptation software research) and ICSE that represents the premier software engineering
conference. The publications at these two venues are focused on runtime evolution (architectural
reconfiguration) and design-time evolution (architectural reengineering) of robotic systems
respectively with publication coverage from 2005 to 2009 with no publication identified at these
two venues in the last five years. It is vital to mention about STAR with a specific book titled
Software Engineering for Experimental Robotics [7] published in 2007 mainly addressing software
engineering issues for robotic systems. The other two are SIMPAR and ICAR as robotics research
venues with published studies focused on supporting robotics development and coordination
related activities published between 2008 to 2012.



Table 5. Overview of Main Sources by Publication Frequency

Study 1D Publication Source Type Acronym  Community
[S47, S48, S49, S56] | Robotics and Autonomous Systems Journal RAS Robotics/System
and Control
Engineering
[S22, S25, S32] IEEE/RSJ International Conference on Intelligent | Conference | IROS Robotics
Robots and Systems
[S5, S36, S41] International Workshop on Software Engineering | Workshop | *SEAMS | Software
for Adaptive and Self-Managing systems Engineering
[S8, S28, S31] IEEE Transactions on Automation Science and Journal **T-ASE | Robotics/System
Engineering and Control
Engineering
[S14, S37] International Conference on Software Engineering | Conference | ICSE Software
Engineering
[S50, S54] Journal of Software Engineering for Robotics Journal JOSER Software
Engineering/
Robotics
[S45, S46] Springer Tracts in Advanced Robotics Book STAR Robotics
Chapter
[S33, S35] International Conference on Simulation, Conference | SIMPAR | Robotics
Modeling, and Programming for Autonomous
Robots
[S51, S55] Workshop on Model-Driven Robot Software Workshop | ***MORS | Software
Engineering E Engineering/
Robotics
[S34, S38] International Conference on Advanced Robotics Conference | ICAR Robotics

*Prior to 2011 SEAMS was considered a workshop titled Workshop on Software Engineering for Adaptive and Self-
Managing Systems. Now the title remains same but SEAMS is a symposium. The studies [S5, S36, S41] were all published
before 2011 so we classify them as workshop papers.
**Prjor to 2004 IEEE Transactions on Automation Science and Engineering (T-ASE) was titled as IEEE Transactions on
Robotics and Automation with two included studies [S8, S28]. Now these two studies are organized under the new title.
***The first edition of this workshop was organized in 2014 promoting the application of software engineering and
specifically the application of model-driven techniques to robotic systems

It is vital to mention that in recent years there is a focus on synergizing the research and practices
between software engineering and robotics. A specific example is JOSER (first issue published in
2010) that aims at providing a platform where the existing software engineering approaches and
methods can be leveraged for the development of robotic software systems. Moreover, MORSE
(first edition in 2014) reflects an effort of software engineering community to support publishable
and applicable results of model-driven engineering and its application to robotic systems. The
sources and frequency of publication in Table 5 suggests that both the robotics and software
engineering research communities are working to synergize their efforts by exploiting the models,
languages, tools, infrastructures, patterns, principles and ecosystems etc. for the development,
evolution and operations of robotic software. A recent special issue of Autonomous Robots
reported the trends on the use of open source software for design and development of robotic
systems [8].


http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=8856
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=8856
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=8856

5.2 Publications Distribution by Active Research Community

Now we discuss the active communities of research on architecture-driven software for robotics.
Figure 3 A) presents the relative distribution of the reviewed studies published by various
communities. Moreover, Figure 3 B) specifically highlights a mix of the research communities
with 11 studies (e.g., JOSER — a journal focused on the unification of software engineering and
robotics research) addressing architectural solutions for robotic systems. From Figure 3 A), it is
clear that software architecture-driven robotics is multi-disciplinary research that ranges from
artificial intelligence to software, industrial engineering.

Figure 3 B) provides expanded details of the mixed community as overlapping research as Venn
Diagram from Figure 3 A). Specifically, Figure 3 B) an overlap of various research communities.
For example, the studies [S50, S54] published in JOSER and [S51, S55] published in MORSE
represent one of the most recent Journal and Workshop respectively that aims to unify the software
engineering and robotics research. Moreover, the studies [S8, S28, S31, S47, S48, S49, S56]
published in T-ASE and RAS highlight unified research from robotics and systems and control
engineering.

A. Overview of Study Distribution by Research Community

Robotics: 13 (26%)

[S1, S7, S19, S22, S24, S25,
S26, S32, S33, S34, S35, S36,
S53]

Software Engineering: 13 (26
[S5, S14, S30, S36, S37, S39,
S40, S41, S42, S43, S44, 545,
s4]

%)
Artificial Intelligene: 4 (8%) '

Mixed: 11 (22%)
[S8, S28, S31, S47, , S48,
S49, S50, S51, S54, S55, S56]

Miscellenous: 6 (12%)

Industrial Engineering: 3 (6%)

System and Control
Engineering

B. Details of Research by Mixed Communities

Figure 3. Active Communities of Published Research.



Figure 3 A) complements the findings presented in Table 5. The findings reveal that software
engineering and robotics communities represent a combined 52% (26% and 26% respectively) of
the reviewed studies. The distribution of the studies in terms of active research communities is
based on the guidelines of ACM classification scheme and also on the analysis of the research
focus of the publication venues where both communities have been publishing. For example, in
Table 5 the study [S14] in Figure 3 is classified under computing and software engineering
(publication source: ICSE — International Conference on Software Engineering).

As a possible interpretation of Figure 3, the studies [S9, S12, S13] represent research on
architecture for robotics in the context of artificially intelligent systems to support the coordination
and development of robotics. One study [S9] exploits service-oriented robotics to develop a team
of intelligent robots that collect and share mission specific information to support intelligent and
autonomous first responder robots. The miscellaneous category refers to the studies published in
other communities that are disjoint to the ones in Figure 3. For example, one study [S2] has been
published in IEEE Aerospace Conference and proposes an architecture named CLARAty
developed by NASA to support space control missions. Figure 3 B) provides extended details of
the mixed community as overlapping research as Venn Diagram from Figure 3 A). Specifically,
Figure 3 B) an overlap of various research communities. For example, the studies [S50, S54]
published in JOSER and [S51, S55] published in MORSE represent one of the most recent Journal
and Workshop respectively that aims to unify the software engineering and robotics research.
Moreover, the studies [S8, S28, S31, S47] highlight unified research from robotics and systems
and control engineering.

The research demographics details in this section go beyond the mapping and classification of the
existing research to present the publication frequency, sources and active communities. The
demographic results suggest a multi-disciplinary research (cf. Figure 3) and possible
collaborations among different research communities can further benefit the state-of-the-research.
The results support the recent efforts that have been promoting cross-fertilization of research and
practices from different communities to engineer robotic software [57, 58].

The findings reveal that software engineering and robotics communities represent a combined 52%
(26% and 26% respectively) of the reviewed studies. The distribution of the studies in terms of
active research communities is based on the guidelines of ACM classification scheme and also on
the analysis of the research focus of the publication venues where both communities have been
publishing. For example, in Table 5 the study [S14] in Figure 3 is classified under computing and
software engineering (publication source: ICSE - International Conference on Software
Engineering). We have classified [S50, S54] under software engineering as JOSER — Journal of
Software Engineering for Robotics (cf. Table 5) is a source of research that aims to support the
application of software engineering methodologies to robotic systems.
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