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ABSTRACT In the past decade, unmanned aerial vehicles (UAVs) have become a major research topic in
robotics, despite their existence since 1915. UAVs can perform various activities efficiently and effectively;
therefore, involving a group of UAVs in performing a certain task has become a growing research trend.
Research involving multiple UAVs has been carried out in various areas such as force protection, warfare in
the military, remote sensing, disaster response activities, and surveillance. While performing critical tasks,
efficiency and robustness are important considerations that can be achieved by involving heterogeneous UAV
teams with effective communication and coordination techniques. Communication among heterogeneous
UAVs is an interesting and critical research area that needs to be thoroughly explored. In this research,
an evidence-based approach is adopted to explore research carried out on multiple heterogeneous UAVs
and their communication patterns while performing various activities. A mapping study research technique
is employed to systematically collect, analyze, and assess the evidence available on the topic under
discussion. The time period defined for this study was set from 2005 to 2019, and 46 primary studies
were considered for thematic analysis. The findings show that research studies fall under the category
of validation research by constructing simulations to provide a proof-of-concept implementation of the
proposed solutions. The communication patterns among heterogeneous UAVs involve various components
of UAV communication, networking, formation, and path planning. The application areas that were largely
focused on were search, rescue, monitoring, and surveillance missions. The overall trend showed that interest
in multiple heterogeneous UAV usage increases over time with a focus on UAV networks, formations, and
path planning while considering communication as an implicit part of all these structures. This research has
conducted an in-depth analysis of existing research on heterogeneous UAVs and provides classification and
trends of various themes emerging within this research area.

INDEX TERMS Aerial robots, communication, classification, heterogeneous UAVs, mapping study,
unmanned aerial vehicles (UAVs).

I. INTRODUCTION

Unmanned aerial vehicles (UAVs), also known as drones,
have increasingly been employed to perform mission-critical
activities worldwide over the past few decades. In earlier
years, UAVs were solely used for military purposes, from
world wars to cold wars, and for various surveillance mis-
sions. However, the use of UAVs for non-military activities
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started to emerge in 2006 when the Federal Aviation Admin-
istration (FAA) allowed the use of UAVs for commercial
purposes with proper regulatory measures [1]. Initially, UAVs
were operated with the support of human interaction, and
later with advancements in technology, they were capable of
working autonomously. In the past few years, the utilization
of UAVs has increased in various military and civilian sectors,
which have further encouraged the research community to
conduct experiments and propose solutions. UAVs are largely
used for monitoring missions such as prevention of illegal
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activities, detection of forest fires [2], surveillance and mon-
itoring of borders [3], sensitive or isolated areas [4], and
marines and pipelines [5]. In these missions and activities,
multiple UAVs are used to perform tasks in coordination to
overcome the limitations of a single UAV [6]. Multiple UAVs
working in collaboration offer various advantages [7] which
include scalability, survivability, speed, and robustness. Fur-
ther, working in parallel, UAVs can increase efficiency and
decrease the time required to complete a mission or task [8].

Multiple UAV teams can be homogeneous (with the same
capabilities) or heterogeneous (different capabilities). Homo-
geneous UAVs are robust; however, they are not favorable
in scenarios where different tasks with varied capabilities
are involved, such as flying at different speeds, covering
different surfaces, and scanning areas of different sizes [9].
In [10], an experiment was conducted to compare the per-
formance of homogeneous UAVs with heterogeneous UAVs,
and concluded that in a heterogeneous system, both slow
and fast UAV swarm agents performed better than homoge-
neous UAVs. Heterogeneous UAV's are more robust with high
speeds and a higher collision avoidance range. The hetero-
geneity in UAVs exploits various characteristics of different
types of UAVs with different hardware, storage capacity,
speed, data collection capabilities, onboard payloads, and
information processing capabilities [11], [12].

Multiple heterogeneous UAVs working as teams require
effective cooperation and communication with each other to
complete a critical task successfully. Despite the fact that
most of the research on coordination of multiple UAVs used
homogeneous teams of UAVs, coordination of multiple het-
erogeneous UAVs still offers more benefits owing to the
exploitation of various capabilities of vehicles with different
sensors and mobility features [11]. In real-time coordina-
tion and control of multiple heterogeneous UAVs, various
features such as different types of wireless or wired links,
processors, and operating systems are used to perform cru-
cial tasks [11]. Such heterogeneity in multiple UAVs can
increase complexity and pose significant challenges. There-
fore, communication among multiple heterogeneous UAVs
during mission-critical activities is a significant and challeng-
ing research area that needs to be thoroughly explored.

Various studies have been conducted to discuss the
different aspects of communication and collaboration
among UAVs. During surveillance and monitoring mis-
sions [13], [14], the team of UAVs communicates with each
other to share information and perform the assigned task
efficiently and effectively. The team of UAV's must maintain a
resilient communication network among themselves to avoid
the loss of critical information. Such resilient communica-
tion networks require various communication techniques,
including communication modes, protocols, networks, and
technologies. In existing studies, research is being conducted
by employing various communication techniques for het-
erogeneous UAVs, including decentralized peer-to-peer net-
works [15], delay tolerant network (DTN) architecture [16],
and mobile ad hoc network (MANET) [12]. Apart from
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these technologies, wireless communication techniques such
as Wi-Fi [17], cellular networks [18], and radio [19] are
also exploited. For communication modes, one-to-one [13]
and bidirectional [20] modes of communication are com-
monly used. Network topologies such as line [18], mesh
[21], relay network [22], and IEEE wireless/protocol, that is,
802.11 [12] and MAC [23] protocols, are mostly adopted by
studies. Further, for communication between heterogeneous
UAVs, other communication techniques including line of
sight (LOS) propagation mode [24], asynchronous transmis-
sion mode [25], wireless networks, that is, Bluetooth Low
Energy (BLE) [21], and technologies, that is, ultra-wide band
(UWB) [26], etc., are used.

In 2015, a survey was conducted to highlight the issues
involved in UAV communication [6]. The study discussed
the issues and challenges of UAV networks, including a
comparative analysis of different UAV networks based on
features such as mobility, topology, and energy constraints.
The study also compared the features of single-and multi-
UAV networks. In another study [12], a classification of UAV
communication and networking architectures was discussed
along with various protocols and technologies. A compre-
hensive study by [27] discussed the use of UAVs in wire-
less networks. The survey discussed UAV applications, key
challenges (including techniques and tools), and fundamental
open problems faced by UAV-enabled wireless networks.
In the latest study by Oubbati et al. [28], UAV network archi-
tectures were focused on software-defined network (SDN)
and network function virtualization (NFV). The study was
categorized into eight main sections: classification, architec-
tures, tools, issues, and challenges. In 2020, a study [29] on
UAV assistance discussed UAV assistance applications and
categorized them into nine use cases that involved UAV-UGV
coordination, UAV routing, UAV data gathering, monitoring,
etc. The study also discussed enabling technologies and the
different challenges of the UAV assistance paradigm. All
these studies discussed various aspects of research conducted
on UAVs, including communication architectures, network
issues, UAV-assisted systems, SDN, and NFV-based UAV
networks. However, these studies have largely focused on
general UAVs. They lack discussion on the challenges and
opportunities associated with multiple heterogeneous UAV
teams, their formations, coordination patterns, networks, and
communication requirements. Only a few studies have men-
tioned heterogeneous networks without any detail and rele-
vance to UAVs and their team formation.

Despite the efforts made by primary studies to address
communication and coordination among multiple heteroge-
neous UAVs, research in this area is still emerging and is
at an early stage. The studies conducted in this area lack
explicit details and discussions on communication and coor-
dination among multiple heterogeneous UAVs. Instead of
considering this as the main focus of research, studies embed
communication in the overall research context, which broadly
involves multiple UAV path planning [30], UAV formation
patterns [15], navigation, and control [17]. Path planning
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mostly includes coverage path planning (CPP) by multiple
UAVs, whereas UAV formation patterns include flight forma-
tion [15], coalition formation [31], and relay UAVs [32]. Fur-
ther, communication patterns employed by these studies are
largely ad hoc and discussed at an abstract level, which makes
itdifficult to assess the effectiveness of these solutions. In this
research, efforts are made to conduct an in-depth analysis of
research conducted on heterogeneous UAVs with a particular
focus on communication and coordination patterns employed
in research studies. A mapping study research technique [33]
is employed to systematically evaluate the evidence available
on a research topic and facilitate the identification of patterns
and clusters of themes, critically analyze research techniques,
identify research gaps, and derive future research trends.

The remainder of this paper is structured as follows: In
Section II, the research process defined to conduct this study
is explained. In Section III, the analysis and findings are
presented. In Section IV, threats to validity are addressed.
In Section V, a discussion and conclusion are presented.
Finally, in Section VI, challenges and future directions are
drawn from this research are provided.

Il. RESEARCH METHOD
Evidence-based software engineering (EBSE) [34] is the con-
cept that focuses on collecting evidence to make decisions
in the area(s) of software engineering. EBSE provides tech-
niques to systematically analyze and evaluate the evidence
available on a given topic by conducting a systematic litera-
ture review (SLR), mapping study, and tertiary reviews [35].
Systematic literature reviews (SLR) [36] aimed to summarize
research studies related to a specific research question in
a fair and accurate way. A tertiary review [37] was con-
ducted to analyze SLRs of secondary studies to evaluate how
many SLRs have been published on a topic or phenomena,
their strengths and limitations, and gaps in secondary studies
where further SLRs are required. However, a mapping study
(also known as scoping study) [38] is a secondary study that
investigates evidence in wider research areas and provides
a thorough analysis of micro-level trends within a research
area by forming clusters and identifying gaps where further
research is required [22]. A mapping study is a type of SLR
that focuses on broader topics where little evidence is avail-
able in contrast to SLR, which is conducted on specific and
narrow research topics with well-defined research questions.
In this research, a mapping study approach is employed to
identify, analyze, and evaluate the evidence available on the
topic of communication among heterogeneous UAVs. Since
the topic is quite broad and diverse in nature, and requires
careful evaluation of primary studies, the guidelines provided
by Kitchenham and Charters [33] are used to structure and
plan mapping study protocols. The protocol includes careful
planning of the various components of the mapping study
process. The process consists of five phases: setting research
questions, designing a search strategy, defining selection
criteria for primary studies, extracting data, and providing
synthesis. Each phase of the mapping study process involves a
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FIGURE 1. Mapping study process.

set of activities defined by analysts in various iterations and is
recorded in the form of a protocol. The details of the mapping
study process are presented in FIGURE 1.

The process is initiated by defining research questions that
also set the objectives of this study. In the second phase, three
major activities are performed: defining the search string,
selecting digital databases, and defining the time period.
These activities are critical in nature, and require proper
planning and extensive discussions among analysts. In the
third phase, the criteria for inclusion and exclusion of primary
studies were defined. Phase four involves defining data codes
that facilitate the extraction of the required information from
primary studies; in Phase five, data synthesis is carried out
with respect to the research questions raised in phase one.
In the following sections, these phases are discussed in detail.

A. PHASE 1: RESEARCH QUESTIONS
In phase 1, the research questions were designed to critically
evaluate the evidence available on the topic under discussion.
The research questions used in this study are as follows.

RQ1. What publication trend exists on the topic of com-
munication among aerial robots?

RQ2. What are the publication venues used by primary
studies?

RQ3. Which are the countries contributing the most to this
area of research?

RQ4. How far are primary studies sponsored to conduct
research in this area?

RQ5. What are the various research themes being dis-
cussed by primary studies?

RQ6. What are the domains and disciplines being focused
on in primary studies?

RQ7. The classification of research techniques according
to Radhakrishnan and Saripalli [24] classification.

RQS8. What are the research methods being employed by
primary studies?

RQ9. What are the implementation technologies used by
primary studies?
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RQ10. What are the types of aerial robots used in proposed
solutions?

RQ11. How various roles are defined for coordination and
communication among aerial robots?

RQ12. What different types of communication techniques
are being proposed by primary studies?

RQ13. How diverse communication context is being used
in primary studies?

RQ14. What type of information is shared among aerial
robots during their communication with each other?

RQ15. How far proposed solutions are being evaluated and
discussed in primary studies?

RQ16. What are the challenges and future directions of this
research?

To address these questions, a search process was designed
in the second phase, as discussed below.

B. PHASE 2: SEARCH PROCESS

The search process is an important phase in mapping studies
and is performed in iterations. Each iteration is followed
by a rigorous discussion among analysts to address agree-
ments/disagreements. For this study, to set the search criteria,
the Population, Intervention, Comparison, Outcome (PICO)
model [39], which is defined as

= Population of Interest: Primary studies discussing
communication among heterogeneous aerial robots.

= Intervention: Primary studies explicitly discussed
communication among heterogeneous aerial robots.

» Comparison: There was no alternative to compare the
intervention.

= Outcomes: A set of primary studies relevant to
research on communication among heterogeneous
aerial robots

a) Search string: The search string is defined through an
iterative search of digital databases to identify relevant
studies. In this phase, analysts worked independently
to perform searches using various search strings. The
selected strings were compared, and conflicts were
resolved through discussion. The prototyping of the
search string is a key component in finding relevant
studies and finalizing the search string. The use of
terms such as communication and coordination created
confusion, as primary studies used them sloppily. How-
ever, after careful analysis of primary studies and the
way these terms were used by the research commu-
nity, the final search string was constructed as: “Com-
munication between aerial robots OR Communication
between heterogeneous robots.” The search string was
kept broad enough to access representative studies and
not skip any. The use of the string ‘“‘heterogeneous
aerial robot” was not enough as in many studies the
word ‘“‘heterogeneous” was not included despite the
research on heterogeneous aerial robots. Furthermore,
in some studies, the term “‘aerial robots” was not used,
although the study focused on aerial robots. Therefore,
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TABLE 1. Search strings.

Initial String 1 | “Communication between robots”

“Communication between heterogeneous

Initial String 2 acrial robots”

“Communication between aerial robots OR
Communication between heterogeneous
robots”

Final String

TABLE 2. Inclusion and exclusion criteria.

Inclusion | e Primary studies must be published in Journals or

Criteria Conferences.

e Primary studies must contain search string in
Abstract, Title, and Keywords.

e Primary studies must be written in the English
Language.

e Primary studies containing related words such as
‘UAVs’, ‘Aerial Robots’, ‘Multi-Aerial robots’,
‘Heterogeneous UAVs or Aerial Robots’ and
communication methods or techniques.

Exclusion | e Primary studies that appear in more than one

Criteria database.

e Primary studies with less than 5 pages.

e Studies such as workshop editorials, advanced
abstracts, magazines, etc.

e Studies that are written in languages other than
English.

a broader term ‘“‘robot” was also added in the sec-
ond part of the search string. To address the threat
associated with the coverage of the search space is
an important factor that needs to be addressed while
defining the search string.

b) Time Principle: Due to the advanced nature of the
research area, the time selected for the search was set
from 2005, since during this year UAVs were used
for commercial purposes other than military usage.
In 2005, the FAA issued guidelines for the domestic
and commercial use of UAVs [40]. The complete time
period used in this research was from 2005-to-2019.
The search was conducted in 2020.

c) Selection of Digital Databases: Various electronic
sources are required to search for primary studies
because no single source can provide all relevant stud-
ies [41]. Therefore, to perform an exhaustive search,
three digital databases were selected to collect the
data. These databases include the IEEE Xplore Digi-
tal Library, Science Direct, and ACM Digital Library.
These are well-reputed databases within the computer
science discipline and have broad readership. Further,
studies published in these databases are peer-reviewed,
which facilitates the maintenance of quality in primary
studies.

C. PHASE 3: SELECTION OF PRIMARY STUDIES
To select the primary studies, the final search string was
applied in selected databases using their advanced search
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interfaces. The studies were downloaded separately in their
relevant folders, and inclusion and exclusion criteria were
applied. The inclusion and exclusion criteria defined in this
study are provided in TABLE 2.

e Search: A total of 566 studies were identified by apply-
ing a search string to all selected digital databases.
Studies in which search strings appeared in titles, key-
words, and abstracts were selected for screening.

e Screening: In this step, studies were excluded on the
basis of repetition, short papers, other languages, arti-
cles, keynotes, etc.

o Repetition: Studies that appeared in more than one
database due to indexing were considered once,
and repetition was removed. This reduced the total
number from 566 to 551.

o Short Papers: Studies with a length of four pages
or less were excluded, reducing the dataset to 513.
Thirty-eight studies were excluded at this stage.

o Other languages: Papers published in languages
other than English were also excluded. These stud-
ies were published in Spanish, Latin, Turkish, and
Chinese languages. Seven studies were removed at
this stage.

o Articles, Surveys, Workshops, etc.: Publications
that fall under the category of magazines, presen-
tations, chapters, and reports were excluded. This
reduced the dataset to 496 studies.

e Eligibility: To apply eligibility criteria, the titles,
abstracts, and full texts of 496 primary studies were
analyzed.

o Exclusion on basis of Title & Abstract: Studies
that do not have terms such as ‘UAVs’, ‘Aerial
Robots’, ‘Multi Aerial Robots’, ‘Heterogeneous
UAVs/Aerial Robots’ and studies with no discus-
sion on communication were excluded. A total
of 136 studies were excluded at this stage, which
reduced the dataset to 360 primary studies.

o Full Text Analysis: The full text of the remain-
ing 360 primary studies was analyzed carefully
to identify their relevance. During this phase, two
independent analysts performed these tasks, and
later results were combined, and verification was
carried out by two more analysts. Conflicts were
resolved through discussions among all analysts.
This further reduced the dataset to 43 primary
studies. Studies that did not discuss communica-
tion between multiple aerial robots or communica-
tion between heterogeneous UAVs were excluded.
For example, the design architecture of a single
UAV [42] was not included, as it only discussed
a single UAV. Communication between swarm
UAVs [43] was excluded because the swarms were
mostly homogeneous UAVs. Flight formations of
UAVs were also not included because flight for-
mations only discuss the maintenance and design
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of UAVs. Similarly, studies that focused only on
communication with ground stations [44] without
discussion on communication among UAVs were
excluded, which further reduced the dataset.

e The final set of 43 primary studies was included for
data extraction and analysis.

D. PHASE 4: DATA EXTRACTION

The selected primary studies were examined, and data were
extracted according to the codes defined in TABLE 3. The
extracted data were tabulated in the spreadsheets. A unique
study ID consisting of the author’s name and year of publi-
cation was assigned to each primary study. During extraction
and recording, notes were taken and discussions were carried
out among analysts. Data were extracted in three iterations to
ensure consistency and to include relevant information.

E. PHASE 5: ANALYSIS AND FINDINGS

To analyze the primary studies, ‘“‘thematic analysis” was
carried out to identify patterns in the extracted data. Thematic
analysis is a method for analyzing and identifying patterns in
qualitative data [46] and examines explicit and implicit mean-
ings within the data [47]. In this study, thematic data were
used to address the research questions raised in Section III of
Analysis and Findings.

Ill. ANALYSIS AND FINDINGS

A. RQI. PUBLICATION TREND

To identify trends in publications over the years, the studies
were analyzed according to their year of publication. Studies
on this topic began to emerge in 2008. In FIGURE 3, the fre-
quency of published studies from 2008 to 2019 is shown.
It was interesting to find that in 2006, the FAA issued the first
commercial drone permit, and agencies started using mul-
tiple UAVs for non-military purposes such as surveillance,
wildfire fighting, spraying pesticides, etc. In the following
years, research activities increased, and an increased number
of publications in this area were found.

The graph provides a rise and fall in the number of publica-
tions over the years. There was an initial rise in 2013 because
of the UAV’s popularity in public and the involvement of large
companies such as Amazon, which announced in 2013 that
the company was considering the use of drones as a delivery
method. Further, the FAA issued a large number of drone
permits in 2015 for commercial purposes, such as videog-
raphy, camera shots, and other general uses. However, there
was a major downfall in 2016 when UAVs were banned in
many countries due to a few accidents [48]. Despite this,
the popularity and research on UAVs increased again in 2018.
According to the FAA Aerospace Forecast, in 2018, the U.S.
and global economies saw solid growth in the drone industry,
which will continue to grow in the upcoming decade [49].
A large number of studies on UAVs were found during this
research; however, they fall short due to the irrelevance of the
topic under discussion.
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TABLE 3. Data codes for extraction.

Data Codes Description

Study ID (Author Paper id of primary study will be set by last

Name, Year) author name with year of publication

Paper Type Type of publication i.e., Journal or Conference

Journal Name of the Journal, and conference

/Conference

Country Countries that are focusing more on this
research

Funded Papers Information about funding given to research

Research method

Wieringa et al.,
[46] Classification

Research Area

Domain Area

Implementation
Technology

UAVs

Functionality
(Autonomous/
Semi-
Autonomous)
Capability
(Heterogeneous/
Homogeneous/
Swarm)

Roles of Robots

Quantity of Robots

Information Shared

Algorithm

Communication
technology &
Techniques
Protocol/ topology
and Bandwidth

Performance
Metrics

published

Models, conceptual framework, case study,
prototype, experiment, simulation, scenario,
architecture etc. proposed by authors

Proposed solution, Evaluation, Validation,
Opinion, Philosophical and  Personal
experience papers

Research topic of primary study and much
broader than a research topic

Domain areas are general areas that cover all
aspects of primary study areas & targeted by
research.

Implementation technology includes the tools
and techniques used for implementation

Types of Aerial robots that are used

Functionality of robot that is either fully
autonomous or controlled by controlled unit

Capabilities of robots i.e., heterogeneous,
homogeneous or swarm that exists

Roles or tasks of robots that were assigned to
them

Number of robots that are wused for
implementation

Type of information shared between robots

Different coverage, path planning, patrolling
and coordination algorithms

Communication technology and techniques
used for multiple robot’s communication

All the protocols, bandwidth, topologies

Standards for performance evaluation

B. RQ2. PUBLICATION VENUES

To address RQ2, the published venues of the primary studies
were analyzed and recorded separately for conferences and
journals. Out of forty-three publications, thirty-one were pub-
lished in conferences and 12 were published in the journal.
This was an interesting finding, and one reason for this was
the publication time required by conferences and journals.
The conferences take relatively less time, open opportunities
for networking and discussion, and provide rapid publication.
Further, parallel development and research on the same areas
have also made researchers publish their research results
through conferences and access rapid feedback. Therefore, a
similar pattern was observed in the analysis of the primary
studies. The details of the conferences and journals where
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FIGURE 3. Number of publications per year.

primary studies were published are provided in TABLE 4 and
TABLE 5.

In the case of conferences, the International Conference on
Unmanned Aircraft Systems (ICUAS) was largely considered
by primary studies. ICUAS has been considered a pioneer in
organizing symposiums on UAVs over the past decade [50].
The IEEE International Conference on Robotics and Automa-
tion (ICRA) and IEEE/RS]J International Conference on Intel-
ligent Robots and Systems (IROS) were also used to publish
the research. Both are well-known conferences with a high
worldwide ranking.
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TABLE 4. Conferences where primary studies were published.

TABLE 6. Funding bodies contributed in research.

Conferences Primary . . . Primary
Studies Funding Bodies Countries Studies
International Conference on Unmanned Aircraft HAAAAA A . United
Systems (ICUAS) . Air Force Research Laboratory States [54]
IEEE International Conference on Robotics and HAAA AR Brazilian National Council for the
Automation (ICRA) Improvement of Higher Education Brazil [15]
IEEE/RSJ International Conference on Intelligent ke ok (CAPES) and the Foundation for
Robots and Systems (IROS) Research Support (FAP-DF)
Mediterranean Conference on Control and *k Engineering and Physical Sciences United (32]
Automation Research Council (EPSRC) Kingdom
Proceedings of the IEEE/SICE International *E European
Symposium on System Integration EU-funded project Union [55]
Proceedings of the Chinese Control Conference *k (Spain)
American Control Conference (ACC) ** El}rop can (Ijommlsglon, fM $15tesno .d}el Spai 56
IEEE Military Communications Conference o lencia ¢ innovacion o ¢ pams pain [56]
Government
IEEE Conference on Local Computer Networks o European Regional Development Fund
(ERDF), Carinthian Economic Promotion  Austria [57]
IEEE International Conference on Mechatronics ok Fund (KWF), and the state of Austria
and Automation . European
IEEE ICC - Ad-Hoc and Sensor Networking *k H2020 A.E ROARMS - European  Union Union [21]
p (EU) funding .
Symposium (Spain)
International Conference on Its ok King Abdullah University of Science and  Saudi [17]
Telecommunications Technology (KAUST) Arabia
LOEWE Initiative of the state Hesse Germany [16]
TABLE 5. Journals where primary studies were published. MEXT Scholarship and Grants-in-Aid for Japan [23]
Scientific Research
National Research Foundation of Korea K 58
Journal Primary Studies (NRF) OCd [58]
- - National Science Foundation (NSF) and  United
Journal of Intelligent and Robotic Systems HokAk Office of Naval Research (ONR) States [59]
IEEE Access ook National Science Foundation of China China {gg% [61]
: : k%
IEEE "_Fransactlons on Robotics The Sao Paulo Research Foundation .
Robotics and Autonomous Systems ** (FAPESP) Brazil [19]
IEEE Trfinsagtlons on Automation Science UAE National Research Foundation United Arab
and Engineering (NRF) Emirates [83]
IEEE Transactions on Vehicular Technology **

In the case of journals, a large number of studies have been
published in the Journal of Intelligent and Robotic Systems
and IEEE Access. IEEE Transactions on Robotics was also
considered, which is a highly cited journal in robotics accord-
ing to the annual Journal Citation Report [51]. Almost all
journals were from IEEE, with the exception of the Journal
of Robotics and Autonomous Systems.

C. RQ3. COUNTRIES CONTRIBUTION TOWARDS
RESEARCH

To address RQ3, primary studies were conducted to identify
countries actively engaged in this research area. For this pur-
pose, the affiliations of the authors were carefully analyzed.
Several primary studies were conducted in the United States
(US), Spain, China, the United Kingdom (UK), Singapore,
Germany, Brazil, Portugal, and Turkey (FIGURE 4. Among
these countries, the largest number of studies were from the
US because the US spends billions of dollars on research
and procurement of UAVs [52]. Other than the US, European
countries such as Spain, Germany, the UK, and Portugal
have also acted collectively to develop the next generation of
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armed UAVs and are investors in many drone projects [53].
China is another country with a large number of publications
due to its research on UAVs and has become a producer and
exporter of drones to other countries [52].

D. RQ4. RESEARCH FUNDING

Funding in research plays an important role as it facilitates
and encourages researchers to investigate the problem in
depth. Funding particularly becomes important when the area
under discussion requires sensitive equipment, such as aerial
robots. Therefore, it is important to identify the agencies that
contribute financially to support research on this topic. The
funding agencies that contributed to the research are listed
in TABLE 6. These funding agencies were mostly from the
USA, China, and Spain. Other countries such as the UK,
Germany, Brazil, Austria, Japan, Korea, the UAE, and Saudi
Arabia also contributed to support research in this area.

E. RQ5. CLASSIFICATION OF RESEARCH THEMES

A research theme shows the major ideas, subjects, and topics
in which research is embedded. Research theme identifi-
cation is one of the most fundamental tasks in qualitative
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FIGURE 4. Countries where primary studies are conducted.

research. In this study, themes were extracted from the pri-
mary studies using thematic analyses. The themes were clas-
sified and grouped according to the most relevant concepts.
This process was conducted independently by analysts, and
the final iteration was carried out through mutual discussion.
Fourteen themes were identified in which research on het-
erogeneous aerial robots was conducted and considered. The
themes are presented in FIGURE 5.

An alluvial diagram was constructed to visualize the differ-
ent themes and their underlying terminologies. In FIGURE 5,
research themes with respect to their emergence over the
years are provided. The analysis shows that the most common
theme used by the research community was “Communi-
cation” which includes ‘“Communication between UAVs,”
“Multi-robot Communication” and “Inter UAV Communi-
cation” Inter UAV Communication, respectively. In addition
to communication, large UAV formations were mostly used
as research themes, including “UAV relay chains,” “Flight
Formations,” ‘““Coalition Formation,” “MILP Formation,”
etc. Many researchers have also worked on the “Networks”
theme which consisted of “UAV networks,” ‘“‘consensus-
based networks,” “Ad hoc networks,” etc. The “Commu-
nication and Networks” theme combined together was also
found in studies. As communication plays an important role
in patrolling and UAV warms, researchers have also used this
theme in their research work. Few studies have used search,
localization, control, task allocation, and collision avoidance
themes, whereas communication, formations, and networks
were mostly used themes for communication between het-
erogeneous UAVs.

F. RQ6. CLASSIFICATION OF APPLICATION AREAS

To address RQ6, application areas focused on primary
studies were analyzed using the streamgraph provided in
FIGURE 7. The application areas include area surveillance,
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search and rescue, exploration, and disaster management
missions. Among these areas, area surveillance missions for
monitoring and patrolling were largely focused on by primary
studies by equipping UAVs with different sensors and cam-
eras to cover large areas [13]. Other important application
areas include search and rescue (SAR) missions [69] and
disaster management. Both of these areas are interrelated,
as search and rescue missions are usually performed in disas-
ter management. In both missions, UAVs play an important
role by providing a rapid overview of the situation. An appli-
cation area, that is, the Search and Prosecution mission [82],
was considered as a form of exploration mission. Further,
other application areas, such as persistent monitoring [63]
and coverage missions [30], were associated themes of area
surveillance missions and classified in the same category.
In recent years, however, the research focus has been on
application areas such as denied environments [19], uncertain
environments [15], and 3D environments [74], which are
complex areas for multiple UAV communication.

G. RQ7. RESEARCH CLASSIFICATION ACCORDING TO
WIERINGA et al. [45]

To address RQ7, primary studies were classified according
to Wieringa et al. [45] research classification. Wieringa et al.
classified research into six categories: validation, evaluation,
opinion, solution of proposal, philosophical, and personal
experience papers. The details of the classification under
each category are provided in TABLE 8. After applying the
classification of 43 primary studies, three main categories of
research techniques were identified as validation, evaluation,
and opinion studies, as shown in FIGURE 6. The majority
of the primary studies came under the category of valida-
tion research. The proposed solutions were validated through
experiments and simulations prototyping, etc. Among these
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FIGURE 6. Wieringa et al., [45] research classification.

validation techniques, simulations and experiments have been
largely used in primary studies.

The other classification under which primary studies came
was the evaluation technique, where studies used field exper-
iments. The third category was opinion papers. Such studies
do not propose new techniques, designs, or frameworks, but
rather describe the author’s opinion about what should be
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done, what’s good or bad about some problems, and what
are the values and preferences of that problem. Studies in
this category include reviews and surveys. In [83], the author
discussed the functions, services, and requirements for the
networking of UAVs and different networking architectures.
In [27], the opportunities and challenges of mobile network-
ing for UAVs were discussed.

H. RQ8. RESEARCH METHODS EMPLOYED BY PRIMARY
STUDIES

To address this research question, the research methods
employed in the primary studies were identified and ana-
lyzed carefully. Research methods were classified accord-
ing to standard classification, consisting of categories that
include case studies, frameworks, experiments, prototypes,
and simulations. The research method found in a large
number of primary studies was simulation, as it is widely
used in the field of robotics, especially in multiple robot
communication. The simulation technique was discussed
in 35 studies; however, there were studies that did not pro-
vide details regarding simulation, implementation tools, and
results. In 13 studies, an experimental method was used that
consisted of real-time demonstrations, test cases, and hard-
ware testing. For example, a flight experiment to search an
area of 40 square kilometers was conducted for cooperative
search by UAVs [78]. Apart from these, framework [31]
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FIGURE 7. Application areas discussed by primary studies.

was proposed in 10 studies, whereas prototype [16] and
case studies were also employed, but only in one study. The
simulation method was mostly used in validation studies
classified according to Wieringa et al. [45] classification in
RQ7. The simulation method was also found in an opinion
study by Jawhar et al. [12]; however, the details were not
provided, whereas the author also employed a case study
research method. The experimental method was used in a
few validation studies, whereas a real field experiment was
conducted and considered as an evaluation study [75]. The
framework [31] and prototype [16] were also employed in
some validation studies. In Table 9, the research method and
research classification matrix are provided.

I. RQ9. CONTEXT DIVERSITY

For research question 9, the research contexts were carefully
investigated for all included primary studies. The context was
classified and provided in TABLE 10 along with their focus
in different years.

All primary studies were carefully analyzed to understand
the context diversity over the years. It was found that all
primary studies on communication among heterogeneous
UAVs were mostly used in the path planning context because
communication plays an important role in multiple UAV
path planning. The studies discussed path planning strategies
among multiple UAVs along with communication [54]. Net-
works have also been discussed in the context of a few studies.
For multiple-UAV communication, effective networks among
different UAVs through a wireless medium are required [84].
UAVs must be flown in formations to monitor or cover
large areas. Different UAV formations, such as relay, flight,
and coalition, also require UAVs to communicate with each
other [85]. Different other contexts, such as coordination,
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trajectory planning, navigation, patrolling, task allocation,
target tracking, etc., were also found in primary studies.
However, some primary studies have only focused on the
communication of multiple UAVs. A large number of studies
in different contexts were conducted in 2018. Other contexts,
such as localization, collision avoidance, task allocation, and
target tracking, had limited coverage in primary studies. The
research trend shows more focus on UAV formation, network-
ing, and path planning.

J. RQ10. TYPES OF UAVs USED IN PROPOSED SOLUTIONS
For RQI10, different types of UAVs that were used in the
primary studies were analyzed and are provided in Figure 9.
The figure shows that most studies did not mention UAV
types, particularly in studies where UAVs were also used with
ground robots.
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TABLE 7. Research themes classification over primary studies.

Groups Terminology Primary
Th Studies
Control Multiple UAV control [17]
Coordination ~ UAVs Coordination [55]
Patrolling Patrolling strategy [62],
[63],
[64]
Path Area partitioning strategy, path planning [65],
Planning among heterogeneous UAVs, Coverage [54],
Path planning (CPP) [30]
Networks & UAV networks, wireless sensor and actor [66],
Communicat  network, Communication and Networking ~ [12],
ion of UAV-Based Systems, UAV [22],
Communication Networks, Connectivity [57]
of an autonomous UAV network
Communicat ~ Communication and coordination among [54],
ion heterogeneous UAVs, Data exchange [64],
between UAVs, UAV & UGV & human [16],
communication, Location information [68],
sharing in UAVs, Cooperative multirotor [20],
UAVs, Multi-robot communication, [69],
Information exchange between Aerial [56],
robots, Inter UAV communication [70]
Networks UAYV network simulation, UAV Ad-Hoc [18],
Networks, SUN - Stealth UAV Networks, [58],
Mobile Networking with UAVs, [19],
Communication protocol, Airborne [25],
Wireless Backbone, Consensus based [23],
Network [71],
[72]
Formations Coalition formation, Multiple Relay [31],
UAVs, Formation flight planning of [731,
UAVs, Formation flight and obstacle [15],
avoidance, Relay UAVs, Mobile relay [74],
UAVs, Multi-UAV Autonomous [22],
Flocking, MILP formulation, UAV Relay [32],
chain [75],
[76],
[77]
Task Task assignment by UAVs [31]
allocation
Search Multi-UAV  Exploration, Cooperative  [59],
search [78]
UAV Swarm  Aerial Swarm Robotics, Multi-robot [26],
caravanning, UAV Swarms [79],
[72]
Target Cooperative Target Tracking, Targets [80],
Tracking using UAVs [24]
Trajectory Trajectory planning [81]
planning
Localization  Localization of swarm robots [21]
Collision UAVs Collision Avoidance [60]
Avoidance

A quadrotor is a type of UAV that has been found in most
studies. The reasons for using quadrotors were their unique
abilities of small size, easy control, and high maneuverability.
They are widely used for missions such as search and res-
cue, emergency response, surveillance, and patrolling [86].
In addition to quadrotors, other UAV types used in studies
include fixed-wing, multi-rotor, and gliders.

1) FUNCTIONALITY AND CAPABILITIES OF UAVs

The different functionality and capabilities of UAVs are also
analyzed in primary studies to determine RQ10. Two types
of functionalities found in studies include autonomous and
semi-autonomous control, as shown in Figure 8. There were
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TABLE 8. Kitchenham and Charters [41] research classification.

Classification Description

Validation Validation research technique validates the solution
proposal that has been proposed by someone else but
not yet implemented. It includes simulation,
experiments, prototyping etc.

Evaluation research technique consists of case study,
field experiment, study, survey etc. It evaluates the
problem by putting it in practice or implementation.
Opinion papers contain the authors opinion good or
bad about something.

Proposes a novel or improved solution technique e.g.,

Evaluation

Opinion

Proposal of

Solution Proof of concept

Philosophical Philosophical technique represents a new way of
looking at things e.g., New conceptual framework.

Personal This technique emphasizes on author’s personal

Experience experience i.e., lessons learnt. Used by practitioners

and researchers about their tools experience.

TABLE 9. Research methods and classification over no. of studies.

Research Research Classification
Method " — —
Evaluation Validation Opinion

Experiment * otk ok ok o sk ok ___

Prototype - * .
Framework - ok ok ok R ook ___
Simulation — sk o sk ok ok sk ok ok ko ok *

e sk sk sfe sk sk sk sfeske sk sk sksk
ke sfe sk sk sfeskeske sk
Case Study --- - *

AV (Quadrotor) _

UAV (Fixed wing)
LAV (Multi Rotor)

UAV (Gliders)
FIGURE 9. Classification of UAVs type.

studies that did not provide any details about the autonomous
status of UAVs and fell under the undefined category.

In Figure 10, the UAV’s capabilities in terms of homoge-
nous, heterogeneous, and swarm specifications are pro-
vided. Most studies did not provide explicit details of UAV
capabilities. However, apart from heterogeneous UAVs, there
have been studies that used both swarm and homogeneous
UAVs along with heterogeneous UAVs.

K. RQ11. ROLES AMONG UAVs FOR COORDINATION AND
COMMUNICATION

The roles of UAVs were identified from primary studies and
are shown in Figure 11. The various roles defined in primary
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TABLE 10. Classification of context considered by primary studies over years.

Heterogeneous + Swarm

W Swarm

W Homogenaous +
Heterogeneous

B Homogeneous +
Heterogeneous + Swarm

FIGURE 10. Capability of UAVs.

studies include relay, fleet, leader follower, team formation,
actor and sink, defender attacker, and source destination.
Many studies have used relay UAVs as they are used to pro-
vide reliable communication between source and destination
UAVs, especially in large areas with potential obstacles. Mul-
tiple UAVs communicate with each other using a relay chain
consisting of one or more relay UAVSs that pass information to
the destination [24]. In addition to relay, a fleet of UAVs was
also found, which consists of a large number of coordinated
UAVs. In [20], a fleet of multi-rotor UAVs was used to follow
a set of desired trajectories while coordinating with each other
in a timely and reliable manner.

Leader follower and team formation of UAVs were also
used in a few primary studies. Leader UAVs usually have
different capabilities than team members. Leader-Follower
is useful for controlling a swarm of UAVs, such as in [26],
where a virtual leader is selected and controlled by separate
dynamics, whereas the remaining swarm agents act as fol-
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FIGURE 11. Role of UAVs.

lowers. Team formation control [31] is a generic structure of
UAVs working as a team that can be leader-follower, virtual
structure, coalition formation, etc. In some studies, UAVs
played the role of actor sinks, defender attackers, and source
destinations. In a UAV network, different numbers of UAVs
are considered as sensor nodes along with larger actor UAVs
and a single sink UAV as the backbone of the network with
more capabilities than actor UAVs.

L. RQ12. COMMUNICATION TECHNIQUES

For RQ12, different techniques used for communication
among UAVs were analyzed and classified into different
categories, as shown in Figure 12. The terms used for com-
munication were extracted in a spreadsheet, and their con-
texts were analyzed according to their research settings.
The terms were grouped, and the relevant classifiers were
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FIGURE 12. Communication techniques and strategies used in studies.

assigned. A total of 15 classifiers (called categories in
TABLE 11) were defined, which included communication
modes, wireless technology, peer-to-peer network, network
architecture, positioning system, network topology, wire-
less communication, protocol, IEEE wireless/ protocol, tech-
nology, wireless network, network type, connection type,
propagation mode, and transmission mode. A cluster dia-
gram in Figure 12 was formed around the categories to
provide details of the techniques used under each specific
category.

The analysis shows that primary studies used both commu-
nication methods in multiple UAV systems, which included
one-to-one communication and bidirectional communication.
The one-to-one communication mode shows that each UAV
in a system is directly connected to another UAV, whereas the
bidirectional mode shows two-way communication. WIFI,
cellular, and radio technologies have been used in wireless
communication and wireless technologies. However, Wi-Fi
was the most dominant technology used in the primary stud-
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ies. In the case of network formation, peer-to-peer networks,
network architecture, network topology, and network type
were used in different combinations.

In the case of peer-to-peer networks, decentralized net-
works are considered more advantageous than centralized
networks because they allow secure and reliable UAV com-
munication without any failure [12]. Under network type,
mobile ad hoc networks (MANETs) and flying ad hoc
networks (FANETSs) were mostly used in primary studies.
Mobile ad-hoc networks (MANETS) and their variants for
UAVs, and flying ad hoc networks (FANETS) are pop-
ular among the communication of UAVs. MANETSs are
infrastructure-free and self-organizing networks for mobile
devices, whereas FANET provides communication among
UAVs in 2D or 3D networks. In the latest article [87],
the author presented a survey on FANET and discussed its
architecture, communication, models, and other related tech-
nologies. This survey proved FANET as a future-enabling
technology.
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TABLE 11. Categorized communication techniques.

Categories Communication No. of
Techniques Studies
Communication One to one, Bidirectional 8
Modes
Wireless Wi-Fi 4
Communication
Wireless Technology  Cellular, Radio 4
Peer to Peer Network  Decentralized, Distributed 4
Network Architecture  Delay Tolerant Network 3
(DTN)
Positioning System GPS 3
(Value Added
Services)
Network Topology Line, Mesh, Relay Network, 18
Grid cell, Ring, Cyclic, True
Mesh, FCN, Multi-Hop,
Single-Hop, Tree
Network Type MANET, FANET, LAN, 10
TVCN, VANET, WSN,
Wireless Mobile
Connection Type Link 2
Propagation Mode LOS 2
Protocol MAUC, Distributed 6
Probabilistic Protocol
(DPP), Mavlink, Minimum
Spanning Tree, Digi Mesh
Routing
IEEE Wireless 802.11.0, 802.11b, 802.11¢g 4
Protocol
Transmission Mode Asynchronous 1
Wireless Network BLE, D2D communication, 3
LTE
Other Technology URLLC, UWB 2

The delay tolerant network (DTN), categorized as network
architecture, has been used in various studies for search and
rescue (SAR) missions. The high mobility of UAV nodes in
a network causes problems in rapid message delivery; there-
fore, DTN communication, also known as local ferry-based
network (LFN), is used. DTN uses special-purpose control-
lable vehicles (message ferries) to transfer messages among
neighboring nodes [88]. Link, mesh, and relay network
topologies have been used in most studies. The mesh network
allows multiple connectivities from one UAV to the other
UAVs in the network and builds a network that is resilient
to failure. Therefore, they are considered more effective for
multiple-UAV communication [6].

In the case of protocol usage, MAC and IEEE defined
protocols were used in primary studies. The IEEE
802.11.0 protocol is the most popular and provides a reliable
communication range of hundreds of meters in line-of-sight
communication. The analysis of communication techniques
shows that they were largely used in the last few years, that
is, 2017 to the present. Other communication techniques
employed by primary studies include a link that is cate-
gorized as connection type, line of sight (LOS) as propa-
gation mode, asynchronous communication as transmission
mode, BLE, LTE as wireless network, UWB, and URLLC as
technology.
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M. RQI13. IMPLEMENTATION TECHNOLOGIES

For RQ13, all the tools and technologies used in primary
studies were carefully analyzed and categorized as tech-
niques, hardware, languages, simulation, software tools, and
libraries/packages. An alluvial diagram is designed to deter-
mine how different implementation technologies are catego-
rized over years, as shown in FIGURE 13.

Various types of software were used in primary studies to
implement the proposed solutions. The most commonly used
software is the MATLAB programming tool, Robot Operat-
ing System (ROS), and Simulink. MATLAB and Simulink
were mostly used in primary studies for the implementa-
tion of communication among UAVs. In a study [60], MAT-
LAB/Simulink was used to simulate multiple UAVs for a
collision avoidance strategy in a communication network.
ROS have also been used in primary studies to create sim-
ulations and to show interaction and control among robots.
In a study [61], ROS was adopted to provide data commu-
nication middleware between the environment and the UAV
simulation system.

Apart from these, other software/simulators used in pri-
mary studies include Gazebo and Software in Loop. Gazebo
has been widely used by researchers in studies as it is one
of the most popular and open-source multi-robot simulators.
A Gazebo simulator was used along with the ROS to simulate
multiple UAVs [16]. The software in loop (SITL) simulator is
the simplest simulator used to test new software before using
iton areal vehicle in a quick and safe manner. In [18], an SITL
simulator, Ardupilot, was used to simulate a large number of
UAVs.

Other than software/simulators, various techniques have
been employed, including simultaneous localization and
mapping (SLAM) and LIDAR sensors as hardware. LIDAR-
based SLAM technology is used to construct maps and the
positioning of UAVs in an unknown environment. LIDAR-
based SLAM technology was employed in a study to provide
navigation and obstacle detection capabilities to UAVs [75].
In terms of languages, C++ and Python were adopted for
implementation [18]. Libraries such as ArUco and Open CV
have also been used in some studies for implementation.
The ArUco marker detection library was used in a previ-
ous study [79] for visual markers in robot localization and
detection. An open CV library was utilized beside the ROS
tool to stream real-time video files from the UAV to the
computer [69].

N. RQ14. INFORMATION SHARED AMIONG AERIAL
ROBOTS

For RQ14, information shared among multiple unmanned
aerial vehicles (UAVs) was analyzed. The information
was extracted and classified into 15 categories, as shown
in Table 12. TABLE 12 shows different information tags
categorized under 15 categories in primary studies over the
years.
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FIGURE 13. Year wise categorized implementation technologies.

The analysis shows that the information mostly commu-
nicated among UAVs was either position or location because
each UAV required position and location information of other
UAVs to ensure coordination among themselves. The position
represents the UAV’s state and grid position, whereas loca-
tion information is usually about map [59], area of interest
[26], and global environmental information [79]. Orientation
information [21] has also been found in various studies over
different years. Orientation information consists of detailed
information about the angular position, attitude, or direction
of UAVs, which is also required for communication. Other
information shared among UAVs was categorized under tar-
get, speed, network, coverage, distance, image, resources,
sensor, and quantity. Target information included information
about the target, that is, the source of food/nest was a tar-
get for UAVs. The network category considered information

VOLUME 9, 2021

swarm-robot communication analysis(SRCAyE
SCiF

OR-Tooks

OF TI TOOLBOX

CpensSueatdap

MySQL

MADP Toolbox

L

Google web Lokt {GWT )

Common Open Research Tmulator (CORE)Y
CAM (Computer Aded Manufactuningy
Autopilot

Simnulinic

ROS

MATLAB

Xosc ghoers:

visual-inestal odometry (VIO)
Raspberry Pi

PiD controliers:

ODROID XU4

iRobot Create

LIDARs

Extended Katman Filter (EKF)
Fd'occupancy grid maps

SLAM

X-Fane 804
wm_simuigtor
OPNET modeler
Netiogo

HIL simulator
Discrate tme simulaton
Baseing simulation
Software in the loop
Monte Carlo
Gazebo

Java

Python

C++

QuaMNet4 5

Openltil ROS Package
OpenCV

about shared tokens that include source address, destination
address, token ID, etc., used in a study [68] in 2015. In another
study [23], data packets were shared between the UAVs.
In 2009, for a cooperative multiple UAV system, sensor and
telemetry data were shared with neighboring UAVs [89].

In [66], the study focused on actor networks in which
information about the number of UAVSs acting as an actor was
shared between different nodes in a WSN. Table 12 shows
that categories such as utility, reconnaissance, and tasks were
used in limited studies. In [54], Reconnaissance information,
including probabilities of intel and enemy locations, was
shared between UAVs for mission planning in an uncer-
tain environment. In a team formation [31], UAVs collect
information about the utility of their neighbors to calculate
their own utility for task assignment. In [63], an area was
partitioned into segments and assigned to different UAVs
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TABLE 12. Information categories with tags over years.

Categories Information Tags Years Studies
. Geolocated information, Location of UAVs, Map information, Other UAVs location, Global 2012, 2013, 2015, 2018,
Location . . ; . . 10
environmental information, Current location, Search region 2019
Position Position information, Thermal position, Position of UAVs, Position logs, Position of targets, 2008, 2010, 2012, 2014, 10
GPS coordinates, odometry 2017,2018, 2019
Orientation A_ctua_l state (attitude/ energy, velocity, pitch angle, yaw angle, attitude information, 2012, 2014, 2017, 2018, 5
direction) 2019
Target Information about source of food/nest, vital information like identities of targets 2010, 2015, 2016, 2018 4
Speed Speed 2009, 2015, 2019 3
Resources Resources 2018,2019 2
Coverage Area coverage information 2013,2014 2
Distance Distance to other robots 2015, 2017 2
Image Image logs, images 2014, 2017 2
Network Token (Source address, Destination address, Token ID), Data packets 2015 2
Sensor Telemetry and sensor data 2009, 2013 2
Quantity Number of UAVs, Number of actor UAVs 2018, 2011 2
Reconnaissance  The probabilities of intel and enemy locations 2018 1
Utility Utilities of neighbor UAVs 2017 1
Task Segments assigned 2014 1
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FIGURE 14. Year wise performance metrics in studies.

to cover it. To avoid collisions and to provide efficient
patrolling, the information of the segments assigned to UAVs
was exchanged with neighboring UAVs.

O. RQ 15. EVALUATION OF PROPOSED SOLUTIONS

To address RQ15, the solutions proposed in the primary
studies were analyzed. To evaluate the proposed solutions,
‘performance’ was a key measure and was evaluated through
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various matrices. Performance metrics that were used for
evaluation were provided as circular dendrograms along with
no. of primary studies over the years, as shown in FIG-
URE 14. It was shown that “Time”” was the most commonly
used evaluation measure among the primary studies. Other
associated terms found in the studies for time were ““‘conver-
gence time” and “‘elapsed time”. In [22], convergence time
was used as a performance metric to measure the performance
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of the two algorithms proposed to deal with the topological
changes of UAV networks. However, elapsed time simply
measures the time of an event from its beginning to its
end. In a study [64], the maximum-minimum and average
elapsed times were used to compare the performance of
the area division strategy and path division strategy algo-
rithms. “Distance” was another measure used consecutively
in recent years to calculate the distance between UAVs, orbits,
obstacles, etc. Apart from these, other measures used were
error, throughput, latency, payload, speed, data rate, and
bandwidth.

P. RQ 16. CHALLENGES AND FUTURE DIRECTIONS
In this research question, various open challenges and associ-
ated future research directions are discussed in detail. Chal-
lenges associated with multiple heterogeneities The UAV
teams are provided in FIGURE 15. To measure the effec-
tiveness and efficiency of the proposed communication and
coordination solutions among multiple heterogeneous UAV
teams, real outdoor setups [17] and experiments [24] are
critical. In a simulated environment, various real-time con-
siderations and hardware features are ignored. This makes
it difficult to assess the real applicability of these solu-
tions. Similarly, conducting experiments in real environments
is challenging. Real experiments are constrained by fac-
tors including availability of sophisticated hardware, skilled
resources, maintenance facilities, policies or restrictions
applied by governing bodies on the use of UAVs, and most
importantly, availability of funds. Another challenge for het-
erogeneous UAV communication and coordination is the
inclusion of scenarios from dynamic environments that can be
created through dynamic obstacles [20] or by involving other
dynamic conditions [19]. Future work focusing on dynamic
environments may contribute to improved communication
and coordination patterns and strategies.

Communication and coordination of heterogeneous UAVs
are also affected by issues such as limited communication
range [54], unreliability of wireless networks [70], routing
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issues [7], and ambiguous communication requirements [26].
In the future, better approaches may be proposed to address
these problems or minimize their effects. Generating 3D
patterns is also a challenge for heterogeneous UAV team
communication. 3D patterns including 3D positioning [66],
3D antenna patterns [78], and 3D sensing [75] require real
case studies and in-depth analysis, which can be carried out
in future studies.

The scalability of communication networks established by
heterogeneous UAV teams is critical. Scaling up the number
of UAVs [59] or increasing UAV teams [79] on-demand
to explore larger-scale dynamic environments is becoming
a need with an increase in UAV teams in mission-critical
activities. This requires dedicated research studies that can
consider various cases of real-time-critical situations such as
emergencies, disasters, and surveillance. Apart from scalabil-
ity, autonomous decision-making [67] in multiple-UAV com-
munication is a significant and ongoing research area. The
challenge is to enable UAV teams to fulfill the required tasks
autonomously [69] with human intervention. The research
is still at an early age and requires a thorough assessment
of the proposed solutions. Different area coverage prob-
lems, including coordination variables, one-to-one coordina-
tion [13], and area partitioning strategies [65], can be the
subject of future developments in the research of heteroge-
neous UAV team communication. Flying ad hoc networks
(FANETS) [25] and delay tolerant networks (DTNs) [16] are
emerging as prominent communication technologies and can
be employed in heterogeneous UAV team communication.
In the future, DTN-aware control mechanisms can be devel-
oped, and various FANET issues may be solved effectively.
Other challenges associated with research on heterogeneous
UAV team communication include collision avoidance [80],
target and task allocation issues [26], trajectory planning [81],
search [78], and data gathering [12]. To reduce connectivity
issues and for stable communication among UAV teams, arti-
ficial intelligence technologies [90] and other optimization
techniques [31], [76] need to be explored. Research directions
can also be extended to unmanned aerial and aquatic vehicle
(UAAV) networks [91]. Both aerial and aquatic vehicles have
similar characteristics; the main difference is the communi-
cation channel; the water makes underwater networks change
the technologies. However, important features such as routing
techniques, vehicle mobility, and applications of UAAV may
share many similarities [91]. In this regard, NASA is already
working on transforming Mars rover navigational technology
for deep ocean exploration [92].

Finally, future research on heterogeneous UAV team
communication and coordination can focus on develop-
ing and conducting more realistic experiments in dynamic
environments using autonomous and intelligent UAVs in
larger teams that can perform various tasks efficiently
and effectively. Further, large dynamic environments and
the inclusion of various emerging networks and commu-
nication technologies can be exploited to develop robust
solutions.
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IV. THREATS TO VALIDITY

A. SEARCH STRINGS

The main threats to validity are internal threats, as they do
not involve human participation. The guidelines of Kitchen-
ham and Charters [33] were used to reduce bias. The first
challenge faced in the construction of the search string was
not to miss any relevant studies. There is a slight possibil-
ity of including irrelevant studies because the search string
was broad. However, such studies were excluded from the
study selection process and by applying inclusion/exclusion
criteria. Two analysts evaluated the selected studies in a peer-
review manner.

B. INCLUSION AND EXCLUSION CRITERIA

The bias in the selection process of studies can be an exter-
nal threat to validity. Inclusion and exclusion criteria were
defined in the selection of studies according to the Kitchen-
ham guidelines [33]. 43 studies were included in the 566 stud-
ies. Two analysts independently analyzed the studies, and
conflicts were resolved through discussion.

C. SEARCH COVERAGE

Studies were considered within the time range of 2005 to
2019. The time period can be an internal threat to validity,
as this study was conducted in 2020 and might miss the
latest studies of the year 2020. However, an informal search
showed that this threat is ignorable, as we did not miss any
major studies in this area. Furthermore, the global pandemic
of coronavirus that occurred in 2020 also influenced publica-
tions in this area.

D. SELECTION OF PUBLICATION SOURCES

Another threat to validity is the selection of the published
sources. Three databases (Science Direct, IEEE Xplore,
and ACM Digital Library) were considered because of
their reputation, readership, and relevance for robotics
research. No study was included through a manual search
because it might have replicated the available studies.

E. ANALYSIS OF STUDIES

The data extraction process has construct validity. To extract
information, two analysts analyzed the data so that any
missing information could be addressed by another analyst.
Further, this process involved multiple iterations; therefore,
construct validity may not be considered a threat in this study.

V. DISCUSSION AND CONCLUSION

In this research, a thorough analysis was carried out on the
research on communication among heterogeneous UAVs. For
this purpose, different research themes, research methods,
communication techniques, and implementation technologies
were critically analyzed. The analysis of research themes
and contexts showed that research on communication among
multiple UAVs is focused on various communication tech-
niques, UAV formations, different multi-UAV networks, and
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path planning strategies. In the early years, studies focused on
multiple UAV communication and UAV networks; however,
in later years, research was mainly focused on UAV forma-
tions and path planning strategies. These varied patterns show
that the communication and coordination of heterogeneous
UAVs were considered an implicit part of later research with-
out explicit discussion on the topic.

Research themes in each primary study were further
analyzed in relation to the research methods employed
to understand the research strategy. As analyzed in RQS,
the most commonly used research method in primary studies
was simulation. The investigation into this showed that for
UAV formation, simulation and framework methods were
employed, whereas simulation, experiment, case study, and
prototype methods were adopted for themes that included
communication and networks. Apart from these, the simu-
lation method was widely used for the rest of the research
themes.

The communication techniques employed under various
themes mostly included a description of network type (i.e.,
MANET, VANET, FANET, FCN, DTN, WSN, TVCN, etc.),
network topology (i.e., consisting of a grid cell, line, mesh,
ring, multi-hop, single hop, relay network, etc.), wireless
communication, wireless networks, and wireless technology.
Wireless techniques, such as Wi-Fi, LTE, radio, and cellu-
lar, have been widely used to develop communication net-
works. The swarm UAV theme used other techniques such
as URLLC and UWB in 2018, which are currently used for
5G and are considered as future wireless technology. In the
literature, other latest communication techniques such as soft-
ware defined networks (SDN) [93] and information centric
networks (ICN) [94] were also used for UAVs; however,
they were not found in primary studies because of exclusion
criteria that selected studies that discussed communication
among multiple heterogeneous UAVs.

The implementation technologies used under various
themes showed that for communication, path planning, tar-
get tracking, and patrolling themes, the most used software
tools were MATLAB, Simulink, and ROS. Under the UAV
swarm theme, most hardware equipment details were pro-
vided instead of software tools. In networks and commu-
nication themes, simulation tools such as OPNET modular,
Monte Carlo simulation, Software-in-loop, Baseline simula-
tion, and X-plane 8.64, were used. Development languages
such as Java, Python, and C++ were found mostly under
the Communication and Networks theme. In short, differ-
ent implementation technologies have been exploited by
researchers; however, software and simulation tools have
been widely used for the implementation of communication
among heterogeneous UAVs. Therefore, the findings show
that researchers used a variety of techniques, technologies,
and methods for different themes, along with the diversity of
themes and contexts.

In conclusion, the purpose of this research was to employ
an evidence-based approach in the form of a mapping study
on communication between heterogeneous UAVs. The map-
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ping study was conducted according to the guidelines of
Kitchenham and Charters [33] to devise a research process.
Primary evidence was collected about communication tech-
niques, implementation technologies, funding bodies, robots’
roles and capabilities, research methods, research themes,
domain applications, etc. from three digital libraries, that is,
IEEE Xplore, ACM, and Science Direct, for the purpose of
conducting mapping studies.

A systematic study selection process consisting of vari-
ous phases and inclusion/exclusion criteria was developed to
include and exclude primary studies. 43 studies were found
to be most relevant to the research problem and were used for
full analysis. Data were extracted by analyzing each study
according to data extraction codes. Through the mapping
study process, different sub-questions were also answered
against each field and entry of data extraction form, that
is, what is the trend of different types of UAVs used for
communication models or what type of communication tech-
niques are being proposed by authors. Data analysis was
carried out on the extracted information to identify gaps
and trends.

It was identified that communication between hetero-
geneous UAVs started to appear in studies after 2008.
The highest number of studies on this topic was found
in 2015 and 2018. Of the 43 studies, 31 were published in
conferences, and 12 were published in journals. The con-
tributions of these studies were mostly made by the USA,
Spain, and China. Among these countries, the largest clus-
ter of studies was from the United States. The majority
of studies practiced the simulation research method and
came under the validation research classification proposed by
Wieringa et al. [45].

Research themes on communication among UAVs were
identified and classified under main categories, such as path
planning, trajectory planning, formations, control, and net-
working. Further, the context of each study was analyzed to
identify trends over the years. Most primary studies discussed
communication among heterogeneous UAVs under themes
such as multi-UAV path planning, UAV formations, and net-
working techniques.

In terms of the types of UAVs used in primary stud-
ies, quadrotors are dominated by autonomous functionality.
In addition, heterogeneous UAVs have been used in many
studies. The application domains and disciplines widely tar-
geted by primary studies include search and rescue (SAR),
area surveillance, disaster management, and exploration mis-
sions. In all these application areas, the researchers used
multiple heterogeneous UAVs with different roles, such as
team formation, relay UAVs, leader-follower, and fleet of
UAVs.

Various communication techniques employed by
researchers were analyzed and classified into 15 categories:
communication modes, wireless technology, peer-to-peer
network, network architecture, positioning system, network
topology, wireless communication, protocol, IEEE wireless /
protocol, technology, wireless network, network type, con-
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nection type, propagation mode, and transmission mode.
These communication techniques were further analyzed
according to year of publication. Use of wireless communica-
tion technologies, such as. Wi-Fi has been found in the early
years, as well as in recent years. IEEE wireless protocols have
been used in different studies over different years. Communi-
cation technologies including radio wireless technology and
different wireless networks, that is, D2D, LTE, Peer to Peer
networks that is, Distributed and Decentralized, Network
topologies that is, Relay Network, Line, Grid cell, Tree,
Protocols that is, MAC, DPP, and other technologies, that is,
UWB and URLLC, have been found in recent years, mostly
in 2018 and 2019.

Studies have used a variety of implementation technolo-
gies that were also classified under six categories: soft-
ware, libraries/packages, techniques, hardware, languages,
and simulators. Information shared among multiple UAVs
was also classified, and it was identified that information on
position and location was largely shared among UAVs for
coordination. A total of 42 parameters were identified and
used in various studies. Evaluation parameters such as time
and distance metrics have been used in a large number of
studies.

Because the level of detail differs in each study, the analysis
of techniques is a challenging task. Further, discussions on
communication and coordination were limited to the descrip-
tion of various communication and network technologies.
This made it difficult to compare the proposed solutions in the
context of coordination and communication. The trend shows
that research on multiple heterogeneous UAVs is evolving
with a large focus on unknown environments to exploit the
varied capabilities of UAVs. The coordination and communi-
cation patterns are focused on team formation and delegating
various roles to different UAVs within the same team. Com-
munication and coordination among UAVs were proposed
and implemented through existing network types, topologies,
protocol transmission modes, etc. However, the discussion on
each level of coordination and communication was lacking in
primary studies. This made it difficult to compare the solu-
tions within the coordination and communication of the UAV
team. Even evaluation parameters lack a relationship and
discussion on the coordination and communication aspects of
UAVs. The classifications made in this study were based on
the context provided in the primary studies. The findings of
this study can be used to construct a framework in which coor-
dination and communication among heterogeneous UAVs
can be analyzed through the themes, UAV types, research
methods and techniques, communication technologies, and
evaluation parameters. Further, the study findings highlight
the importance of a detailed analysis of the proposed solu-
tions to identify the effectiveness of coordination and commu-
nication techniques within heterogeneous UAVs. The current
trend shows an increase in the use of heterogeneous UAVs
for mission-critical applications, in which coordination and
communication are an integral part of such teams to achieve
mission success.
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