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PREFACE

The technology and applications of Unmanned Aerial Vehicles (UAV) is
growing globally at a fast pace. This book covers the theory, hardware, and
software components of UAVs. It also explores the utilization of UAVs in
different application areas, such as construction, oil and gas, mining, agricul-
ture, forestry, search and rescue, surveillance, transportation, disaster, logis-
tics, health, journalism, retail delivery, and many more.

The book is comprised of eight chapters which provide an overview of
basic concepts, components of UAVs, various sensors used, architecture of
autonomous UAVs, communication tools and devices to acquire real-time
data from UAVs, the software needed to analyze the UAV data, required
rules and regulations to fly UAVs, and various application areas. The final
chapter highlights several areas which need further research in UAV hard-
ware and software components as they become even more sophisticated.
Review questions are included at the end of chapters to enhance compre-
hension of the subject matter. Generally, this book would be helpful to
readers who want to understand the intricacy of UAVs and to appreciate
their utility for the benefit of mankind and society.

Companion Files

Color plates and figures from this book may be obtained by writing to the
publisher at info@merclearning.com.
P. K. Garg
June 2021






CHAPTER

OVERVIEW OF UNMANNED
AERIAL VEHICLES

1.1

INTRODUCTION

The drone is more formally known as an Unmanned Aerial Vehicle (UAV) or
an Unmanned Aircraft System (UAS) or a Remotely Piloted Aircraft (RPA)
that can fly autonomously or guided remotely without a human in control
(Glover, 2014). A drone is like a male honey bee. Several names are avail-
able in the literature, like UAV, Unmanned Air Vehicle, Unmanned Aircraft
Vehicle, Unmanned Aerospace Vehicle, Uninhabited Aircraft Vehicle,
Unmanned Airborne Vehicle, Unmanned Autonomous Vehicle, Upper
Atmosphere Vehicle, Aerial Robots, etc. In this book, both terms, drone and
UAV have been used interchangeably.

The UAV is defined as an aircraft that operates without an onboard pilot.
Essentially, a UAV is a flying robot that can be remotely controlled or fly
autonomously through software-controlled flight plans in their embedded
systems (Austin, 2010). It can work in conjunction with several onboard
sensors, including Inertia Measurement Unit (IMU) and Global Positioning
System (GPS). The UAV is a lightweight flying device similar to an aircraft;
however, different from an aircraft since it is not operated by a pilot onboard
(Guptaet al., 2018). Based on how its movement is controlled, it can fly with
a human remotely controlling the UAV, or in the most advanced cases, fly
itself without any human intervention.

The terms UAV and UAS are closely related; however, the distinction
should be made. The UAS is a much broader term describing the entire
system that enables UAV operations. The UAS terminology is frequently
used by the Federal Aviation Administration (FAA) of the United States,
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the European Aviation Safety Agency, and the UAV Systems Association
(Dawson, 2018). A UAS consists of a UAV platform, in addition to the
ground control station (GCS), communication, data link, piloting, sensing,
flight planning, and other critical components needed for the operation of a
UAV. A simple generic UAS system is shown in Figure 1.1.

The UAV is a component of the UAS since it refers to only the vehicle/
aircraft itself. The UAV-related topics cannot be covered completely with-
out reference to the relevant UAS components. A UAS unit may consist of
more than one UAV; for example, a US Air-force Predator unit contains
four UAVs. Most UASs have been developed from the military world, but
in the last decades, UASs have penetrated a variety of civilian applications
(Boucher, 2015). This is mainly due to the lowering of price and the devel-
opment of sensors, imaging technologies, and UAV components. The UAS
is an emerging sector of the aerospace industry with great opportunity and
market demands (=70% of global growth and market share is in the US) that
can be leveraged to high profitability in the near future (PwC, 2018).

The International Civil Aviation Organization (ICAO) employs the RPA
system as these systems, based on cutting-edge developments in aerospace
technologies, offer advancements for civil-commercial applications and
improvements to the safety & efficiency of the entire civil aviation (ICAO,
2015). Many pilots prefer RPA because flying certain types of UAVs requires
more skill. The RPA is essentially interchangeable with UAV. Taking control
of an RPA requires more than simple handheld controls (Dawson, 2018).

Air vehicle

Ground control station

Data link
antenna

FIGURE 1.1 A typical UAS system.
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The UAVs carry cameras, sensors, communications equipment, or other
payloads. Remotely operated UAVs are actively controlled by a pilot on the
ground, while autonomous UAVs perform functions without active human
involvement. Varying degrees of automation are available in most modern
UAVs (Singhal et al., 2018). For example, a UAV may be remotely operated
by a pilot but may use automation to maintain its position without commands
from the pilot. The relative autonomy of a specific platform will also depend
on the software used. The UAVs are opening up many new opportunities,
from pilots for UAVs to electronics, sensors, and cameras. UAVS’ increase in
awareness and mission capabilities are driving innovations and new applica-
tions worldwide (White Paper, 2018).

HISTORICAL DEVELOPMENTS

Hot air balloons and explosives were first used for military reconnaissance in
the French Revolutionary Wars to attack the enemies. The history of drones
traces back to 1849 in Italy when Venice was fighting for its independence
from Austria. Austrian soldiers attacked Venice with hot air, hydrogen- or
helium-filled balloons equipped with bombs (Newcome, 2004). The kite was
also used to collect information. In 1883, Douglas Archibald, an Englishman,
attached an anemometer to a kite line and measured wind velocity at altitudes
up to 1,200 ft. Mr. Archibald attached cameras to kites in 1887, providing
one of the world’s first reconnaissance UAVs. William Eddy took hundreds of
photographs from kites during the Spanish-American War, which may have
been one of the first uses of UAVs in combat (Dronethusiast, 2020).

During World War I, interest in UAVs was created in 1916 when
Hewitt-Sperry Automatic Airplane was developed, and the Dayton-Wright
Airplane Company invented an unmanned aerial torpedo in 1917 that car-
ried explosives to a target at a preset time (Keane and Carr, 2013). This
led to full-sized airplanes with primitive controls capable of stabilizing and
navigating without a pilot onboard. The conversion of manned airplanes to
target drones continued during the 1920s and 1930s (NIAS, 2018). During
World War II, a large number of radio-controlled, radar-controlled, and
television-controlled glide bombs were invented and used. During World
War 11, the first large-scale production of drones was made by Reginald
Denny Industries (IWM, 2018). They manufactured nearly 15,000 drones
for the US Army to be used for training anti-aircraft gunners. The Cold War
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also contributed to the evolution of drones. The most famous was the US
Navy TDR-1, the US Army AZON, and the German Fritz X.

In 1917, Charles Kettering (of General Motors) developed a biplane
UAYV for the Army Signal Corps. It took him about three years to develop,
which was called the Kettering Aerial Torpedo, but is better known as the
“Kettering Bug” or just the “Bug.” The Bug could fly nearly 40 miles at
55 mph and carry 180 Ib of high explosives (Blom, 2011). The air vehicle was
guided to the target by preset controls and had detachable wings released
when it was over the target, allowing the fuselage to plunge to the ground
like a bomb (Keane and Carr, 2013). In 1917, Lawrence Sperry developed
a UAV, similar to Kettering, for the Navy, called the Sperry-Curtis Aerial
Torpedo. It made several successful flights out of Sperry’s Long Island air-
field but was not used in the war.

The first used drone appeared in 1935 as a full-size retooling of the de
Havilland DHS2B “Queen Bee” biplane, which was fitted with a radio and
servo-operated controls in the back sea (NIAS, 2018). The term drone dates
to this initial use, a plane on the “Queen Bee” nomenclature. The plane,
launched in 1941 (shown in Figure 1.2), could be conventionally piloted
from the front seat, but generally, it flew unmanned, and was shot at by
artillery gunners in training. The first target drone converted for a battlefield
unmanned aerial photo reconnaissance mission was a version of the MQM-
57 in 1955 (Dronethusiast, 2020).

ol

y
- Fé AN .y'“‘i: R &
as R RN

FIGURE 1.2 lLaunch of a DH.82 Queen Bee (mother of drones) target drone (1941)
(Dronethusiast, 2020).
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Several pioneers developed important parts of the UAV system. For
example, Archibald Montgomery Low (Professor Low of England), known
as the “Father of Radio Guidance Systems,” developed the first data link and
solved interference problems caused by the UAV engine. On 3 September,
1924, he made the world’s first successful radio-controlled flight. In 1933,
the British flew three refurbished Fairey Queen biplanes by remote con-
trol from a ship (IWM, 2018). Two of them crashed, but the third one flew
successfully, making Great Britain the first country to fully appreciate the
value of UAVs, especially after they decided to use one as a target but could
not shoot it down. In 1937, another Englishman, Reginald Leigh Denny,
and two Americans, Walter Righter and Kenneth Case, developed a series
of UAVs called RP-1, RP-2, RP-3, and RP-4. They formed a company
in 1939 called the Radioplane Company, which later became part of the
Northrop-Ventura Division. Radioplane Company built thousands of target
drones during World War II. (One of their early assemblers was Norma Jean
Daugherty, later known as Marilyn Monroe). Of course, the Germans used
lethal UAVs (V-1s and V-223s) during the later years of the war, but it was
not until the Vietnam War era that UAVs were successfully used for recon-
naissance (Sholes, 2007).

The development of UAVs took place in the 1980s (Keane and Carr,
2013). The usefulness of UAS for reconnaissance was demonstrated in
Vietnam. At the same time, early steps were being taken to use them in
active combat at sea and on land. Military drones used solidified in 1982
when the Israeli Air Force used UAVs to wipe out the Syrian fleet with mini-
mal loss of Israeli forces. The Israeli UAVs acted as decoys, jammed commu-
nication, and offered real-time video reconnaissance. The Predator RQ-1L
UAS from General Atomics was the first UAS deployed in the Balkans war
in 1995 (Blom, 2011). This trend continued in modern conflicts.

UAV systems have been used largely in military applications through-
out history, as is true of many areas of technology, with civilian applications
tending to follow once the development and testing had been accomplished
in the military arena (NIAS, 2018). The UAV technology continued to be
of interest to the military, but it was often costly and not completely reli-
able to put into operational use. After concerns about the shooting down of
spy planes arose, military revisited the UAVs. Military use of drones soon
expanded to play roles in dropping leaflets and acting as spying decoys. Since
then, drones have continued to be used in the military, playing critical roles
in intelligence, surveillance and force protection, artillery spotting, target
following, battle damage assessment and reconnaissance, and weaponry
(IWM, 2018). Recognizing the potential of non-military, non-consumer
drone applications, the FAA issued the first commercial drone permits in
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2006 (FAA, 2010). It opened up new possibilities for companies or profes-
sionals who wanted to use drones in business ventures.

The widespread use of the UAV began in 2006 when the US Customs
and Border Protection Agency introduced UAVs to monitor the USA and
Mexico borders. In late 2012, Chris Anderson, editor-in-chief of Wired
magazine, started his own drones company, called 3D Robotics, Inc. (3DR),
which started off specializing in hobbyist personal drones, and now market-
ing its UAVs to aerial photography, film companies, construction, utilities
and telecom businesses, and public safety companies, among others (Keane
and Carr, 2013). In late 2013, Amazon announced a plan to use commercial
drones for goods delivery activities (Kimchi, 2015). In July 2016, Reno-based
startup Flirtey successfully delivered a package to a resident in Nevada via a
commercial drone. Other companies have since followed it. For example, in
September 2016, Virginia Polytechnic Institute and State University began
a test with Project Wing, a unit of Google-owned Alphabet Inc., to make
goods deliveries. In December 2016, Amazon delivered its first Prime Air
package in Cambridge, England. In March of 2017, it demonstrated a Prime
Air drone delivery in California (Intelligence, 2018).

Table 1.1 presents a summary of the historical developments of UAVs

since 1782.
TABLE 1.1 A Summary of the Evolution of UAVs.
Year Developmental Activity
1782 The first unmanned vehicle flight took place by the Montgolfier
brothers.

1849 On 22 August 1849, the Austrians used UAV for the first time and
attacked Venice using unmanned Balloons loaded with explosives.

1800s The first drone with a “camera” was deployed at the end of the
19" century.

1894 Unmanned Balloons used by Austrians.

1898 Nikola Tesla invented a small unmanned boat that changes direction
on verbal command by using radio frequencies to switch motors on
and off and presented it in an exhibition at Madison Square Garden.

1915 During the Battle of Neuve Chapelle, aerial imagery was used by the
British Military to capture about 15,000 sky view maps of the German
trench fortifications in the region.

1916 During World War I, the first UAV took flight in the United States;
though the success of UAV in test flight was erratic the military
stamped their potential in the combat.
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Year

Developmental Activity

1917

French artillery officer, Rene’ Lorin proposed flying bombs using
gyroscopic and barometric stabilization and control.

1918

Charles Kettering (USA) flies Liberty Eagle “Kettering Bug.”

1920

Elmer Sperry perfects the gyroscope, and the first enabling
technology makes flight control feasible.

1920

Manned quadcopters were first experimented, but their effectiveness
was hampered by the technology available at the time.

1920

Etienne Oemichen gave a design that had four rotors and eight
propellers; all driven by one motor and recorded over 1000 successful
flights. The first recorded distance was 360m in 1924 for a helicopter.

1935

The first used drone appeared as a full-size retooling of the de
Havilland DH82B “Queen Bee” biplane.

1940

Reginald Denny sold about 15,000 radio-controlled target drones to
the US Military to train the anti-aircraft gunners for World War II.

1941

The first large-scale production of drones by US initiated by Reginald
Denny.

1943

Advanced technologies provided control, guidance, and targeting.
Gyroscope governed by magnetic compass controlled azimuth—
aneroid barometer used for altitude control. Speed was determined
by engine performance at max. power and propeller driven “air-log”
governed the range.

1943

The German Military inaugurated the FX-1400, or “The FritzX,” a
bomb with four small wings and a radio controller weighing 1362 kg.
The first remotely controlled munitions were put into operational use
and a great breakthrough for guided aerial weapons.

1956

Model A quadcopter, designed by George de Bothezat and Ivan
Jerome, was the first successful quadcopter that used varying thrust of
all four propellers in order to control pitch, roll, and yaw. However, it
was difficult for the pilot to fly because of the workload of controlling
all four propellers’ thrust simultaneously.

1958

Curtis Wright company designed Curtis Wright VZ-7 as a US Army
project that used variable thrust in the four propellers to control flight
to simplify the pilot’s workload.

1960s

UAVs took a new role during the Vietnam War, that is, stealth surveillance
from the early use of target drones and remotely piloted combat vehicles.

(continued)
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Year

Developmental Activity

1970s

During this time, Israel developed two un-piloted surveillance
machines, MASTIFF UAV and the IAA Scout. Also, the success of
the Fire Bee continued through the end of the Vietnam War. In the
1970s, the US set its sights on other kinds of UAVs while other
countries began to develop their own advanced UAV systems.

1982

Military drone use solidified. Israel outwits Soviet anti-aircraft
technology at the outbreak of hostilities with Syria, by revealing its
location using a swarm of unmanned aircraft.

1985

Pioneer UAV program was introduced in the 1980s when a need
for an on-call, inexpensive, unmanned, over the horizon targeting,
reconnaissance and battle damage assessment (BDA) capability for
local commanders was identified by the US military operations in
Grenada, Lebanon, and Libya. The Navy started the expeditious
acquisition of UAV systems for fleet operations using non-
developmental technology in July 1985.

1986

Reconnaissance Drone was a joint US and Israeli Project which
produced the “RQ2 Pioneer,” a medium-sized reconnaissance drone.

1990

Miniature and Micro UAVs became part of research and soon came
into action.

2000

Predator Drone was first deployed in Afghanistan.

2005

The first commercial multicopter was developed by Microdrones in
Germany.

2006

The use of drones become widespread.

2010

The Parrot AR Drone, a smartphone-controlled quadcopter for consumers,
was introduced at the Consumer Electronics Show in Las Vegas.

2012

Congress required the FAA to integrate small drones into the national
airspace by 2015.

2013

The use of commercial drones for delivery activities is planned.

2014

The drone was used for delivery by Amazon for the first time in
2014. Also, the FAA grants an exemption to film and TV production
companies for drone use.

2016

Amazon delivered its first Prime Air package in Cambridge, England.

Present

In the past 10 years, many small advanced quadcopters have entered
the market, including the DJI Phantom and Parrot AR drone. This
new breed of quadcopters is cheap, lightweight, and uses advanced
electronics for flight control.
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USES OF UAVs

UAVs were most often associated with the military applications in the recent
past, where they were used initially for anti-aircraft target practice, intel-
ligence gathering, and as weapons platforms. Still, these days, UAVs are also
being employed for the large number of recreational and civilian applica-
tions (Sholes, 2007). Table 1.2 lists a few example areas where UAVs are
being used for various military and civilian applications (Stoica, 2018). These
tasks are performed by a number of different types of UAVs/Drones, from
do-it-yourself drones to drones used for the purposes of domestic surveil-
lance to combat drones used in military strikes. There are different models
of UAVs; however, some of them are hand-launched and operated remotely
or fly autonomously.

TABLE 1.2 A Few Military and Civilian Applications of UAVs/Drones.

Military Uses

Civilian Uses

Reconnaissance

Aerial photography

Surveillance and Wide Area Aerial
Surveillance (WAAS)

Agriculture and forestry

Target Acquisition

Coastguard and conservation

Artillery fire correction

Cities

Battlefield damage assessment (BDA)

Transportation and traffic agencies

Land mine detection

Fire services and forestry

Elimination of unexploded Improvised
Explosive Device and land mines

Rivers authorities and fisheries

Battlefield situation awareness and
understanding

Gas and oil supply companies

Hlumination of targets by laser
designations

Information services

Psychological impact on militants

Local authorities/Police authorities

Combat roles

Meteorological services

Swarms and electronic intelligence

Survey organizations/Ordinance survey
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Based on the types of the wing, UAVs are broadly classified as fixed-wing
or rotary wing types (Cai et al., 2011). The fixed-wing UAVs move horizon-
tally and need a larger open space for take-off and landing. On the other
hand, the rotary-wing UAVs move vertically, requiring only a small open
space for landing. Table 1.3 presents the basic difference between these two
types of UAVs.

TABLE 1.3 Basic Characteristics of Fixed-wing and Rotary-wing UAVs.

Fixed-Wing Rotary Wing

Mechanism The lift generated using wings | The lift generated using
with forwarding airspeed blades revolving around a
rotor shaft

Advantages Simpler structure, usually Can hover, able to move in
higher payload, higher speed | any direction, vertical take-off
and landing
Limitations Need to maintain forward Usually lower payload, lower
motion, need a runway for speed, shorter range

take-off and landing

The UAVs are the most predominant segment of the UAS market. The
UAS market includes all unmanned vehicles, such as UAVs, Blimps, and
Zeppelins (Freudenrichn, 2010). A Blimp (or a “pressure airship”) is a pow-
ered, steerable, large-sized balloon with fins and an engine, lighter than air
(Figure 1.3a). It has a long endurance but flying at low speeds. It does not
have a rigid internal structure; if a Blimp deflates, it loses its shape. Blimps
are best known today for their role as advertising and promotional vehi-
cles. Their primary military use is for anti-submarine and reconnaissance
roles. They are low-tech and relatively low-cost airships. The Zeppelins are
rigid or semi-rigid airships (Figure 1.3b), originally manufactured by the
Luftschiffsbau-Zeppelin. They have a rigid metal skeleton consisting of a
cigar-shaped, trussed, and covered frame supported by internal gas cells.
They are more suitable for long trips in a wider variety of weather condi-
tions, making them expensive (Marsh, 2013). After World War I, Zeppelins
were extensively used as bombers and scouts. They are equipped with pow-
erful engines and are capable of lifting heavier loads. The application seg-
ments where UAV, Blimps, and Zeppelins may be used are presented in
Table 1.4.
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TABLE 1.4 Major Segments of UAV, Blimps, and Zeppelins.

Segments | Sub-Segments Intended Uses
UAV Blimps Zeppelins
Civil Natural disasters Low Medium Medium
Humanitarian relief | Low Least Least
Environment Medium Medium Medium
Precision agriculture | Medium Low Low
Cargo transport Low Medium Medium
Commercial | Weather & storm Low Medium to | Medium
tracking high
Advertisement Low Medium to | Medium
high
Military/ Defense Medium to | Medium Low
Security high
Wireless Medium to | Medium Medium
communications high

- Gondola
(Passenger urﬁ)‘__ 3 A

@)
FIGURE 1.3 (a) The Blimp, and (b) The Graf Zeppelin (Source: Encyclopedia Britannica, 1999).

The UAVs have applications in a large number of fields (Figure 1.4),
such as aerospace, military, aerial surveying, law enforcement, search
and rescue, mining, conservation, pollution monitoring, surveying, oil,
gas & mineral exploration & production, disaster relief, archeology,
cargo transport, agriculture, precision farming, construction, passen-
ger transport, monitoring criminal & terrorist activities, motion picture



12 * UNMANNED AERIAL VEHICLES

film-making, hobby & recreational, journalism, and light show (Ayranci,
2017; Berie, and Buruda, 2018). The uses of UAVs are growing rapidly
across many civilian applications, including real-time monitoring, pro-
viding wireless coverage, remote sensing, search and rescue, delivery of
goods, security and surveillance, precision agriculture, and civil infra-
structure inspection (Taladay, 2018). Coupled with the applications from
other synergetic technologies, such as 3D modeling, Internet of things,
artificial intelligence, and augmented reality (AR), as well as Virtual
Reality, it has opened up new possibilities for organizations to leverage
the use of UAV and its associated technologies across their operations
(Dupont et al., 2016).

©C & TF & A & ©

Agriculture Delivery Energy & Environmental Geographic Governmental Humanitarian
Power monitoring survey Aid
}\\ P
h B8
Industrial Infrastructure  Logistics Mining Oil & Gas  Real Estate Sport & Racing
operation

FIGURE 1.4 Various uses of UAVs.

Figure 1.5 shows the uses of UAVs to various maturity levels by differ-
ent sectors of industry (White Paper, 2018). In the lower half of Figure 1.5,
humanitarian relief, research & science, safety & security, insurance, and

Maturity level Low Medium High

Construction
Cinema & TV industry
Energy
Agriculture
Infrastructure

Real Estate
Entertainment
Environmental
Insurance
Safety & Security
Research & Science
Logistics

Humanitarian Relief

FIGURE 1.5 Uses of UAVs in industries to various maturity levels (White Paper, 2018).
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environmental have lower maturity levels due to lack of funds. In contrast,
logistics has lower maturity due to regulatory problems (Jha, 2016). The top
half of Figure 1.5 shows the potential of full uses of UAVs in these indus-
tries. Applications in agricultural mapping usually happen in rural areas;
therefore, regulatory hurdles for UAV operations are lower than in urban,
densely populated areas.

In many business activities, drones can substitute traditional methods of
operation. With less human operation and safety infrastructure, drones can
reduce the time and costs of work. They can also enhance data analytics, which
allows companies to better comprehend and predict operating performance.
The drone market is growing steadily in the consumer, commercial, and military
sectors. In a 2016 report, Goldman Sachs (2016) estimated that drone technolo-
gies would reach a total market size of US $100 billion between 2016 and 2020,
though 70% of this figure would be linked to military, 17% to consumer, and
13% to commercial activities. The commercial business represents the fastest
growth opportunity, projected to reach US $13 billion between 2016 and 2020.

Can UAV fl
Can UAV fly long |:l> autonomousy

safely and
enough? efflcugntly'7
ol Lo %
How can UAV

smartly collect

Do | have the right and process data?

>
m g to fly the UAV? WO’
Toward automated data
collection to improved
productivity management
How can productivity What productivity tools
tools autonomously should be enhanced
trigger data collection? by live data?

How can raw data What type of data

be linked to existing should be collected?
produc’uwty tools’7

Main stakeholders involve
Expert
“H" (hardware and/
or software)
LT Governments
ﬁ Civil engineers
¢f Data scientists

ﬁ Software
engineers

FIGURE 1.6 Cycle of a UAV (Dupontetal., 2016).
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The abilities of UAV to reduce the cost of compliance and cost of the
technology while also enhancing the value of the information gathered
through these systems have been the key drivers for the increased adop-
tion of UAV worldwide. Throughout the world, there has been an increasing
awareness about UAV in the industry and the government. The stakeholders
using the UAV represent the government, UAV developers, and the UAV
operators. As we see in Figure 1.6 attempts to describe the interaction of
the stakeholders required to realize an automated data collection to improve
productivity management through the deployment of UAVs.

Gartner (2018) presented the Hype Cycle for emerging technologies in
2017 (Figure 1.7) which provides a graphical representation of the matu-
rity and adoption of technologies and applications and how they would be
potentially relevant to solving real business problems and exploiting new
opportunities. Gartner Hype Cycle methodology provides a view of how a
technology or application will evolve over time, providing a sound source
of insight to manage its deployment within the context of specific business
goals. It is a unique graph because it garners insights from more than 2,000
technologies into a small set of 12 emerging technologies and trends. The
commercial use of UAVs/drones is approaching the “plateau of productivity”
in the Gartner Hype Cycle. This Hype Cycle specifically focuses on the set
of technologies that are showing promise in delivering a high degree of com-
petitive advantage over the next 5-10 years.

Gartner Hype Cycle for Emerging Technologies (2017)

D | . Plateau will be reached in
eep learnin . .
P 9 Machine learning @ Less than 2 years
Autonomous X 2to5years
vehicles A 51010 years
loT platform ¢ A\ Blockchain @ More than 10 years
<
Commercial Predictive
UAVs (Drones) analytics

o—0—°

Digital twin

5G

Virtual reality Egtgm?nz
Augmented
4D pyinting reality
Innovation Peak of Inflated  Trough of Shape of Plateau of
Trigger Expectations Disillusionment  Enlightenment Productivity

FIGURE 1.7 Hype Cycle for emerging technologies (Culus, 2018).
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The UAVs allow users to increase the frequency of data collection and
generate accurate and reproducible datasets. The recurring cost for these
data sets is going to be very low as compared to other solutions. Thus, a
well-designed setup would be required to use UAVs effectively and effi-
ciently (Glover, 2014). All the components of this setup will have a signif-
icant role in the derived results. For example, a specific combination of
sensors, software, and platform may guarantee accurate data in a particular
application. The model in Figure 1.8 explains what it means to choose the
right approach to include UAVs in several operations (White paper, 2018).
It starts with the client helping users work through requirements and stan-
dards to narrow their way down to the required software and hardware.
The UAVs application research carried out in many sectors have shown that
the emerging interest in UAV-based technologies is related to the reduced
size of the vehicles, affordability in terms of cost, low energy consumption,
flexibility, minimizing risks, and the resulting high spatial resolution data
(Puliti et al., 2015).

e Communication
| » Data protection
» Stakeholder information

¢ Drone as a service provider
i * In-house solution
* Regulation and training

» Standards
* Region of interest
* Industry specific knowledge

Industry

Software * Flight planning

* Flight execution
» Data processing & analysis

* Range, endurance, payload
| * Costs, depreciation
» Sensor technology

Hardware

FIGURE 1.8 The onion model of UAV components (White Paper, 2018).

Smart UAVs are the next big revolution in UAV technology, promis-
ing to provide new opportunities in different applications, especially in civil
infrastructure, to reduce risks and lower cost (Intelligence, 2018). They can
be used to inspect nearly any structure, both indoors and outdoors. Still, they
are most useful in inspecting structures that are difficult to reach by tradi-
tional means, including tall structures, such as buildings, towers. It can also
include confined spaces in which space is limited for traditional inspections
or structures that are over water, such as bridges or the undersides of oil rig
platforms (Jha, 2016).
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Globally, some countries have created a conducive environment for
organizations to benefit from the applications of UAV and its associated
technologies. Hence, these technologies are driving innovation in the UAV
market. The UAV market is opening up many new opportunities, from UAV
pilots to electronics and cameras. For example, vertical take-off and landing
(VTOL) UAVs will be effective and useful in humanitarian aid missions. The
relative market of UAVs in different segments in various parts of the world
is presented in Table 1.5 (Luncitel, 2011).

TABLE 1.5 Relative Market of UAVs in Different Regions.

Segments | Sub-Segments | USA Europe | Mid- Asia- Others
East Pacific

Natural disasters/ | Medium | Low Low Low Low
Humanitarian
relief
Environment/ Medium | Low Low Low Low
Weather &
storm tracking
Precision Low Low Least Least Least
agriculture/

Cargo transport

Commercial | Advertisement Least Least Least Least Least
Military/ Defense High Medium | Medium | Medium | Medium
Security to High | to High | to High
Wireless High Medium | Medium | Medium | Medium
communications to High | to High | to High

As estimated by the US government, 110,000 drones are flying in
US airspace, projected to more than quadruple by 2022. According to
recent research PwC (2018b), the global UAV market is projected to grow
to US $19.85 billion by the end of 2021, at a Compound Annual Growth
Rate (CAGR) of nearly 13% over during 1997-2023. Thus, in the future,
the drones will be used in a large range of applications, including construc-
tion, surveillance, search and rescue operations, logistics, traffic monitor-
ing, exploring hazardous sites, military surveillance, weather and climatic
mapping, photography and journalism, delivery services, and sustainable
agriculture.
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SOME TECHNICAL TERMS

Here some of the basic technical terms used for the operation of UAV have
been explained.

Autopilot: A drone/UAV can conduct a flight without real-time human
control, for example, following preset GPS coordinates.

Autonomous flight: The flight of a UAV is controlled by internal pro-
gramming that guides it was to fly without sending radio signals by humans.
For example, a UAV may use its onboard GPS system to fly from one prede-
termined point to another.

Airborne collision avoidance system: An aircraft system based on
secondary surveillance radar transponder signals, which operates inde-
pendently of ground-based equipment to provide advice to the pilot on
potential conflicting aircraft that are equipped with Secondary Surveillance
Radar transponders.

Waypoints: A waypoint is a set of coordinates that identifies specific
points in physical space. Waypoints are used to create a flight path for UAVs.
The UAVs with waypoint technology typically utilize GPS and the global
navigation satellite system (GLONASS) to create waypoints.

Waypoints navigation: Waypoints allow a UAV/drone to fly on its
own to its flying destination or points pre-planned and configured into the
remote control navigational software. Waypoints are useful in designing var-
ious autonomous missions for UAVs. Mapping would be impossible without
the possibility to define these physical locations.

Point of interest: The “point of interest,” also known as “region of
interest,” designates a spot that a UAV must necessarily collect the data of
that point.

Line of sight (LOS): Many small UAVs are LOS machines, meaning
the operator controlling the device must be in direct sight of the aircraft so
that radio signals can be transmitted back and forth. Many larger UAVs are
not LOS aircraft because the radio signals that control them are bounced off
of satellites or manned aircraft.

Visual line of sight (VLOS): The operation of an unmanned aircraft
within the pilot’s LOS at all times, without the aid of any device (binoculars)
other than corrective lenses (glasses) defines the VLOS (Figure 1.9).

Beyond VLOS (BVLOS): The ability to operate an unmanned aircraft
beyond the pilot’s LOS is called BVLOS. Flying UAV beyond the VLOS
requires a special permit from the regulating authority, for example, FAA in
the USA (Figure 1.9).
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BVLOS flights
EVLOS flights
B

VLOS flights

UAV pilot  Additional observer
Range of remote control

FIGURE 1.9 Distinction between UAV flight ranges-VLOS, EVLOS, and BVLOS.

Extended VLOS (EVLOS): It is a flight from 500 m range to a distance
at which the UAV is still within the pilot’s sight. It allows remote pilots to
extend the proximity of UAV beyond their direct vision (Figure 1.9).

Geofencing: The use of GPS technology to create a virtual geographic
boundary of an area, enabling software to trigger a response when a UAV/
drone enters or flies within that particular area, is called geofencing.

First person view (FPV): In FPV, a UAV with a camera transmits video
feed wirelessly to goggles, a headset, mobile, or any other display device.
The user has a FPV of the UAV/drone flies environment and captures video
or still images.

Air traffic control (ATC): A service operated by appropriate authority
(such as the FAA in the US) to promote the safe, orderly, and expeditious
flow of air traffic.

Ground control station (GCS): It contains software running on a
computer that receives telemetry information from a UAV, and displays its
progress and status, often including video and other sensor data. It can also
be used to transmit in-flight commands to the UAV.

Inertial measurement unit (IMU): The IMU is an electronic device
typically used to maneuver aircraft and UAVs (an attitude and heading
reference system). It measures the aircraft’s specific force, angular rate,
and orientation using a combination of accelerometers, gyroscopes, and
magnetometers.

Position hold: It is automatic position control of UAV in space using
barometric or ground sensors. It is mainly used for inspections and flights to
the area where it is not safe to land the UAV, for example, city, forest, etc.
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Automatic take-off: It is done with pre-defined height. The runway
alignment during automatic take-off is defined by a straight line joining
two waypoints surveyed using the navigation system. Take-off sites must be
defined as waypoints either inside or outside the mission area. For large
sites, it may be important to have the take-off sites located in the middle.

Automatic landing: It is done with pre-defined speed. The automatic
landing is initiated from a circuit after passing a waypoint defining where the
vehicle exits the circuit and commences the landing approach. Landing sites
must be defined as waypoints either inside or outside the mission area. For
large sites, it may be important to have landing sites located in the middle.

Return to home: When a UAV/drone automatically returns to the point
of take-off or when the operator triggers the function on the remote control
to return home. The UAV also returns home if the battery power is low or
the signal from the transmitter is lost.

Coming home: It is mainly used if the UAV is flown to longer distances
and/or the flight area is not easy to access, for example, mines, open water.

No fly zone: Government regulations restrict areas where flying a UAV.
Regions where a UAV could interfere with an airplane or record sensitive
information make up most of these areas.

Fail safe: System that helps protect a UAV in case of some error. For
example, if a UAV loses control of signals, a fail safe will have the UAV return
to the point of take-off (return home).

CHARACTERISTICS OF UAVs

The UAVs are aeronautical platforms that operate without the use of onboard
human operators (Garg, 2019). There are broadly two types of UAVs; fixed-
wings and rotary-wings (Molina, 2014). The development of new sensors,
microprocessors, and imaging systems led to the growth of UAV systems based
on fixed and rotatory wings UAVs. Fixed-wing UAVs (Figure 1.10a) have a
predetermined airfoil that makes flight possible by generating the lift caused
by the UAV forward airspeed. Rotary-wing UAVs (Figure 1.10b) consists of a
number of rotor blades that revolve around a fixed mast. The blades them-
selves are in constant motion, which produces the airflow required to generate
the lift. Rotary-wings UAVs are also known as multicopters having more than
two motors. Multicopter UAVs are classified depending on the rotor configu-
rations as tricopters, quadcopters, hexacopters, and octocopters.
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FIGURE 1.10 (a) Fixed-wing type UAV, and (b) Rotary wing UAV (Quadcopter).
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The first commercial multicopter appeared in Germany in 2005,
developed by Microdrones, and then the industrial sector of multicopters
quickly expanded (Glover, 2014). Multicopters control the vehicle motion
while varying the relative speed of each rotor to change the thrust and
torque with fixed-pitch blades. The great advantage lies in the simplicity of
the rotor mechanics required for the flight control, in contrast to conven-
tional single- and double-rotor helicopters, which use complex blade rotations
(Vergouw et al., 2016).

The concept of a quadcopter (rotary wing) vehicle is not new; manned
quadcopters first experimented in the 1920s, but their effectiveness was
hampered by the technology available at the time (Cai et al., 2011). A quad-
copter has four propellers (Figure 1.10b) which are fixed and vertically ori-
ented. Each propeller has a variable and independent speed, which allows
a full range of movements. Propellers control the conventional helicopters
with blades that dynamically pitch around the rotor hub. The components
required for blade pitch are expensive; which is one of the reasons why quad-
copters are becoming common in many applications (Sustek and Ugednieek,
2018). Today, UAVs are executing search and rescue missions, tracking cat-
tle rustlers, and monitoring wildfires or landslides with minimal cost and
little risk of loss of life (Xu et al., 2014). Other applications of this technol-
ogy include geomatics, precision agriculture, infrastructure monitoring, and
logistics.

The UAVs are generally categorized with reference to several parame-
ters, such as payloads, weight, size, function, payload, geographical range,
flight endurance, and altitude (Sholes, 2007). More details are given in
Chapter 2. The payload refers to the carrying capacity of the UAV, includ-
ing the contents. Geographical range, flight endurance, and maximum ceil-
ing are the maximum distance, time, and altitude, respectively, that UAVs
can reach during an interrupted mission (Glover, 2014). Size and weight are
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important characteristics where the size of the UAV (such as nano, mini,
regular, large) may vary from that of an insect to the size of a commercial
airplane. In contrast, weight may vary from hundreds of grams to hundreds
of kilograms (Vergouw et al., 2016). They are also recognized as per their
range (such as very close range, close range, short-range, mid-range, etc.). In
addition, today, UAVs are characterized as having different energy sources,
such as battery cells, solar cells, and traditional airplane fuels. The UAVs are
also classified based on autonomy, being fully autonomous to fully control by
a remote pilot.

Two primary types of remote sensing systems can be employed in UAVs:
active and passive remote sensing systems. The active remote sensing sys-
tems include laser altimeter, Light Detection and Ranging (LiDAR), radar,
and ranging instrument, while passive remote sensing systems include accel-
erometer, hyperspectral sensor, and imaging sensor (Wingtra, 2019). In a
passive remote sensing system, the sensor detects natural radiation that is
emitted or reflected by the object. In contrast, active sensors carry their
own light source to illuminate the object and detect natural radiation emit-
ted or reflected by the object. With the advancement of electronic technol-
ogy in sensors, batteries, cameras, and GPS systems, quadcopters became
deely employed over the past decade, both recreationally and commercially
(Sustek and Ugednieek, 2018; Albeaino et al., 2019). A comparison of UAVs,
airborne, and satellite systems is given in Table 1.6.

TABLE 1.6 A Comparison of UAV, Airborne and Satellite Systems (Singhal et al., 2018).

System System Degree of |Operation |Payload Operating
Resolution | Availability | Mode Capacity |Cost
UAV cm to m High Autonomous | Limited Low
or remote
control
Helicopters | 100 m High Human pilot | Limited Medium
Airborne Upto50m |Moderate |Human pilot | Much High
more than
helicopters
Satellite 1m-1km |Poor Autonomous | Limited Very high

Based on the sensor systems, UAVs are classified as photogrammetry-
based UAVs and LiDAR-based UAVs (Austin, 2010). The photogrammetry
UAV and LiDAR UAV are actually quite different from each other, even if

their three-dimensional (3D) outputs look similar. In survey missions, the
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choice between photogrammetry UAV and LiDAR UAV depends mainly
on the application in hand (Nex and Remondino, 2014; Dering et al., 2019).
In addition, operational factors, such as cost and complexity, are consid-
ered. UAV photogrammetry indeed opens various new applications in the
close range aerial domain, introducing a low-cost alternative to the classi-
cal manned aerial photogrammetry for large-scale topographic mapping or
detailed 3D recording of ground information and being a valid complemen-
tary solution to terrestrial acquisitions (Figure 1.11). UAV images are also
often used in combination with terrestrial surveying to complement data for
3D modeling and create orthoimages (Albeaino et al., 2019).
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FIGURE 1.11 Available geomatics techniques, sensors, and platforms for 3D recording purposes,
according to the sceneis dimensions and complexity (Nex and Remondino, 2014).

The latest UAV developments can be explained with low-cost platforms
combined with digital cameras and global navigation satellite system (GNSS),
Inertial Navigation System (INS), necessary to navigate the platforms, predict
the acquisition points, and possibly perform direct georeferencing. Although
conventional airborne images still have some advantages, very high-resolution
satellite images are filling up the gap between airborne and satellite mapping
applications. UAV platforms are an important alternative and solution for
studying the environment in 3D (Colomina and Molina, 2014).

Photogrammetry UAVs

UAV photogrammetry is described as “a photogrammetric measurement
platform, which operates remotely controlled, semi-autonomously, or
autonomously, without a pilot sitting in the vehicle.” Photogrammetry UAV
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captures a large number of high-resolution photos over an area (Wingtra,
2019) with overlap such that the same point on the ground is visible in multi-
ple photos. In a similar way that the human brain uses information from both
eyes to have depth perception, photogrammetry uses these multiple images
to generate a 3D model. The high-resolution 3D reconstruction contains
elevation/height information and texture, shape, and color for every point,
enabling easier interpretation of terrain. Photogrammetry UAVs are cost-
effective and provide outstanding flexibility regarding where, when, and how
2D or 3D data are captured (Federman et al., 2017).

A UAV coupled with a high-resolution camera can map alarge areain asin-
gle flight, generating 2D and 3D data (Figure 1.12). Images can be collected
from a UAV with a resolution of the order of a few centimeters. Figure 1.13
shows the appropriate camera platform for a photogrammetric survey which
depends on both the areal extent and required sampling resolution (Dering
et al., 2019). The coverage per flight-hour for a photogrammetry-based
UAV exceeds by more than 5x as compared to LiDAR-based UAVs. So,
high-quality data can be captured in less time and at an overall lower cost
(Buczkowski, 2018). After the acquisition, images can be used for stitching
and mosaicking purposes and input in the photogrammetric process. For this
purpose, camera calibration and image triangulation are initially performed
to create a Digital Terrain Model (DTM) or a Digital Surface Model (DSM),
or orthoimages (Colomina and Molina, 2014).
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FIGURE 1.12 Photogrammetry UAV (Wingtra, 2019).



24 ° UNMANNED AERIAL VEHICLES

10°
Fixed wing UAVs

107

108

10°

10*

10° -

2
Survey area (m”)
=
c
S
<)
s
<
(/2]
()
)

102

10

10°

Terrestrial
107 T T T
mm cm dm m

FIGURE 1.13 Sampling resolution with area for the photogrammetric survey (Dering et al., 2019).

The flight may be undertaken in manual, assisted, or autonomous mode,
according to the mission specifications, platform type, and environmental
conditions. The onboard GNSS/INS navigation device is used for the
autonomous flight (take-off, navigation, and landing) and guide image
acquisition. The navigation system, generally called autopilot, allows
performing a flight according to the plan and communicates with the
platform during the mission. Double-frequency positioning mode or the use
of the real-time kinematic method would improve the accuracy of positioning
to decimeter level. Still, they are expensive to commonly use on low-cost
solutions (Kan et al., 2018). During the flight, the autonomous platform is
normally observed with a GCS which shows real-time flight data, such as
position, speed, altitude and distances, GNSS observations, battery or fuel
status, rotor speed, etc. (Buczkowski, 2018). On the contrary, remotely
controlled systems are piloted by the operator from the ground station.

The workflow of photogrammetry UAV, presented by Nex and
Remondino (2014), is shown in Figure 1.14, where the input parameters are
flight parameters, available devices, and additional parameters for workflow
steps. The flight planning and data acquisition mission is normally planned
beforehand using required software, starting from the knowledge of the area
of interest, required ground sample distance, and the intrinsic parameters
of the onboard digital camera. The desired image scale and camera focal
length are generally fixed to derive the flying height of the UAV. The camera
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perspective centers (also called waypoints) are computed after deciding the
longitudinal and lateral overlap of the strips. All these parameters can vary
according to the goal of the flight; for example, missions for a detailed 3D
model generation usually require higher overlaps in images.

A typical photogrammetry UAV platform requires flight or mission plan-
ning and Ground Control Points (GCPs) measurements for georeferencing
purposes (Federman et al., 2017). Mission planning and flight altitude are
flexible and controlled based on the real needs of users. The flight paths are
designed to meet the objectives of the flight mission. Here, mission planning
may also have features that contain all safety formalities and applications.
Additional information, such as completing a flight log after each flight, can
also be attached to this category. The logbook contains information about
the flight pattern, time-of-flight, battery life, wind speeds, temperature, etc.
(Shakhatreh et al., 2018).

—— Flight parameters  —
Available devices

.-~ UAV platform

Ground sample distance *

Area of interest ot

ﬂ Mission planning G . Auto-pilot
Camera information ~
Ground control station

Flight goals

Image acquisiton —> Image stitching/mosaic
— Additional parameters —

Camera calibration -], Y Digital photogrammetry
]9 Image triangulation _
Ground control points Y > Feature extraction
DTM/DSM

generation ——> Ortho-image

—> 3D modelling

FIGURE 1.14 Typical acquisition and processing of UAV images (Nex and Remondino, 2014).

Camera calibration and image orientation tasks require the extraction
of common features visible in as many images as possible (tie points) fol-
lowed by a bundle adjustment, that is, a non-linear optimization procedure
(Colomina and Molina, 2014). The collected GNSS/INS data can help
for automated tie point extraction and allow direct georeferencing of the
captured images. Some efficient commercial software that could be used
includes, for example, PhotoModeler Scanner, Eos Inc; PhotoScan, Agisoft.
Once a set of images has been oriented, 3D reconstruction and modeling
steps are surface measurement, orthophoto creation, and feature extraction.
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Table 1.7 presents some of the popular software which can be used for
photogrammetry UAVs flight planning mission. A good UAV system with
professional mission planning and post-processing workflow helps ensure
that quality data is captured to get accurate results. Good overlapped images
increase the accuracy and provide better error correction as compared to
complete reliance on the direct georeferencing method used in the LiDAR
survey. Photogrammetry UAV generates not only accurate 3D models but also
full-color, high-resolution information for every point on that model (Dering
et al., 2019). This provides visual context for 3D data and makes interpretation

and analysis of the results much easier than LiDAR point cloud data.

TABLE 1.7 Selected Flight Planning Software/Apps for UAV Photogrammetry (Dering et al., 2019).

Software

Operating
System(s)

Cloud
Processing
Capabilities

Web Source

Applications

MapPilot

iOS only

Yes

https://support.
dronesmadeeasy.com

Flat or hilly
landscapes
(e.g., coastal
platforms,
stockpiles, etc.)

FlyLitchi

iOS Android

No

https://flylitchi.com/

Complex surveys,
such as steep
cliffs, pit walls,

or tall structures
(e.g., towers)

DJI GS Pro

iOS only

No

hittps:/howw.dji.com/
ground-station-pro

Flat or hilly
terrain (e.g.,
coastal platforms,
stockpiles,

etc.) and tall
structures

UGCS Pro

Android
Windows

No

https://www. uges.com

All

Pix4D
Capture

iOS Android

Yes

hitps://pixdd.com/
product/pixddcapture

Flat or hilly
terrain and tower-
shaped structures

DroneDeploy

iOS Android

Yes

https:/hwvww.
dronedeploy.com

Flat or hilly
terrain (e.g.,
coastal platforms,
stockpiles, etc.)
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Photogrammetry UAV has reached its saturation in terms of cost/accu-
racy/speed offered. It is preferred in (i) mapping of bare earth sites, (ii) areas
not obstructed by trees, buildings, or other objects, (iii) only DSM is to be
created, and (iv) when cost consideration is the governing factor.

LiDAR UAVs

The LiDAR technology has been around for many decades, but it is used only
recently on UAVs. A LiDAR sensor emits laser pulses and records the time-
of-flight and intensity of the reflected energy to be returned to an onboard
sensor (Wingtra, 2019). A LiDAR uses oscillating mirrors to send out laser
pulses in many directions to generate a “sheet” of light as the UAV moves
forward (Figure 1.15). Measuring the timing and intensity of the return-
ing pulses can provide measurements of the ground points. This range is
converted to the coordinates of the points (x, y, and z) on the ground using
onboard GPS and IMU (Garg, 2019).

FIGURE 1.15 The LiDAR data collection (Wingtra, 2019).

The UAVs which carry these sensors because of their weight and power
requirements tend to be significantly larger (typically multicopters). All of
these high-end systems carry out direct georeferencing of the raw data.
The final output is a large number of cloud points with their known 3D
coordinates, which could be used to create DTM or DSM. Laser UAVs can
collect data at point densities between 60 and 1500 points/m? (Puliti et al.,
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2015). A high-end LiDAR UAV system can generate results with horizontal
(x, y) and elevation (z) accuracies in the range of 1-2 cm (Buczkowski, 2018).
To get higher vertical accuracy of 1 cm (0.4 in), the cost of the employed
system will go high with an increased level of operational complexity com-
pared to photogrammetry UAV. Recently, efforts to make LiDAR scanners
smaller, lighter, and cheaper to be employed in LiDAR UAVs (Barnes,
2018). For example, the Velodyne LiDAR Puck has less than 1 kg weight
and is about 100 mm in diameter with a laser pulse range of 100 m.

The LiDAR instrument mounted on UAV collects signals at certain inter-
vals. The instrument sends continuous pulses and can fire a large number of
pulses in a second, thus collecting huge point cloud data in a very short time
(Deringet al., 2019). The first pulse is used to survey the top of objects, while
the last pulse is used to survey the ground below the object. Intermediate
pulses convey information about the vertical structure of the object.

In some specific situations, a terrain model below vegetation may be
needed as an output. While photogrammetry UAV can effectively create 3D
models of the ground in areas with sparse vegetation, the LIDAR UAV is
very useful when mapping the areas beneath the dense vegetation, as shown
in Figure 1.16 (Dering et al., 2019). This is because LiDAR light pulses
can filter through small openings between the leaves and reach the ground
below. Due to these advantages, LIDAR UAVs have been successfully used
to collect data under trees/forest cover (Corrigan, 2016, Cao et al., 2019).
However, the LiDAR systems are expensive for surveying and take a longer
time to cover large areas. Some common LiDAR systems and UAV used are
given in Table 1.8.

The use of airborne LiDAR has a number of advantages which include:

= Rapid data acquisition is possible.

= The density of points collected enables the determination of man-made
objects and infrastructure, such as buildings, bridges, and roads.

= Due to the large number of points collected, a sufficient number of
laser pulses will penetrate the gaps between the tree canopy and return
back to the sensor, enabling the determination of terrain under the tree
canopy.

= Determination of heights of infrastructure, such as power lines or tree
canopy, is easy due to a large number of points with recorded coordi-
nates of features. Such information can be very useful for forest man-
agement (i.e., tree height, forest density, wood volume, and biomass
estimation).

= The generation of digital elevation models is easy and accurate, which is
required for many applications.

= LiDAR can be used both as an airborne sensor and as a terrestrial sensor.
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FIGURE 1.16 The LiDAR multiple returns (Ortiz, 2018).
TABLE 1.8 Common LiDAR UAVs and Sensors Used.
S.No. | LiDAR UAVs LiDAR Sensors

DJI M600 Pro LiDAR quadcopter LeddarTech Vu8

2 Draganflyer Commander LeddarOne
Riegl RiCopter LiDAR UAV Velodyne HDL-32E
quadcopter

4 Harris H4 Hybrid HE UAV Velodyne Puck VLP-16
quadcopter

5 VulcanUAV Harrier Industrial Velodyne Puck Lite
multirotor

6 VelosUAV helicopter Velodyne Puck Hi-Res

7 Robota Eclipse fixed-wing drone VUX-1 UAV

8 DJI Matrice 200 series quadcopter Routescene—UAV LiDAR Pod

9 OnyxStar Xena drone YellowScan—3 UAV

10 OnyxStar Fox-C8 HD quadcopter YellowScan Vx Long Range

11 GeoDrone X4L LiDAR quadcopter | YellowScan Mapper

12 Tron F9 VTOL fixed-wing LiDAR YellowScan Surveyor
drone

13 Boreal long range fixed-wing drone | Leica Geodetics

14 Vapor 55 UAV helicopter Leica Geo-MMS SAASM
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FIGURE 1.17 Four fundamental technologies for the development of LiDAR systems
(Wijeyasinghe and Ghaffarzadeh, 2020).

Wijeyasinghe and Ghaffarzadeh (2020) have identified four fundamen-

tal technology choices (given in Figure 1.17 and explained below) that will
strongly impact LIDAR product performance and business growth. The
global market for 3D LiDAR in autonomous vehicles is expected to grow to
US $5.4 billion by 2030.

Measurement process: The measurement process determines how the
light signal is generated and how it is measured. Most LiDAR compa-
nies develop conventional time-of-flight technology, but there is a trend
toward emerging frequency-modulated continuous wave and random-
modulated continuous wave LiDAR technology.

Laser beam: The short-wave infrared (SWIR) LiDAR is considered safer
for human vision than near-infrared (NIR) LiDAR operating at shorter
wavelengths. Most LIDAR companies develop conventional NIR tech-
nology, but there is a trend toward emerging SWIR LiDAR because it
can operate safely at higher power and detect distant objects.

Beam steering mechanism: The laser light must be diffused or scanned
by beam steering technology to illuminate the scene. Conventional
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automotive LiDAR uses a rotating mechanical assembly to scan laser
beams by 360°, which enables the vehicle to see around it using a single
LiDAR mounted on the roof. They are large, expensive, and prone to
mechanical failure. The technology trend is toward small, cheap, and sta-
ble module designs. Emerging beam steering options include mechani-
cal systems with limited motion, micro-mechanical systems based on
micro-electro-mechanical systems mirrors, and pure solid-state systems.
A solid-state LiDAR sensor is a compact and robust device, which is
easily embedded into vehicles. For example, 3D flash LiDAR is a type
of solid-state LiDAR that usually illuminates the entire scene at once,
such as a camera. This enables fast imaging without distortion; however,
the typical object detection range is shorter than scanned LiDAR due to
laser power limitations, but the technology readiness is too low.

= Photodetector: The light-absorbing semi-conductor material must match
the laser wavelength. Single photon-sensitive detectors are an emerging
technology trend, enabling LiDARs to register signals quickly and detect
weak signals from distant objects.

1.5.3 A Comparison of Photogrammetry UAVs and LiDAR UAVs

Most of the current photogrammetry UAVs are used for land surveying,
which can import geographic information by putting together many aerial
photographs. Photogrammetry UAV is good for surveying the sites without
any obstacles, but most of the time, lands are not free from obstacles, so
laser-based UAV surveying becomes the best choice (Chatzikyriakou and
Rickerby, 2019). Photogrammetry UAVs do not provide optimum data when
flying through forested areas, as the land features beneath the trees cannot
be photographed, while LIDAR surveying gets land information beneath the
trees (Cao et al., 2019). In addition, LiDAR systems can take images at night
and also work inside the tunnels. Moreover, laser-based surveying is consid-
ered to be more accurate than photogrammetry-based (Barnes, 2018).

LiDAR UAVs are preferred (Corrigan, 2019) where (i) mapping below
tree canopy or mining sites or bathymetric survey required, (ii) other kinds
of obstructions present to sun-light, (iii) need the vertical structure of the
object, that is, by using waveform or multiple returns, (iv) mapping the
objects, like transmission line, pipelines, roads in a corridor, (v) survey to
be done at night or low light condition, (vi) higher accuracy across terrain
required, (vii) not possible to establish the GCPs, and (viii) derive the bene-
fits of both LiDAR and photo camera.
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Both photogrammetry and LiDAR UAVs can provide a high level of
3D model accuracy, especially compared with terrestrial sampling meth-
ods (Corrigan, 2016). In order to generate the best results, a LIDAR sys-
tem requires all of its components to work perfectly in synchronization.
Small gaps or errors in sensor measurements can lead to significant errors
in outputs. The GCPs, which are useful in photogrammetry to correct
errors, are difficult to implement with the LiDAR data (Buczkowski, 2018,
Chatzikyriakou and Rickerby, 2019). Most of the time, the only solution for
erroneous LiDAR data would be to repeat the flights. LIDAR UAV projects
require an expert who understands the details of each sub-system and can
recognize consistent and accurate data. In contrast, photogrammetry-based
workflows are more flexible.

Figure 1.18 illustrates a comparison of UAV-based photogrammetry
to other surveying methods in terms of total coverage area and survey
error. Arrows demonstrate the UAV photogrammetry region’s existing and
potentially future expansion through camera hardware, imaging method-
ologies, and UAV control advancements. It is seen that centimeter-level
DTMs developed from UAV-based photogrammetry are a competitive
alternative to LiDAR systems. Table 1.9 presents a comparison of UAV-
based photogrammetry to LIDAR UAV. Considering the advantages
offered and cost coming down, LiDAR UAVs might lead in the future
(Dering et al., 2019).
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[ UAV Photogrammetry |
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FIGURE 1.18 The UAV application to surveying tasks (Siebert and Teizer, 2014).
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TABLE 1.9 A Comparison of Photogrammetry and LiDAR UAVs (Wingtra, 2019).

Parameters

Photogrammetry

LiDAR

Cost

US $20000-30000 for a
professional UAV + high-

resolution camera system

US $50000 or more for just the
sensor. Survey-quality complete
systems between

US $1,50,000-300,000 range

Operational | No additional sensors required; | LiDAR uses direct

complexity | indirect georeferencing georeferencing, which means
requires longer processing that multiple components and
but is resistant to potential sensors must work perfectly
workflow errors together in order to gather

useful data

Outputs 2D orthomosaic maps, 3D 3D point clouds, intensity maps
models, point clouds, surface with multiple returns, and
models with visual information | full-waveform information for
as part of the 3D model classification

Accuracy 1 em horizontal, 2-3 cm 1-2 cm elevation (vertical) over
elevation (vertical) over hard soft and hard surfaces
surfaces

Best for Mapping, surveys, mining, Terrain models below dense

broad-coverage combined with
high horizontal and vertical
accuracy

vegetation, forestry, 3D
modeling of power lines
or cables, 3D modeling of
complex structures, etc.

WORKING OF A UAV

The most common UAV/drones have two units; receiver and transmitter.
The receiver unit consists of the UAV/drone, while the transmitter unit
is normally a ground-based controller system to send the commands (by
a human) to the UAV/drone. Flight of the UAV may operate with various
degrees of autonomy, either under remote control by a human operator or
autonomously by an onboard computer (Dering et al., 2019). The UAVs can
also be flown autonomously, where modern flight controllers can use soft-
ware to mark GPS waypoints so that the vehicle will fly to and land or move
to a set altitude. This kind of autonomy is becoming increasingly common
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and contributes to many civilian applications. Although it is possible for the
flight controller to control the UAV autonomously, it is generally good to
have a remote-controlled transmitter so that the movement of the UAV can
be controlled if something goes wrong or the UAV becomes out of control.

A handheld transmitter is adequate enough for larger aerial vehicles, and
it is better to have a base station to help with all of the controls. Remote GCS
also controls the UAVs, also referred to as a ground cockpit. Transmitters
have many channels, and the number of channels of a transmitter is related
to the number of separate signals it can send. Usually, a seven-channel radio
is adequate enough to operate the UAVs in the beginning. A good transmitter
must include a three-position switch or variable knob, as it would be required
by most autopilots to switch between various flight modes (Guptaet al., 2018).

The UAV has a flight controller placed at the center and responsible for
controlling the spin rate of the motors. Sticks on the controller allow move-
ments in different directions, while trim buttons allow balancing the UAV.
The UAV cannot function accurately and efficiently without using external
sensors added with the flight controller. So for a stable and precise flight,
different sensors, like accelerometer, gyroscope, and IMU, are used to inter-
face with the flight controllers (Gupta et al., 2018). To fly UAV better, some
additional sensors, like a barometer, distance measuring sensors, magnetom-
eter, could also be used. The UAVs are also equipped with a different state-
of-the-art technology equipment, such as infrared cameras, GPS, and laser
devices (Dering et al., 2019). All these sensors and navigational systems are
present at the nose of the UAV. The rest of the body is full of UAV technol-
ogy systems. Computers can also be used to receive live video footage from
the onboard camera and to display data being collected by sensors (Sustek
and Ugednieek, 2018).

A typical unmanned aircraft is made of light composite materials to reduce
weight and increase maneuverability. The engineering materials used to build
the UAV/drone are very lightweight and highly complex composites designed
to absorb the vibrations, which decrease the noise produced. The composite
material strength allows military drones to cruise at extremely high altitudes.
To make the UAV agile, the acceleration and de-acceleration of the UAV
must be quick, which means that it should pitch forward in the beginning and
when it is time to stop, the UAV should pitch in the opposite direction quickly
in an aggressive way. It is necessary to decrease the stopping distance. For the
UAV to be agile, it must turn quickly with a small turning radius.
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UAVs use a wide range of cameras for their missions. Most cameras
used for UAV mapping are lightweight and can be programmed to shoot
images at regular intervals or controlled remotely. The cameras required
to carry out good mapping work are not the same as those used for profes-
sional video or photography work, but they are lightweight, high-resolution
cameras designed to be used with UAVs. Some specialized devices that can
be mounted on a UAV include LiDAR sensors, infrared cameras equipped
for thermal imaging, and air-sampling sensors. Cameras can be mounted
to the UAV in various ways. A motorized gimbal holds the camera and pro-
vides image stabilization, which can help compensate for turbulence and
ultimately produce clear images. Gimbals are also used for changing the
angle of the camera from vertical (straight down) to oblique. As UAV map-
ping is generally performed vertical or at some angle, gimbals may be rel-
atively simple as compared to those used by filmmakers. The internal GPS
functionality of some models can program the camera to take pictures at a
certain interval or to take a picture based on distance or upon encountering
a certain waypoint (Dering et al., 2019).

Fixed-wing UAVs consist of a much simpler structure in comparison to
rotary-wing UAVs. The simpler structure provides a less complicated main-
tenance and repair process, thus allowing the users more operational time
at a lower cost. The only disadvantage to a fixed-wing system is the need for
a runway or launcher for take-off and landing; however, “vertical take-off
and landing” and “short take-off and landing” systems are very popular as
they do not require a runway (Gupta et al., 2018). Fixed-wing aircraft also
require moving air over their wings to generate enough lift force to stay in a
constant forward motion. It means they cannot stay stationary the same way
as a rotary-wing UAV can. Therefore, fixed-wing UAVs are not best suited
for stationary applications, like inspection work.

The biggest advantage of rotary-wing UAVs is that they can take-off
and land vertically. This allows the users to operate within smaller vicinity
with no requirement of a landing/take-off area. In addition, their capacity
to hover and perform agile maneuvering makes them well suited to applica-
tions, like inspections where precision maneuvering for extended periods of
time is required (Taladay, 2018).

There are various parameters that are to be considered for flight prepa-
ration, as explained below. Preflight checks are very important and help the
operator to fly the UAV safely and provide professional results.
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1.6.1

1.6.2

Altitude

Altitude is an important consideration when flying a UAV, both for practical
purposes and in the interest of flying safely and legally. Legality is an impor-
tant consideration when deciding an operating altitude. Caution should always
be taken when flying UAV at higher altitudes, even if local regulations allow
higher-altitude flight, to ensure that flights do not get in the way of manned
aircraft. In many countries, it is illegal to fly above 500 feet (or 150 m).

Although higher altitude results in lower resolution, it allows the UAV to
cover a larger area. Lower altitude photography gives better image quality
but increases the time required to map a certain area. Suppose UAV flies at
100 m height and the area has a maximum elevation of 20 m, so from this
height, UAV would cover 80% of the area in one photo compared to the
area of one photo with the flat ground shown in Figure 1.19. Therefore, it is
important to check the elevation range of the area being covered by the UAV
to have proper coverage.

5§i 5§i 100 m
I \ I \

Projection
'_Z()m\
[
|

Ground

FIGURE 1.19 Terrain area covered by UAV.

Vertical and Oblique Photographs

The two aerial views most commonly used in UAV mapping are vertical
(overhead) and oblique photographs (Newcome, 2004). Vertical photo-
graphs are taken directly above the object, with the camera looking vertically
down. Oblique photographs are taken at a high or low angle to the object
below. They can collect the information about the landscape that vertical
photos cannot collect. During each flight, the angle of the camera remains
fixed; else, this will make the resulting images considerably more difficult
to process (Kaminsky et al., 2009). Photos taken from these two views can
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be combined using photogrammetry software, such as Agisoft PhotoScan or
Pix4D, which gives users the ability to view and analyze multiple perspec-
tives in a single computer-generated model.

The 3D models can be created using overlap from vertical photographs.
Such 3D models are very useful for many applications, such as post-disaster
damage assessment, urban modeling, smart city planning, and creating more
accurate flood simulations. The UAV vertical images can be used for the cre-
ation of DTM or DSM but cannot capture the details of facades. For facade
mapping, oblique images are becoming more popular in the UAV photogram-
metric process. Oblique images are easy to capture because it only involves
adjusting the built-in camera in the system to the desired angle using the
remote control or adjusting the camera before each flight (Wu et al., 2018).

Positioning

Highly accurate UAV navigation is very important when flying for applica-
tions, such as creating 3D maps, surveying landscapes, and search & rescue
missions. As the UAV is switched on, it searches and detects GNSS satel-
lites. High-end GNSS systems use a satellite constellation, a group of GPS
satellites working together, giving coordinates of the point of observation
(Garg, 2019). Many of the latest UAVs have dual GNSS, such as GPS and
GLONASS, to provide better accuracy. The UAVs can fly in both GNSS and
non-satellite modes (Jha, 2016). For example, DJI drones can fly in P-mode
(GPS & GLONASS) or Attitude mode, which do not use satellite navigation
(Kan et al., 2018).

ADVANTAGES AND DISADVANTAGES OF UAVs

The choice of potential unmanned platforms for low-altitude earth observa-
tion is large and continues to grow. In recent years, UAV technologies are
evolving rapidly and becoming appropriate for multiple applications. Various
reasons make the technologies relatively preferred. Tethered systems navi-
gated manually, such as Kites and Blimps, are ideal for the precise coverage
of small sites that requires only a few images (Gupta et al., 2018). However,
these systems are hardly used for systematic surveys of larger areas where
regular overlaps along evenly spaced flight lines are preferable. The GPS
and INS technologies have led to the availability of a range of auto-piloted
systems, such as satellites, planes, drones, and multicopters that can autono-
mously follow the prescribed flight lines (Kan et al., 2018).
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1.71

It is difficult to generalize the advantages or disadvantages of a partic-
ular platform because it’s possible applications and working conditions vary
greatly around the world (Jha, 2016). However, an attempt has been made to
present the performance evaluation of satellites, manned aircraft, and UAVs
in Table 1.10.

TABLE 1.10 Performance Evaluation of Satellites, Manned Aircrafts, and UAVs.

S.No. | Attributes Performance
Satellites Manned UAVs
Aircrafts
1 Endurance High Medium Low
2 Payload capacity Medium High Low
3 Cost Medium Low Medium
4 Cloud free images Low Medium High
5 Coverage Low Medium High
6 Maneuverability Low Medium High
7 Deployability Low Medium High
8 Autonomy Medium Low Medium
requirement

Advantages of UAV

Any application that could utilize a highly mobile data collection or com-
munication platform can utilize UAV as a primary data collection platform.
UAVs have several advantages in military/army over manned aircraft. They
provide a persistent presence over a specific area to capture still and video
imagery, which provides military intelligence, surveillance, reconnaissance,
and weapon delivery capabilities. In politically sensitive areas, UAVs have
obvious advantages where the deployment of human soldiers would create
too much controversy (Andrews, 2020). Humans on the ground (walking or
using ground-based vehicles for data collection) can be challenged by hilly
and difficult terrains, physical obstacles, or dangerous site conditions. The
UAVs provide a safer method in high-risk situations where the presence of
a pilot-driven aircraft is risky. They allow flight in difficult and inaccessible
areas without having a risk of causalities since human life is not endangered
during the process (lizuka et al., 2018).

The UAVs are also advantageous in many civilian applications, primarily
for accelerating accessibility to remote and dangerous sites, sensor mobility,
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monitoring, and speed of data collection. The UAVs are important in a mon-
itoring forest fire, especially in areas with rough topography where ground
movement is not possible. Hence, UAVs are considered a highly preferred
technology for risk management. In particular, UAVs have emerged as an
essential data collection tool for applications involving natural hazards (e.g.,
earthquakes and landslides) where site accessibility is challenging post-event,
and the need to collect recent data is urgent. As a result of these challenges,
UAVs offer an economic advantage, including reducing costs associated with
personnel, travel, and site logistics. Compared to a traditional inspection of
structures, UAVs are cheaper, faster, and safer than traditional methods
(Gupta et al., 2018).

The demand for UAVs to transport materials and medicines is increasing.
As an example, the potential benefits of UAVs in the health sector are exten-
sive. The UAVs can fly over vast distances, enabling the delivery of life-saving
medical supplies to those in hard-to-reach communities. The technology could
also be used to deliver non-emergency commodities for villages where visits
of health workers are not regular, and delivery of commodities is infrequent;
thus it greatly reduces the response time. The UAVs could bring meaningful
benefits to public health through improved supply chain performance.

The UAV also offers the possibility of making a non-destructive and
accurate measurement of many attributes. It enables work measurement
and work certification remotely and accurately (e.g., site audits, civil surveys,
and measurement) (Taladay, 2018). It can improve measurement accuracy
through enhanced visualization of terrain for site surveys and measurement,
construction progress, and 3D mapping (Jha, 2016).

UAV-based photogrammetry provides advantages over other remote
sensing satellite platforms (Molina, 2014). The UAVs can be a smart and
cost-effective complement to traditional photogrammetric data. Satellite
images are limited by their revisit time, cloud coverage, and spatial resolu-
tion. Advances in UAV platform design have contributed to the innovation
of small UAV that fly at low altitudes to provide very fine spatial resolu-
tion images (lizuka et al., 2018). The UAVs can be deployed on demand,
and flight parameters can be adjusted to acquire the images at desired high
resolution. Hence, this technology provides an efficient method of spatial
data collection for multiple applications, such as transportation, urban plan-
ning, crop species classification, and yield estimation that require detailed
information (Taladay, 2018). The HALE UAYV provides a cost-effective and
persistent capability to efficiently collect and disseminate high-quality data
across large areas than the ground-based systems.
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The other advantage of UAV relates to low energy consumption (Banu
et al., 2016). Small UAVs use either fuel (gas) or battery as a source of energy.
Although the batteries or fuel need to be charged frequently, but the energy
required for a mission is small. Therefore, its low energy requirement contrib-
utes to the wide acceptance of the technology. The UAVs, being smaller than
manned aircraft, can be more easily and cost-effectively stored and transported.

The benefits of the technology are many as UAVs support operations in-

(i) Safety: by allowing users to acquire data from the air instead of entering
difficult/unstable terrain.

(ii) Costs: that are related to reducing operational expenses for data collec-
tion, particularly if the area is large.

(iii) Flexibility: that is associated with operating missions on schedule or
emergency or on demand.

(iv) Speed: that enables the collection of real-time data where infrastruc-
ture allows.

(v) Increased productivity: due to savings in time and a high degree of
automation.

(vi) Frequency: that opens opportunities for monitoring and tracking of
work in progress, and

(vii) Accuracy: by generating accurate and reproducible datasets (e.g., 3D
models).

Disadvantages of UAV

The disadvantages of UAVs include low maneuverability, low operational
speed, vulnerability to attack, cyber or communication link attacks or lost
data links, limited area coverage, and the requirement of a sophisticated
analysis system to handle Big Data. The UAVs could be used for lethal pur-
poses, criminal activities, like drug smuggling, and terrorist activities when
hijacked by terrorist networks under third-party control situations. Another
issue relates to safety; when these are not operated by properly trained oper-
ators, the chances of UAVs failing are more, leading to fatal accidents (Iizuka
et al., 2018). Therefore, the safety, security, and privacy concerns need to be
taken into consideration in technology development, market development,
and their use by the public and private parties. In addition, regulations must
clarity the limits to use UAVs and ensure that such devices are flown under
safe conditions. Some of the advantages and disadvantages of UAVs are pre-
sented in Table 1.11.



TABLE 1.11 Advantages and Disadvantages of UAV Types (Heutger and Kiickelhaus, 2014).
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Types Advantages Disadvantages Photo
Visual Long range Horizontal take-off,
Fixed-Wing High flight time requiring substantial
space (or support,
Large coverage area atapult
Object resolution o8 c'a apu
(cm/pixel) Inferior
maneuverability
compared to VTOL
Unmanned VTOL Expensive
Helicopter Maneuverability Comparably high
High payloads maintenance
possible requirements
Multicopter Inexpensive Limited payloads
Easy to launch Susceptible to wind
Low weight due to low weight
The very small Less flight time
take-off area Small coverage area
Object resolution
(mm/pixel)
1.8 SUMMARY

UAVs have been widely adopted in the military world, and the success of
these military applications is increasingly the driving force to use UAVs in
civilian applications. They have recently received a lot of attention, being
fairly economical platforms, having navigation/control devices and imaging
sensors for quick digital data collection and production. The UAVs provide
a real-time capability for fast data acquisition, transmission, and process-
ing. In these conditions, automated and reliable software is required to pro-
cess the data quickly. Both photogrammetry and LiDAR UAVs can provide
images/3D data with high accuracy; each type of data has its own merits and
demerits (Corrigan, 2016). The difference between photogrammetry
and LiDAR UAYV can easily be understood while considering operational and
logistical factors.

The biggest advantage of UAV systems is the ability to quickly deliver
high temporal and spatial resolution information and allow a rapid response
in a number of critical situations where immediate access to this type of
3D geo-information may be difficult. The UAVs can be used in high-risk
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situations and inaccessible areas, although they still have some limitations,
particularly the payload, battery life, and stability. Compared to traditional
airborne platforms, UAVs reduce operational costs, providing high accuracy
data. The UAVs offer three technical advantages (Andrews, 2020): (i) min-
imize the risk to the life of the pilot; (ii) not subject to natural human lim-
its (e.g., fatigue); and (iii) data acquisition is generally cheaper than that of
manned aircraft.

Besides very dense point cloud generation, the high-resolution UAV
images can be used for texture mapping purposes on existing 3D data, ortho-
photo production, map generation, or 3D building modeling. In addition to
large applications in military, UAVs are used for various other applications,
such as disaster and healthcare, journalism and photography, early warning
system and emergency services, marketing and business, activity monitoring,
gaming and sporting, farming and agriculture, military and spy, and many
other fields. On the other hand, UAVs might become the most dangerous
devices on the earth if the regulations are not followed strictly (Gupta et al.,
2018). The same UAV that is used for the delivery of food and products
could also be used to transfer bombs and other illegal materials.

The UAVs have been the subject of concerted research over the past few
years due to their autonomy, flexibility, and broad application domains. It is
predicted that the market for commercial end-use of UAVs might supersede
the military market by 2021, cumulatively hitting approximately USD 900
million, while the global market size will touch USD 21.47 billion (Economic
Times, 2018). With the implementation of proper monitoring, powerful law
and security, and the pros of this technology, UAVs are expected to work for
the benefit of society. As the cost will come down, UAVs will become widely
available to the general public and used for wider applications. It is expected
that in the future, the UAV technology will make the UAVs further smaller,
lighter, cheaper, and much more efficient.

REVIEW QUESTIONS

Q.1. Define the terms: UAV, UAS, RPA, and Drone. What is the basic dif-
ference between these?

Q.2. Write the historical developments of unmanned aerial vehicles.

Q.3. Discuss the contribution of government and industry to the develop-
ment of various UAVs.



Q.4.

Q.5.

Q.6.

Q.7.

Q.8.

Q.9.

Q.10.

Q.11.
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What are the major segments where UAVs, Blimps, and Zeppelins are
being used? What is their relative market potential? Also, discuss the
market potential of UAVs region-wise.

Draw a diagram to show maturity levels of UAVs applications in vari-
ous sectors.

What do you understand by the Hype Cycle for the advancement of
technology? Discuss it with reference to emerging technologies.

Describe the terms: Waypoints, Point of interest, Line of sight, Posi-
tion hold, Return to home, and No fly zone. Explain the difference
between VLOS, BVOLS, and EVLOS.

Discuss the general characteristics of a UAV.

Differentiate the working of a Photogrammetry UAV and LiDAR
UAV.

Discuss the advantages and disadvantages of Photogrammetry UAVs
and LiDAR UAVs.

Enumerate the advantages and disadvantages of UAVs over satellite
images.
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INTRODUCTION

The UAVs are easy to deploy, as they have flexibility in performing diffi-
cult tasks and supporting high-resolution imagery even of remote areas.
Understanding the aerodynamics of these UAVs is important to ensure flight
safety and to improve task efficiency (Marques, 2013). The architecture of
a typical UAV consists of several components having a mainframe, control
system, GPS, sensors, monitoring system, data processing system, and the
landing system (Jha, 2016). The internal system provides a wide range of
functions ranging from navigation to data transfer to the ground. All these
elements combined have to pilot the UAV without any human intervention.
The UAVs are often accompanied by ground control stations consisting of
laptop computers and other components that are required to be carried
easily with the air vehicles. All parts and components of a UAV are vital to a
smooth and safe flight.

The UAVs are classified based on the wing types, altitude range, endur-
ance and weight, and support a wide range of applications, including military
and commercial applications. The flight time of a UAV depends on several
factors, such as energy source (e.g., battery, fuel, etc.), type, weight, speed,
and trajectory of the UAV (Austin, 2010). The size, type, and configuration of
UAVs could be different, depending on the specific application. The UAVs
are fitted with high-resolution cameras and sensors and can navigate around
the area through software (Gupta et al., 2013).

The choice of selecting a UAV critically depends on many factors.
Depending upon the goals and applications, an appropriate type of UAV can
be used that would meet various requirements for the desired output, con-
sidering the nature of terrain, time & fund available, and the existing flying
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regulations. In fact, several factors, such as the UAVs’ capabilities and their
flying altitudes, must be taken into account to properly use them for any
application. To date, some of the inhibiting factors for using UAVs in many
civilian applications include the cost of acquiring these devices, building the
required applications, and operating systems. Many organizations are devel-
oping UAVs or its components in order to reduce the cost of related services.
The UAV market is growing, and UAVs are being used in new activities and
solving new problems every day.

BASIC AERODYNAMICS

Increased demand for flight vehicles in various fields requires improved
aeronautical techniques to ensure flight safety and improve task efficiency.
To understand the aerodynamics of a drone/UAYV, there is a need to under-
stand some basic terminologies used for a flight, such as drag, thrust, lift,
pitch, roll, and yaw (Marques, 2013). These terms define the position and
orientation of the UAVs. So far, the aerodynamics of mini-UAVs is hardly
understood as remote-controlled toy planes were developed with this knowl-
edge. Aerodynamics is more important in fixed-wing UAVs than in rotary-
wing aircraft (Ahmad, 2015). The blended-wing UAVs offer advantages in
aerodynamic and efficiency over the conventional wing designs as they also
simplify the control surfaces.

The available computational aerodynamics tools, including advanced
computational fluid dynamics methods, are incapable of predicting the low
Reynolds number (< 2.5 x 10°) airflow phenomena on wings. Low Reynolds
numbers are the result of the low speeds in combination with the small wing
chords, while the “low aspect ratio” < 4 is the result of a combination of
different factors: high wing loadings due to high aircraft weight stall speed
requirements and limits on the wingspan (Austin, 2010). In the last decade,
a trend is observed toward smaller and mini-UAVs for information gathering
and reconnaissance missions. Miniaturization of electronics and major leaps
in battery technology have pushed the development of mini-UAVs toward
practical applications, e.g., assisting fire-fighter crews, power line inspec-
tions, and filming sports events (Demir et al., 2015).

The primary forces that act on any air vehicle are thrust, lift, drag, and
gravity (or weight), as shown in Figure 2.1. Weight is the force of gravity
that acts downward toward the center of the earth. Lift, drag, and rotational
moments are computed from dynamic pressure, wing area, and dimensionless
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coefficients (Marques, 2013). The expressions for these quantities are fun-
damental for aerodynamic equations that govern the performance of an air
vehicle.

Vertical
| Lift

Horizontal Ghrust Drag ______________________

flight path - f |

Weight

FIGURE 2.1 Primary forces acting on an air vehicle.

Lift

Lift is the force that acts at a right angle to the direction of motion through
the air and is responsible for lifting the UAV up in the air acting against the
weight of the UAV (Ahmad, 2015). It is created by differences in air pressure
above and below the wings of aircraft. The propellers on the multicopter
generate a lift force using Newton’s third law of motion and Bernoulli’s prin-
ciple (Caughey, 2011). The lift force must be greater than the weight of the
UAV/drone for a successful flight.

Wings generate lift due to two effects. As for all wings, the lift is gener-
ated by the air circulation around the wing, also referred to as linear lift. Its
nature is linear with respect to the angle of attack (JTha, 2016). In contrast,
the non-linear lift is generated due to the vortex lift which is produced on
the leading edge or at the side edges of the wing. The leading edge vortex
is generated when the wing is highly swept and has a sharp leading edge.
The side edge vortex is present on all wings. In the case of “low aspect ratio”
< 4, the vortex will have its effect on the wake and the wings (Austin, 2010).

Drag

The mechanical force applied by any fluid to oppose the motion of any object
is called drag. Drag is the force that acts opposite to the direction of motion
(Ahmad, 2015). It is caused by friction and difference in air pressure, which
tends to slow down the flying aircraft. In the case of drones/UAVs passing
through the air, “aerodynamic drag” is generated. The difference in velocity
between the UAV and the air is responsible for generating the aerodynamic
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drag. The performance estimation of an aircraft largely depends on the cor-
rect calculation of the drag.

Thrust

Thrust is the force generated by the propellers of the multirotor to work
against the aerodynamic drag. It is the force that moves the aircraft in the
direction of motion (Jha, 2016). Engines produce thrust with the help of a
propeller, jet engine, or rocket. The thrust is not the only force responsible
for lifting the UAV up, but also it is the force that helps to overcome the drag
resistance.

STABILITY AND CONTROL OF UAV

All UAVs must have some minimum level of stability and be controllable.
Application of the fundamental principles of physics and aerodynamics
provides an understanding of the design parameters, which have an influ-
ence on whether the air vehicle maintains stable flight when experiencing
small disturbances or deviates uncontrollably from its intended flight path
(David, 2011).

An object is said to be stable when a small external force is applied to
the object, and the object comes back to its equilibrium position. An air
vehicle must be stable if it has to remain in flight. In static stability, the
forces acting on the air vehicle (thrust, weight, and aerodynamic forces) are
in directions that would tend to restore the air vehicle to its original equi-
librium position if it has been disturbed by wind or other force. If the air
vehicle is not statically stable, the smallest disturbance will cause deviations
from the original flight plans (Ahmad, 2015). In addition, it may overshoot,
turn around, go in the opposite direction, overshoot again, and eventually
oscillate to destruction. In this case, the aircraft would be statically stable
but dynamically unstable.

It is well known that UAVs have many stability problems, such as shak-
ing, out of control, and even crash, and if endowed with manipulators, its
stability will further be affected by manipulator movements and environ-
ment contacts (Austin, 2010). Dynamic stability of UAVs, especially micro-
UAVs, is necessary and important to ensure that the whole system is safe
and reliable (David, 2011). If the oscillations are damped and eventually
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die out, the air vehicle is dynamically stable. An aircraft has three angular
degrees of freedom (pitch, roll, and yaw), and equilibrium about each axis
must be maintained. The pitch axis is most critical, and stability about it is
called longitudinal stability. Some instability can be tolerated about the roll
and yaw axis, which are combined in most analysis, and called lateral stability
(Marques, 2013).

Control refers to the ability to change the state of motion of an air vehi-
cle by some means. Control is accomplished through control surfaces actu-
ated by control loops implemented in autopilots using basic sensors on board
the UAVs and through operator’s intervention (David, 2011). In order to
take care of the inherent neutral stability of the drone/UAV, it is necessary
to use sensors to control its behavior. A simplified functional block diagram
of a closed-loop automatic control system is shown in Figure 2.2.

Desired state
/ - Motion
—>®—>|Control|er|—>| Actuator |—>| Airframe I——>
\— Error (desired — measured)

M d stat
easure saem

FIGURE 2.2 Block diagram of a control loop.

Roll

The rotation of the aircraft along the longitudinal axis is called “roll.” The
longitudinal axis is an axis along lengthwise of the air vehicle, usually passing
through its center of gravity, as shown in Figure 2.3. For side to side motion
(roll), the speed of the right motors is controlled relative to the speed of the
left motors. In order to “roll” to the right, the speed of the left motors of
the air vehicle is increased relative to the speed of the right motors (David,
2011). This rolls down the air vehicle to the right side in a sideways swaying
movement as the torque is generated. In a similar manner, the speed of the
right motors of the air vehicle is increased relative to the speed of the left
motors to “roll” left. Thus, the torque on either side along the longitudinal
axis continues to act on the same pair of rotors and then translates to the
acceleration to move the air vehicle to left/right (Jha, 2016).
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Roll
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FIGURE 2.3 Representation of roll, pitch, and yaw.

Pitch

The rotation of the aircraft along the lateral axis is called “pitch” (Figure
2.3). The lateral axis is an axis that runs below the wing, from wingtip (left) to
wingtip (right), passing through the center of gravity of air vehicle (Marques,
2013). To fly in the forward or the backward direction, the speed of rear
motors is controlled relative to the front motors, and the term used for this
motion is called “pitch.” For the air vehicle to pitch forward, the torque is
produced at the backward pair of rotors in order to generate more force
(Jha, 2016). So, the speed of the rear motors will be increased as compared
to motors at the front. Similarly, when the air vehicle has to pitch backward,
the torque is generated at the forward side, thus increasing the speed of the
front pair of motors as compared to rear motors.

Yaw

The rotation of the air vehicle (left or right) along the perpendicular axis
is called “yaw.” It is an axis perpendicular to the wings and body of the air
vehicle (up-down), passing through the center of gravity of the air vehicle
(Figure 2.3). The “yaw” is activated if the diametrically opposite pairs of
motors increase their speed relative to the other pair (Gupta et al., 2018). In
such a case, the rotation speed of diametrically opposite pairs of motors is
increased or decreased, varying the torque in the direction of rotation of that
pair which causes the air vehicle to rotate in the direction of the increased
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torque (David, 2011). When a motor is turned clockwise, it generates coun-
ter-clockwise torque on the frame to equalize the torques.

Throttle

The throttle controls the speed of the motor, and adjusts the altitude, or
height of the air vehicle (Marques, 2013). The “throttle” works the same
way as any internal combustion engine throttle, by changing the amount of
fuel and air that enters the combustion chamber of the engine. Thus, if the
speed of all the rotors is increased at the same time, motors produce a strong
downward force that helps the UAV/drone go higher.

UAVs CLASSIFICATION

The UAVs are classified into various types based on different criteria. The
criteria for classifying UAVs include size and payload, flight endurance, flight
range, altitude, and capabilities (Jha, 2016). Table 2.1 lists various types of
drones/UAVs and their salient characteristics. These parameters of UAV are
interrelated. In general, large UAVs carry more payloads, fly at a higher alti-
tude, move a longer distance, and hence have better flight endurance and
capability than small ones. Some commercial drone/UAV manufacturers
include 3D Robotics, DJI, Elistair, Hubsan, Identified Technologies, Insitu,
Measure, Parrot, Precision Hawk, and Yuneec.

The other types of UAVs are the groups of lightweight aerial systems,
called blimps, such as balloons and airships, which are lighter than air and
have long flight endurance, fly at low speeds, and generally are large-sized
(Gupta et al., 2013). In addition, there are flapping-wing UAVs, which
have flexible and morphing small wings, similar to birds and flying insects
(Dalamagkidis, 2014).

Broad classification of UAVs is given below:

=  Fixed-wing UAVs: The UAVs have fixed wings that require a runway
to take-off and land, or catapult launching. These generally have long
endurance and can fly at high cruising speeds.

=  Rotary-wing UAVs: They are also called multirotor or rotorcraft
or VTOL UAVs. Rotary-wing UAVs have the advantages of hovering
capability and high maneuverability, which is useful for many robotic
missions, especially in civilian applications. They are typically more use-
ful in situations where the terrain is difficult, or the area is unreachable
otherwise.
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TABLE 2.1 Various Types of Drones/UAVs and their Salient Characteristics.

Category | Weight of | Operating | The Radius | Endurance | Typical Uses
UAV (kg) | Altitude of Mission | (hr)
(m) (km)

Micro <2 250 <5 1 Reconnaissance,
inspection,
surveillance

Mini 2-20 150-300 <25 1-6 Surveillance,
data gathering

Small 20-150 Up to 5000 50 8-24 Surveillance,
data gathering

Tactical 150-600 Up to 300 > 24 Surveillance,

10,000 data gathering

MALE > 600 14,000 > 1,000 > 24 Surveillance,
cargo
transportation

HALE > 600 Upto > 1,000 > 24 Surveillance,

65,000 data gathering,
signal relay

Strike/ > 600 Up to > 1000 Days/weeks | Surveillance,

Combat 65,000 data gathering,
signal relay

Flapping-wing UAVs: They have flexible and/or morphing small wings
inspired by birds and flying insects. These are also available in hybrid
configurations or convertible configurations, which can take-off verti-
cally and tilt their rotors or body and fly such as airplanes, such as the
Bell Eagle Eye UAV.

Nano-Air Vehicles: They are extremely small and ultra-lightweight sys-
tems (e.g., DJI Tello, Eachine E10C, Holy Stone HS210) with a maxi-
mum wingspan length of 15 cm and a weight less than 20 g. These are
used in swarms for ultra-short range surveillance.

Mini-UAVs (MUAVs): These UAVs are between 2 and 20 kg (e.g., DJI
Matrice 600 Pro, DJI Inspire 2) and are capable of being hand-launched
with operating ranges up to about 25 km. These are used by mobile bat-
tle groups and diverse civilian purposes.

Micro-UAVs (MAVs): These are less than 2 kg weight (e.g., DJI Spark,
DJI Mavic, Parrot Bebop 2) and are used for operations in urban
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environments, particularly within buildings where it is required to fly
slowly and preferably to hover and to perch, (i.e., to be able to stop and
to sit on a wall or post). The MAVs are generally expected to be launched
by hand, and therefore winged versions have very low wing loadings,
making them very vulnerable to atmospheric turbulence.

= Close-range UAVs: They are used by mobile army battle groups, other
military/naval operations, and diverse civilian purposes. They usually
operate at ranges of up to about 100 km and endurance time of 1-6
hours. They are usually used for reconnaissance and surveillance tasks.

»  Tactical UAVs (TUAVs): They operate up to 300 km range. These are
between 150 and 600 kg weight and operate within simpler systems
by land and naval forces. Small and Tactical drones are of the size of a
motorcycle/helicopter and are used for military purposes.

=  Medium Altitude Long Endurance (MALE): They can fly between
5 and 15 km altitude with more than 24 hours of endurance. Their roles
are similar to the High Altitude Long Endurance (HALE) systems but
generally operate at somewhat ranges (>500 km) from the fixed bases.

= High Altitude Long Endurance (HALE): They can fly over 15 km
altitude with more than 24 hours of endurance. The HALE UAVs carry
out extremely long-range (trans-global) reconnaissance and surveillance
and are increasingly used by Air Forces from fixed bases.

According to Operation & Use

Many types of UAVs exist today. These can be classified into five different
types according to their operations (Dalamagkidis, 2014). These include (i)
Remote human pilot (real-time control by remote pilot), (ii) Remote human
operator (human provides the flight parameters to invoke the built-in func-
tions for vehicle control), (iii) Semi-autonomous (human-controlled ini-
tiation and termination, autonomous mission execution), (iv) Autonomous
(automated operation after human initiation) and (v) Swarm control (coop-
erative mission accomplishment via control among the vehicles). They are
typically classified into six functional categories; target and decoy, recon-
naissance, combat, logistics, personal/hobbyist, research & development,
and civil & commercial. Civil and commercial drones are those dedicated to
applications, such as infrastructure inspection, precision agriculture, traffic
monitoring, law enforcement, emergencies, etc. According to uses, they can
also be classified as:

= Toy drones: They are small (mini/nano) sized quadcopters, inexpensive
and a good to start with most beginners.
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= Hobby drones: They are mid-sized drones, used by novice flyers with
some experience. Many have cameras attached.

»  Professional drones: They are high-end copters with four or more pro-
pellers. Most have high definition (HD) cameras for aerial photography
and offer more features along with the longest flight times.

»  Selfie drones: They are small flying cameras that are easy to pack and
carry. They enable to capture selfie shots from a unique perspective that
can be shared on social media sites.

®  Racing drones: They are small, fast, and agile quadcopters (multiro-
tors) with an onboard camera that transmits real-time video back to the
pilot for a cockpit perspective while flying through a course of gates and
tunnels.

»  Foldable drones: They are foldable drones with motor arms that can be
folded and unfold. Because the motor arms can be folded, it reduces the
risk of impact. They are designed to create compact space and are stored
inside a travel case or backpack.

= Inflatable drones: The Diodon is the world’s first drone with inflatable
arms. The inflatable drones are easier to transport. They can be inflated
fast, even with an air pump. They are waterproof and can safely land on
water and even fly in the rains.

According to Size

The UAVs come in a wide variety of sizes. Many small UAVs/drones are now
available for personal consumer use, offering HD video or still camera capa-
bilities or to simply fly around. These UAVs/drones often weigh from less
than a pound to 10 pounds (Ahmad, 2015). With increasing civilian appli-
cations, the class of mini/micro-UAVs is also emerging very fast (Dunbar
et al., 2015). A typical classification according to aircraft weight divides them
into micro air vehicles (weighing less than 2 kg), mini-UAVs (2-20 kg), and
heavier UAVs. Mini/micro type of UAVs has limitations with most computer
embedded systems due to limited space, limited power resources, increas-
ing computation requirements, the complexity of the applications, time to
survey requirements, etc. (Jha, 2016).

Very small UAVs range from “micro” sized, which are about the size of a
large insect with dimensions of the order of 30-50 cm. There are two major
types of small UAVs; the first one uses flapping wings to fly such as an insect
or a bird. The other uses a more or less conventional aircraft configuration,
usually rotary-wing for the micro size range. The choice of flapping wings or
rotary wings is often influenced by landing requirements and perch on small
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surfaces to allow surveillance to continue without spending the energy to
hover. Another advantage of flapping wings is that it may look such as a bird
or insect and be able to fly around very close to the objects of its surveillance
or perch in plan view without giving a visual fact that it is not a bird but actu-
ally a sensor platform (Austin, 2010). However, for flapping wings, there are
issues related to aerodynamics.

Some of the very small UAVs include (i) the Mosquito wing/fuselage,
which is 35 cm (14.8 in.) long and 35 ¢cm (14.8 in.) in total span, (ii) the Skate
fuselage/wing, which has a wingspan of about 60 cm (24 in.) and length of
33 cm (13 in.). It folds in half along its centerline for transport and stor-
age, and (iii) the CyberQuad mini, which has four ducted fans, each with a
diameter of <20 c¢m (7.8 in.), mounted so that the total outside dimension
that includes the fan shrouds is about 42 cm x 42 cm. This UAV resembles
a flying “toy” called the “Parrot AR Drone.” The sketches of some of these
small UAVs are shown in Figure 2.4.

Skate

Mosquito

FIGURE 2.4 Very small UAVs (Austin, 2010).

Normally, larger UAVs in size are mostly used for military purposes,
such as the Predator drone. The next in size are fixed wings UAVs which
require short runways. These are generally used to cover large areas, such as
surveying or combat wildlife poaching.

According to Altitude

In general, the use of UAVs as an aerial base station in communications net-
works can be categorized based on their altitudes as well as types. Figure
2.5 shows the classification based on low altitude platforms (LAPs) and high
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altitude platforms (HAPs) as well as based on wing types. This figure also
presents the strengths and weaknesses of each classification.

/-Long endurance (Days or months).

Hig:‘\ tafltitUde -Wide coverage.
platform . i_stati
(HAP) Quasi-stationary. »
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-Cost-effective
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(LAP)

\—Typically files up to several hours

UAVs
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-Cannot hover

-High speed o~
-Can carry high payload

\-Can fly for several hours

(-Such as quadrotor drone

-Can hover

-Low speed R
Rotary-wing }H -More energy limited than ”
fixed-wing

-Less than 1 hour flight

\duration for typical drones

FIGURE 2.5 Categorization of UAVs (Mozaffari et al., 2018).

The LAP is a quasi-stationary aerial communications platform. The LAP
UAVs can quickly move and are flexible to fly at altitudes of tens of meters to
a few kilometers but <10 km. Three main types of UAVs that fall under this
category are; VI'OL, aircrafts, and balloons (Dalamagkidis, 2014). On the
other hand, HAPs operate at very high altitude above 10 km. Airships, air-
crafts, and balloons are the main types of UAVs that fall under this category.
Vehicles utilizing this platform are able to stay for a long time in the upper
layers of the stratosphere (Jha, 2016). A comparison between the HAPs and
LAPs is presented in Table 2.2. This table also summarizes the performance
parameters, such as UAV endurance, maximum altitude, weight, payload,
range, deployment time, fuel type, operational complexity, coverage range,
and applications for each UAV type.
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TABLE 2.2 HAP and LAP UAVs and their Performance Parameters (Shakhatreh et al., 2018).

Parameters HAP LAP
Airship Aircraft Balloon |VTOL Aircraft Balloon
Endurance |long 15-30 hr long Few hours | Few hours | Up to few
endurance JP-fuel >7 | endurance days
days Solar | up to 100
type days
Max. altitude | Up to 25 15-20 17-23 Up to 4 Upto5 Uptol.5
(km)
Payload Hundreds of | Upto 1700 | Tens of kg | Few kg Few kg Tens of kg
kg kg
Flight range | Hundreds of | 1500 to Up to 17 Tens of km | <200 km Tethered
km 25000 km | million km balloon
Deployment | Need runway | Need Custom- Easy to Easy to Easy to
time runway built auto- | deploy launch by | deploy
launchers catapult 10-30 min
Fuel type Helium JP-8 jet Helium Batteries Fuel Helium
balloon fuel Solar | balloon Solar injection
panels Solar panels engine
panels
Operational | Complex Complex Complex | Simple Medium Simple
complexity
Coverage Hundreds of | Hundreds | Thousands | Tens of Hundreds | Several
area km? of km? of km? km? of km? tens of
km?
UAV weight | Few hundreds | Few Tens of kg | Few of kg | Tens of kg | Tens of kg
of kg thousands
of kg
Public safety | Considered Considered | Need Need Safe Safe
safe safe global safety
regulations | regulations
Applications | Testing GIS Internet Internet Agriculture | Aerial
environmental | imaging delivery delivery application | base
effects station
Examples HiSentinel 80 | Global Project LiDAR EMT Luna | Desert
UAV Hawk Loon X-2000 Star 34 cm
balloon Helikite
(Google)
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2.4.4

Compared to HAPs, the deployment of LAPs can be done more rapidly,
thus making them more appropriate for emergency situations. Unlike
HAPs, LAPs can be used for data collection from ground sensors and readily
recharged or replaced if needed. In contrast, HAPs have longer endurance,
and they can be designed for long-term (e.g., up to few months) operations.
Furthermore, HAPs are typically preferred for providing wide-scale wireless
coverage for large geographic areas. However, HAPs are costly, and their
deployment time is significantly longer than LAPs (Patel et al., 2017).

According to Wings Type

The UAVs can also be categorized based on wings type and the aerodynamic
flight principle; fixed-wing, rotary-wing, flapping-wing, and VTOL. The sali-
ent features of some of the UAVs available in the global market are summa-

rized in Table 2.3.
TABLE 2.3 Some Example of Commercial UAVs Available in the Global Market (Singhal et al., 2018).
Model Flight Flight Time | Speed Weight Camera
Mode (min) (mph) (kg)
Autel X-Star Up to 25 35 1.6 12 mp, Single
Premium Attitude shot
GPS 10C

Blade Bind-N-fly 5-10 95 ¢ EFC-721

BLH7480A

DJI 22.36 1.2 4K

Phantom 1

DJI GPS, 23 35.7 1.28 1/2.37

Phantom GLONASS complementary

Professional metal-oxide

3 semiconductor
(CMOS)

DJI 28 447 1.38 1/2.3”7 CMOS

Phantom 4

DJI Inspire | GPS 27 13.42 3.44 Visible,

2 multispectral

DJI Inspire | GPS 15 11.18 3.5 Visible,

Pro multispectral

DJI Matrice | GPS (P and 27 51.4 3.80 Zenmuse series

200/210/210 | S mode) cameras

RTK
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Model Flight Flight Time | Speed Weight Camera
Mode (min) (mph) (kg)

Kaideng Headless 10 - 0.57 2.0 mp

K70C mode

Parrot GPS, 25 34 0.32 1/2.4” CMOS

ANAFI GLONASS

Parrot GPS, 30 - 0.525 14 mp CMOS

Bebop 2 GLONASS

Power

JXD 509G Headless 10 - 1.2 2mp, First
mode Person View
Automatic (FPV)
landing

Quanum GPS 15 - 0.875 Go-pro

Nova

SYMA Headless 7 - 1.5 8 mp, FPV

XSHG mode

Yuneec Waypoints, 24 24.85 4.9 16 mp

Tornado OrbitMe

H920

Typhoon K | GPS 25 45 1.7 12 mp

Typhoon H+ | GPS 28 9 1.645 20 mp, CMOS

Walkera GPS 20 35 2.97 720 pixels HD

Scout X4 video

Voyager 3 GPS/ 25 - 3.650 1080 pixels, 60
GLONASS fps

Kaideng Headless 10 - 0.579 2 mp

K70C mode

2.4.4.1 Fixed-wing UAVs

The fixed-wing UAVs benefit from a simpler structure, easy maintenance,
efficient aerodynamics, and longer flight duration and range coverage. The
ailerons, elevators, and rudder on the wing of the UAV control the move-
ment of the UAV. They allow the UAV to turn around the pitch, roll, and
yaw angles. The elevator controls the pitch, ailerons control the roll, and the
rudder controls the yaw (Austin, 2010).

They are more suited to applications that demand longer flight endurance,
such as monitoring large agriculture fields, forests, or linear infrastructure
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(roads or railways). Fixed-wing UAVs usually have more weights, move with
high speed and carry more payloads (Figure 2.5), but they need to maintain
a continuous forward motion to remain aloft, thus are not suitable for appli-
cations requiring stationary position (Jha, 2016). They require large space
for take-off and landing, and as a result, they are also not suitable for areas
crowded with tall objects, such as buildings, trees, and other infrastructures.

2.4.4.2 Rotary-wing UAVs

Rotary-wing UAVs (Figure 2.5) consist of a number of rotor blades that
revolve around a fixed mast. The aerodynamics of rotor blades is similar
to those of a fixed-wing; however, the air vehicle does not require forward
movement to produce lift. The blades themselves are in constant motion,
which produces the airflow required to generate the lift and help in hovering.

The rotary-wing UAV is controlled with the variation in thrust and
torque from the rotors. For example, yaw movement uses the imbalance in
the yaw axis forces produced by increasing/decreasing the speed of a pair of
diagonal motors (Austin, 2010).

Multirotor UAVs are classified depending on the rotor configurations as
helicopters, tricopters, quadcopters, hexacopters, and octocopters (Sustek
and Ugednieek, 2018). In terms of reliability, quadcopters have no possibil-
ity of landing if one motor fails, while a hexacopter can survive with limited
yaw control, and octocopters can fly and land with one motor failure. The
rotary-wing UAVs use batteries and have shorter flight times (Paneque et al.,
2014). These UAVs have the distinct advantage of needing small space for
taking-off and landing compared to fixed-wing UAVs. As opposed to fixed-
wing UAVs, they require a Gimbel system to support the camera.

Rotary-wing UAVs allow heavier payload, easier take-off and landing,
better maneuvering than fixed-wing UAVs, and the possibility of hovering.
The flight time of rotary-wing UAVs is <60 minutes with electric motors,
while it is more than 1 hour in fixed-wing UAVs. Lesser payloads are carried
by rotary-wing UAVs; however, fixed-wing UAVs can carry much higher
weights. The rotary-wing UAVs usually have limited mobility and payload,
but they are able to move in any direction as well as stay stationary in the air.
They are used for applications, such as infrastructure inspection (bridges,
dams, or windmills), monitoring of small fields, and spraying, and surveil-
lance. The hybrid systems are also available in the market that combines
rotary-wing systems for take-off and landing and fixed-wing systems for hor-
izontal displacements. Table 2.4 presents the advantages and disadvantages
of fixed wings and rotary wings UAVs, which may help in making the right
selection of UAV for desired applications.
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TABLE 2.4 Advantages and Disadvantages of Fixed Wings and Rotary Wings UAVs.

S.No. | Parameters Advantages & Disadvantages

of Using
Fixed-wing UAV | Rotary-wing
UAV

1 Maneuverability No Yes

2 Price No Yes

3 Size/portability No Yes

4 Ease-of-use No Yes

5 Range Yes No

6 Suitability Yes No

7 Payload capacity No Yes

8 Safer recovery from motor power | Yes No

loss
9 Take-off/landing required No Yes
10 Efficiency for area mapping No Yes

The VTOL UAVs are generally quadcopters, and do not require take-
off or landing runway (Watts et al., 2012). The advantages of VTOL UAV
are the portability of the platforms for remote area operations without the
necessity of having a runway. These UAVs are very useful in situations where
the limitation of terrain exists. Hovering capabilities, as well as maneuver-
ability characteristics, provide a clear advantage of VTOL over other fixed-
wing UAVs. In order for VTOL UAYV to hover and make a transit flight, such
as airplane, its propulsion system is very different than those of multicop-
ter type or fixed-wing type UAVs (Yu et al., 2016). However, high power
requirements for hovering may limit the flight durations for VTOL.

The VTOL platforms are useful in rescue operations in a complex urban
environment with narrow streets, and dense buildings, etc. Due to many advan-
tages, the VTOL UAV is being used in commercial applications and is a topic
for further research. The latest small drones, such as the DJI Mavic Air and D]JI
Spark, take VTOL to the next level and be launched from the palm of the hand.

COMPONENTS OF A UAV

The components of a UAV define its quality and type. The UAV hardware
includes a frame, propellers, batteries, transmitters and receivers, Electronic
Speed Controllers (ESCs), motors, and a flight controller interfaced with cer-
tain electronic devices, such as gyrometers, accelerometers, etc. To control
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the hardware, electronic modules, such as Arduino, Raspberry Pi, could also
be used for self-programming (Dalamagkidis, 2014). The size and shape of
the frame of a UAV completely depend on the needs and applications. The
selection of motors, batteries, and ESC would depend on the weight that a

UAV can carry.

Various components in a UAV system are payloads, control systems, data
links, support elements, system users, etc. (Gupta et al., 2018). The main
components are shown in Figure 2.6 (Demir et al., 2015). A UAV is a com-
plex system composed of several components that work in coordination to
obtain a highly valuable observation platform. Figure 2.7 depicts a schematic

view of each hardware component of the UAV.
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FIGURE 2.6 Main components of a UAV.
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FIGURE 2.7 Pictorial view of each component of UAV (Uerkwitz et al., 2016).
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2.5.1 Transmitter

A transmitter or radio transmitter is an electronic device (Figure 2.8) that
generates a radio frequency alternating current in electronics. When a con-
nected antenna is excited by this alternating current, the antenna emits the
radio waves. The number of channels in a transmitter determines the num-
ber of controls it has. For example, a four-channel radio will be able to con-
trol four different things. For a quadcopter, a minimum of four channels
is required, not because of the four motors but because of the four differ-
ent controls required to fly the quadcopter (Sustek and Ugednieek, 2018).
These controls are; throttle (how fast the motors are spinning), pitch (tilting
the multicopter forward and backward), roll (tilting the multicopter to either
side), and yaw (rotating the multicopter on its axis) (Gupta et al., 2018).

Power

Calibrating Gimbal (RoII
procedure/ ®/

POl reset/ e

Trigger oa o

interval/ Camera
Reset WP trigger

Features

Features

Steering
(throttle/yaw)

Steering
(roll/pitch)

Menu
control

FIGURE 2.8 Transmitter and its components.

2.5.2 Receiver

The receiver is an electronic device used to receive radio waves and converts
the information to a usable form (Gupta et al., 2018). There are four broad
types of receivers.

1. Pulse Width Modulation receivers: use one servo wire for each channel.
For four channels, four servo wires are used going to the channels” port
on the receiver. These receivers are comparatively large because of so
much wiring.
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2. Pulse Position Modulation receivers: send multiple pulse width modu-
lation signals through a single wire in succession. This receiver is pre-
ferred as it requires only a single wire and can carry all the channel
signals required with a maximum of eight channels.

3. Serial Bus receivers: use just a single wire in a serial connection. They
are much faster, and therefore are a preferred choice among UAV users.

4. Radio receivers: receive the control signals from the operator.

2.5.3 Body Frame

The frame is the skeleton and main element of the UAV, where all other
components are fixed. For different tasks, different-sized frames are pre-
ferred, such as for aerial cinematography; for example, a big frame would be
needed to lift the camera with tall landing gears and for high maneuverability,
while a small frame is the best option for sports aerial cinematography. The
design of the frame is a trade-off between strength (especially when addi-
tional weight, such as cameras are attached) and additional weight, which
will require longer propellers and stronger motors to lift (Gonzélez-Jorge
etal., 2017).

The frame is an important part of the air vehicle because it needs to be
light enough for the UAV to take-off but strong enough to provide support
to components and not breaking in a minor crash. The UAVs have their own
flight dynamics, and therefore the structural integrity needs to be met with.
It should be a simple, light-weighted, aerodynamically efficient, and stable
platform with limited space for avionics. Its shape must provide a smooth
geometry having the least aerodynamic resistance (Marques, 2013).

It serves as the main support for other elements, such as motors, elec-
tronic subsystems, batteries, payload, and various other devices in such a way
that they maintain stability during the flight and try to keep the UAV leveled.
As mentioned before, there are two types of frames commonly used: fixed-
wing and rotary-wing types; the most common types in rotary-wings include
tricopter, quadcopter, hexacopter, and octocopter (Johnson, 2015), which
are briefly explained below.

2.5.3.1 The Tricopter

This type of UAV has three arms, usually with a 120° angle between the
arms (Figure 2.9a). This is, in theory, the lowest costing model because it
needs fewer motors. Since this UAV is not symmetric, the rear motor is more
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complex than the other two in order to maintain a stable flight. All autopilots
do not support this configuration.

2.5.3.2 The Quadcopter

This UAV with four arms is the most popular design (Figure 2.9b). The quat-
copter is easiest to build and is quite versatile. All the flight controllers work
with this design. But if one of the motors fails, then this type of UAV will
most likely crash.

2.5.3.3 The Hexacopter

This type of UAV with six arms can also be used on a tricopter frame by
doubling the motors on each frame (Figure 2.9¢). The tricopter design is
also called a Y6 configuration, giving the shape of the letter Y. If one of the
motors on the hexacopter goes out, the other motors can usually make it to
the ground more safely than a quadcopter. More motors will create more
uplift thrust, allowing the UAV to lift heavier payloads but these models are
usually more expensive.

2.5.3.4 The Octocopter

This UAV with eight arms can also be used on a quadcopter frame by dou-
bling the motors on each frame (Figure 2.9d). The quadcopter is also called
the X8 octocopter, as it gives the shape of the letter X. The octocopter has the
same advantages and disadvantages as the hexacopter. Due to more motors,
it is a more expensive model, but it can lift heavier payloads and recover
much better from a failing motor than a hexacopter.

g dfie =llSfe ol S]ie

FIGURE 2.9 The Rotary-wing (a) Tricopter, (b) Quadcopter, (c) Hexacopter, and (d) Octacopter.

Fixed-wing systems exhibit greater flight duration; however, most of the
market is occupied by rotor-wing systems as they carry a higher payload and
show greater agility than fixed-wing systems. Figure 2.10 shows some fixed
wings and rotary wings UAVs used in various agricultural applications.
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FIGURE 2.10 Some fixed-wing and rotary-wing UAVs used in agriculture studies
(Shamshiri et al., 2018).

Among the rotary-wing types, the most common frame used is the
quadcopter, but the hexacopter and octocopter can also be used (Cai et al.,
2011). The concept of quadcopter UAV is not new; manned quadcopters
first experimented within the 1920s, but their effectiveness was hampered
by the technology available at that time (Bloom. 2011). In a quadcopter,
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four motors are placed at the edges of the arms of the frame. The direc-
tion of rotation of each motor is such that the torque generated by each of
the motors cancels out. The adjacent motors rotate in the reverse direction
while the opposing motors rotate in the same direction.

For the quadcopter to hover in place, it is necessary to ensure that all the
motors rotate at the same rpm, which must be sufficient to generate a “lift”
balancing its own weight. In addition, the torque due to all four motors must
be canceled out so that the quadcopter does not yaw in a certain direction.
In order to gain the altitude, all four motors of the quadcopter must increase
the speed of rotation simultaneously, and similarly to descend down, the
speed of all four motors must be decreased simultaneously. In terms of reli-
ability, quadcopters have no possibility of landing if one motor fails, while a
hexacopter can survive with limited yaw control, and octocopters can fly and
land safely with one motor failure. However, with the advancement of elec-
tronic technology in sensors, batteries, cameras, and GPS systems, quadcop-
ters have become widely employed over the past decade both recreationally
and commercially (Sustek and Ugednieek, 2018).

A number of aerospace materials are used for fixed-wing and rota-
ry-wing UAVs. The fiberglass (G10), carbon fiber, and aluminum materials
are used for the frames, but the most important is how well the frame has
been designed. Low-cost fixed-wing UAV, such as Parrot Disco uses a foam
frame, while high-end UAVs use materials, such as carbon fiber. Rotary-
wing UAVs use plastic, aluminum, and carbon fiber frames, depending on
the quality of the aircraft. Low-cost models, such as DJI Phantom, use plas-
tic, while, for example, the DJI Inspire or Microdrones use carbon fiber. In
some models, there are frames that enclose the most important electronic
systems in the interior, while in other models, the electronics are outside of
the frame. The latter is more sensitive to inclement weather (mainly water)
and impact (Yu et al., 2016).

Motors

The motor is an equally important component, as the power system of a
multicopter depends on the motor. The motor is required one per propeller.
Although there are UAVs that use fueled motors, brushless direct current
(DC) electric motors are the most commonly used in multicopter. Gasoline
motors are too heavy for UAVs. Brushless DC motors appeared in the 1960s
due to advances in solid-state electronics. These are electronically com-
mutated systems (Figure 2.11a), and are powered by a DC electric power
source using an integrated inverter, which produces an alternate current
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(AC) electric signal to drive the motor (Gupta et al., 2018). The permanent
magnet rotates, and the current-carrying conductors are fixed. The armature
coils are switched by transistors at the correct rotor position in such a way
that the armature field is in space quadrature with the rotor field poles.

Stator width

Stator
height

Energy source Power generation Power transmission
Gasoline/Cerosine Turbine Jet
Fuel cell Gas engine Propeller
Battery Gasoline powered generator Rotor
to power electric system
| ller/ducted f
Electric motor mpeller/ducted fan

(b)

FIGURE 2.11 (a) A brushless DC motor, and (b) Link between energy source,
power generation and power transmission (Wackwitz et al., 2016).

These motors have very high power density (in terms of size and light
weight) and are incredibly efficient which can spin fast with precisely con-
trolled speed. Moreover, they are less noisy and economical to manufacture.
There is a wide variety of physical configuration, which depends on the sta-
tor windings. The windings can be configured as single-phase, two-phase, or
three-phase motors. On the other hand, the most used brushless DC motors
are three-phase (Sustek and Ugednieek, 2018).

Brushless motors commute by software implementation using a micro-
controller or in digital firmware using a field-programmable gate array and
are used in two common electrical winding configurations. The delta con-
figuration connects three windings to each other in a triangle-like circuit.
The Y-shaped configuration connects all the windings to a central point,
and power is applied to the remaining end of each winding. A motor with
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windings in delta configuration gives low torque at low speed but can give a
higher top speed. The Y-configuration gives high torque at low speed. The
reliability, easy control, and efficient power transmission of brushless motors
have contributed greatly to many UAV developments in fixed-wing and rota-
ry-wing systems. Figure 2.11b shows a connection between energy source,
power generation, and power transmission.

With multirotors, it is important to maintain the thrust to weight ratio as
two or more to ensure that double thrust is produced by the motor than the
total weight of UAV, or in other words, UAV should be able to hover at half
of the throttle. Motors are rated in “KV” units which equates to the number
of revolutions per minute it can take when a voltage of 1 V is supplied to the
motor with no load. For most multirotor UAVs, a low KV around 500-1000
is desired for stability. It is important to see the thrust rating that some
manufacturers would provide. Usually, it is related to a given type of propel-
ler option. This thrust is essential because if the thrust is 2.5 kg and the UAV
also weighs 2.5 kg then it will have great difficulty in taking off and staying
up. The propellers and motors are chosen so that the maximum thrust is
obtained. A faster motor spin will give more flight power but requires more
power from the battery resulting in a decreased flight time (Corrigan, 2020).

Motors must be matched to the propeller specifications that are being
used. It is important that the maximum current ratings should not exceed by
trying to get too much power out of them, forcing them to turn too slowly, or
overheating them. The motors chosen will have a huge impact on the flight
time and decide the quantum of heavy load a UAV can carry. It is highly
suggested that the same type of motor be used for all of the rotors in a UAV
so that they all do the same amount of work for the UAV. Even though the
motors are the same make and model, their speeds may still vary, which
is the function of the flight controller. The motors receive data for direc-
tion from the flight controller and the ESC to either hover or fly the UAV
(Dalamagkidis, 2014).

Electronic Speed Controller (ESC)

One crucial element of the motor is the ESC, as shown in Figure 2.12(a).
It provides electronically generated three-phase power to the motors and
controls the rotation frequency of the motors. An ESC may have a complete
programming facility, including battery mode and throttle range. The ESC
helps the flight controller to be able to control each of the motors separately
to produce the correct spin speed and direction so that the entire UAV can
stay stabilized (Gupta et al., 2018).
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2.5.6

The ESCs are typically rated according to the maximum current. They
support nickel metal hydride, lithium polymer (LiPo), and Lithium Iron
Phosphate (LFP) batteries with a range of input voltage (Vergouw et al.,
2016). The rotation frequency is controlled using “pulse width modulation.”
Pulse width modulation signal from the receiver is converted to an appro-
priate level of electrical power that drives the brushless motor. The Battery
Elimination Circuit (BEC) is a voltage regulator that converts the voltage
from a battery to a lower voltage to control the supply. Usually, BEC is built
into ESC, eliminating the need for another battery to power the 5V elec-
tronic devices. The universal BEC is used under the situation when ESC
does not have built-in BEC. It is generally more reliable, more efficient, and
able to provide more current than the BEC. The universal BEC is connected
in a similar way as the ESC, that is, directly to the main battery of the UAV.

Propellers

A propeller is the most common propulsion device used in UAVs. A pro-
peller is composed of several blades that rotate around an axis to produce
thrust by pushing air, much such as a fan does. The performance of a pro-
peller is determined by its geometry, and different propeller geometries
are optimized to produce thrust efficiently at given rotational and forward
flight speeds. The propellers are the components that are frequently dam-
aged while working and need replacement. Propellers convert the rotational
motion into thrust (Gonzélez-Jorge et al., 2017).

There are five main variables that need to be considered when choosing
a multirotor propeller; size, pitch, blade configuration, material (durability),
and design (efficiency). Pitch is the distance traveled by UAV in one single
prop rotation. A low pitch propeller provides perfect stability and vibration.
More torque is produced by the propellers of the lower pitch and hence can
operate on less current, whereas more air will get displaced for a high pitch
propeller, and this will result in a turbulent motion. The variation in speed
of the multicopter is easier in the case of small propellers, but in the case
of large propellers, it takes a little time to change the speed. Also, the UAV
with small props uses a high rpm motor, and the blades spin rapidly to make
the UAV fly (Gupta et al., 2018). However, a motor having less KV is used
for operating the larger propellers; otherwise, the motor may burn due to
excessive heat produced. Due to this, the UAV would shake while hovering.
Thus, a lower pitch propeller is suggested.

There are two types of propellers used: (i) plastic propellers, which are
lightweight and inexpensive but have balancing issues and produce more
sound and vibrations and (ii) carbon fiber propellers which are lighter in
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weight, more strong, more balanced, and produce lesser vibration and sound.
But fiber propellers are expensive and produce lower thrust than plastic
ones. Carbon fiber propellers are more rigid and more durable during small
crashes. However, as they are more rigid, the motor bearings support higher
impacts during crashes (Vergouw et al., 2016).

Figure 2.12b shows blade propellers. A single-bladed propeller would
be the most efficient, although it is not used because of the dynamic imbal-
ance. Tricopters consist of three propellers, quadcopters four propellers,
and hexacopters six propellers, and so on. Out of four propellers, two move
in the clockwise direction in quadcopter while the remaining two moves
in the anti-clockwise direction. Sometimes propellers with three or more
blades are used because of space limitations or because propeller blades
that are too large result in a higher speed close to supersonic. Two-blade
propellers give more thrust than three- or four-blade propellers, which are
more affected by turbulence. Ideally, the most efficient flight consists of
the largest propeller diameter turning at the lowest velocity. Speed is thus a
trade-off for efficiency. One example is racing drones, which commonly use
three-blade propellers (Patel et al., 2017).

(a)

2 Blade prop 4 Blade prop

3 Blade prop

©

5 Blade prop
(b)

FIGURE 2.12 (a) Electronic speed controller and (b) Blade propellers used in co-opters.
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2.5.7

Propellers can also be divided into fixed and adjustable pitch (Valvanis
and Vachtsevanos, 2015). Civil UAV systems typically use fixed-pitch propel-
lers. Adjustable pitch propellers are sometimes used in helicopter-type UAVs
with a fueled motor. Fuel-injected propeller engines are used for fixed-wing
UAV, and T-motors for VTOL and multirotor UAVs. In such a case, the
working principle is based on the change of pitch of the propeller blades
to absorb the selected motor power for any selected power. Increasing the
blade pitch increases the drag while decreasing the blade pitch decreases
the drag. Many UAV manufacturers recommend foldable propellers. They
can minimize the damage during problematic landings and improve UAV
transportability.

Flight Controller

The flight control system is the brain of the aerial vehicle, as it helps stabilize
the motors and synchronize them so that even if the motors give a different
output of thrust, the UAV can stay steady. The flight control system consists of
hardware and software elements that will allow the aircraft to be controlled
remotely, either directly by a pilot or autonomously by an onboard computer
(Gonziélez-Jorge et al., 2017). The UAV flight dynamics are highly variable
and non-linear, and so maintaining attitude and stability may require contin-
uous computation and re-adjustment of the flight system. The hardware of
the flight control system includes a main control module, signal conditioning
and interface module, a data acquisition module, and a servo drive module
(Huang et al., 2007). It has a circuit board of varying complexity designed to
collect aerodynamic information through a set of sensors (accelerometers,
gyroscopes, magnetometers, pressure sensors, GPS, etc.) in order to auto-
matically direct the flight of an aircraft along with its flight plan via several
control surfaces present in the airframe (Figure 2.13). It reads the data pro-
vided by the sensors, processes it into useful information, and according to
the type of control, either relays this information to the Ground Control
Station (GCS) or feeds the actuator control units directly with the updated
state. This operation is to be performed according to the development of the
flight plan as well as the actual mission assigned to the UAV.
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FIGURE 2.13 Flight controller and associated links (Altawy et al., 2016).

The flight controller can be programmed to take-off and fly to waypoints.
For a small DIY quadcopter, instead of a flight controller, a gyro sensor may
be used. It can also be self-programmed using an Arduino interfaced with
the electronic components, such as gyrometer, accelerometer, etc., or else
a variety of pre-programmed highly stable flight controllers are available;
some of which are 3DR PixHawk, DJI A3, DJI NAZA-M V2, Lumenier
LUX, Naza, KK, WKM, Ardupilot and Rabbit (Gupta et al., 2018).

The flight control system collects the flight state data measured by each
sensor in real-time, and receives control commands and data transmitted by
the radio monitoring and control terminal from the communication channel
of the ground monitoring and control station (Caughey, 2011). After calcula-
tion, the control command is output to the executing mechanism to control
the UAV of various flight modes and manage and control the mission equip-
ment. It simultaneously transmits the status data of the UAV, the operational
status parameters of the engine, onboard power supply system, and mission
equipment to the onboard radio data terminal in real-time, and then sends it
back to the ground monitoring station via the radio downlink channel. The
sensors integrated on the aircraft frame produce electronic signals transmit-
ted to the flight computer that determine how to move the actuators at each
control surface to provide the expected response (Austin, 2010).
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2.5.8

Autopilots are part of avionics and are key elements of UAVs.
Geopositioning is provided by a GNSS receiver, which gives latitude, lon-
gitude, altitude, speed, track angle, and time. Attitude is sensed using an
INS. The operator can use a computer, tablet, or mobile phone to provide
GNSS waypoints that can be saved in the autopilot to navigate. There are
many software options for mission planning. One free software example is
the QGroundControl. It provides full flight control and UAV setup for PX4
or ArduPilot. It allows mission planning for autonomous flight, flight map
display, video streaming, and support for managing multiple UAVs.

The Payloads

The payload is the weight a UAV can carry. It is usually counted outside of
the weight of the UAV itself and includes extra cameras, sensors, or packages
for delivery. The UAVs used in the military have much larger payloads than
the civilian UAVs. The payload may include all the elements of a UAV that
are not necessary for flight but are carried for completing the specific mis-
sion objectives. Two UAVs of the same mass, one with large rotors and one
with small rotors, may carry different payloads, as the first one will create
more air thrust with the same power, despite the airflow being slower than
that generated by the smaller-rotored UAV (Vergouw et al., 2016).

The payloads carried by UAVs include, such as cameras, sensors, radars,
Light Detection and Rangings (LiDAR), communications equipment, weap-
onry, including distance sensors (ultrasonic, Laser), time-of-flight sensors,
chemical sensors, and stabilization and orientation sensors, among others.
These sensors are generally small, and lightweight with low power consump-
tion and providing high accuracy. However, the UAV onboard devices and
sensors vary depending on the missions. The greater the payload a UAV
can carry, the more the flexibility to have additional technology and sen-
sors on the UAV. The UAV devices and sensors are quite different in size
and capability for different UAV types. For example, the sensor and device
requirements for a HALE UAV will be quite different from a micro UAV
requirement. The payload of a UAV should be as light as possible to have a
long endurance (Patel et al., 2017). A flight time is normally quoted with the
model of UAV used; however, care should be taken to understand whether
this flight time is with or without the payload. The flight time is normally
reduced when the UAV is carrying extra weight, purely because of the addi-
tional power required to lift it.
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2.5.9 Gimbals and Tilt Control

Aerial cameras need to be integrated with the UAV platform using gimbals.
Gimbal technology is vital to capture quality aerial photos, film, or 3D images.
A gimbal is a motorized platform (Figure 2.14) that uses several sensors,
usually accelerometers, a magnetic compass, servos, and a microcontroller,
to prevent spurious movement (Jha, 2016). They balance the vibration and
spurious movements of UAVs, which otherwise could induce blurring in
images. The gimbals with two axes are most common that compensate for
movement in roll and pitch angles. The gimbal allows the camera to tilt while
in flight, creating unique angles to capture oblique images. There are mostly
three-axes stabilized gimbals with two working modes; First Person View
(FPV) and non-FPV mode. Practically, all the latest UAVs/drones have inte-
grated gimbals and cameras.

FIGURE 2.14 The Gimbal system (Gonz-lez-Jorge et al., 2017).

2.5.10 Sensors

A sensor is a device that detects and responds to some type of input from
the physical environment. It converts physical data to electronic data.
The specific input could be light, heat, motion, moisture, pressure, or any
number of other environmental phenomena. UAVs can install the sensors,
including accelerometer, gyro sensor, magnetometer, barometer, Inertial
Measurement Unit (IMU), LiDAR, RADAR, laser ranger, ultrasonic,
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time-of-flight (ToF) sensor, thermal sensors, chemical sensors, and GPS
(Colomina and Molina, 2014).

Figure 2.15 shows various sensors fitted in a modern UAV. The specific
type of sensor that will be required by the UAV depends entirely upon the
application and the specific data that will be collected during the UAV flight.
Some of the most commonly used sensors that can be found in UAVs are
explained below:

Accelerometers

Engine intake flow
sensors

Inertial measurement
unit

Current sensors ilt sensors

FIGURE 2.15 Various sensors used in modern UAVs.

2.5.10.1 Accelerometer

The accelerometers are used to determine the position and orientation of
the UAV in flight. Accelerometer notices the change in the acceleration due
to gravity whenever the UAV performs a movement along x-axis (forward
and backward) or along the y-axis (lateral). It senses both static gravity accel-
eration and dynamic acceleration to detect the type of motion. The unit of
measurement is g (9.8 m/s?). The accelerometer senses both linear motion
and the direction of the ground by sensing the earth’s gravitational pull. So
basically, the accelerometer values help determine the roll and pitch move-
ments of the UAV (Gupta et al., 2018).

2.5.10.2 Gyroscope

The gyroscope is a component of the IMU and provides navigational infor-
mation to the central flight controller. Gyro sensors, also known as angular
rate sensors or angular velocity sensors, are devices that measure the rate of
rotation of an object about its axis, which is measured in degrees per second
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or rpm as well as changes in the orientation (Gupta et al., 2018). Gyros, and
their useful application for stabilizing things, first emerged at the start of
the 20" century. In the 1970s, optical gyros emerged. Ring Laser Gyro and
Fiber Optic Gyro use the phase shift of light traveling in opposite directions
around a fixed path length to detect the angular velocity. These gyros are
very accurate but are quite complex and so are relatively large and costly to
manufacture. Silicon Sensing was one of the first companies to commercially
exploit the potential for solid-state gyroscopes back in the 1980s, with the
launch of the Vibrating Structure Gyroscope. In recent years, Vibration gyro
sensors have found their way into camera-shake detection systems for com-
pact video and still cameras, motion sensing for video games, and vehicle
electronic stability control (anti-skid) systems, among other things.

Vibration gyro sensors sense angular velocity from the Coriolis force
applied to a vibrating element. For this reason, the accuracy with which
angular velocity is measured differs significantly depending on element
material and structural differences. A gyro is based on Newton’s second law,
just such as an accelerometer. The Coriolis Effect is a force that acts on
objects which are in motion relative to a rotating reference frame (Cai et
al., 2011). If an external angular velocity is applied on a body of a certain
mass moving with a velocity in a particular direction, a force will be gener-
ated, called Coriolis force. The Coriolis force is the result of two orthogonal
motions, and is orthogonal to both of them (Figure 2.16).
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FIGURE 2.16 The Gyro sensor.

Micro-electro-mechanical systems (MEMS) gyroscopes, or strictly
speaking MEMS angular rate sensors, are used whenever rate of turn (°/s)
sensing is required without a fixed point of reference. All silicon sensing
MEMS gyros use a vibrating or resonating ring fabricated using a deep
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reactive ion etch bulk silicon process (Caughey, 2011). The bulk silicon
etch process and its unique ring design enable close tolerance geometrical
properties for precise balance and thermal stability. Another advantage of
the ring design is its inherent immunity to acceleration-induced rate error.
This separates gyros from any other means of measuring rotation, such as a
tachometer or potentiometer.

2.5.10.3 Magnetometer

A magnetometer is an instrument that measures magnetism—either mag-
netization of magnetic material, or the strength and, in some cases, the direc-
tion of the magnetic field at a point in space. It acts as a compass to measure
the earth’s magnetic field, and serves the task of correcting the drift of the
gyro and to serve as an ancillary to the GPS system (Gupta et al., 2018).
Basically, the magnetometer sensor measures the earth’s magnetic
field by using the hall effect (Figure 2.17a) or the magneto-resistive effect
(Figure 2.17b). The magneto-resistive-based sensor works using materials,
such as FeNi. Such materials, when subjected to magnetic fields, change
their resistance, and this resistance is used to obtain values of the magnetic

field.
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FIGURE 2.17 The Magnetometer (a) Hall effect, and (b) Resistivity effect.

2.5.10.4 Barometer

The barometer measures the air pressure (Figure 2.18a) as the pressure
decreases with an increase in altitude. The barometer is a pressure sensor

that senses changes in air pressure and hence can also be used to measure
the altitude of the UAV.
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2.5.10.5 Inertial Measurement Unit (IMU)

The IMU is an essential component of UAVs. It works by detecting the cur-
rent rate of acceleration using one or more accelerometers. For accurate
measurement of the orientation, velocity, and location of the UAV, IMU is
used (Figure 2.18b). The IMU detects changes in rotational attributes, such
as pitch, roll, and yaw, using one or more gyroscopes. Some IMUs include
a magnetometer to assist with calibration against orientation drift (Vergouw
etal., 2016).

FIGURE 2.18 (a) Barometer, and (b) Inertial measurement unit.

2.5.10.6 Tilt Sensors

Tilt sensors, combined with gyros and accelerometers, provide input to the
flight control system in order to maintain the level of flight. This is extremely
important for applications where stability is paramount, e.g., from surveil-
lance to delivery of fragile goods. These types of sensors allow the detec-
tion of small variations of movement. It is the gyroscope compensation that

allows these tilt sensors to be used in moving devices, such as motor vehicles
or UAVs.

2.5.10.7 Time-of-Flight (ToF) Sensors

Depth sensors of the ToF camera sensor emit a short infrared light pulse.
The pixels of the camera sensor measures the time in which the infrared
light pulse returns back to the UAV/Drone. The ToF cameras are lightweight
sensors that provide users with useful information on the distance between
the sensor and an object at a sub-millimeter depth resolution.
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2.5.10.8 Distance Sensors

Distance sensors are used for the much accurate reading of the altitude and
to prevent the UAV from the collision with any external obstacle. Generally,
these distance sensors use ultrasonic or light-based system.

2.5.10.9 Chemical Sensors

These types of sensors are particularly useful for the detection of chemicals
present in the environment, industry, and emergency response situations.
The use of chemical sensors on UAVs is especially critical in preventing the
potential exposure of workers to the unknown chemicals present in these
situations.

2.5.10.10 Biological Sensors

2.5.11

These sensors, mounted on UAV platforms, can be used in civil and environ-
mental engineering fields to identify specific airborne contaminants or path-
ogens. They are categorically similar to gas and radiation detection because
they require contact between the sensor and the target.

Global Positioning System (GPS)

All sensors as well as cameras and LiDAR, require some degree of accuracy
in the UAV’s positioning. The absolute accuracy needed for the UAV posi-
tioning will heavily depend on the sensor type used and the specific appli-
cation. GPS receives data from multiple satellites in order to compute the
geographical location of the object. The positioning provided by standard
GPS units is generally suitable for collecting relatively coarse geospatial data
(Jha, 2016).

The RTK satellite navigation is a positioning technique capable of pro-
ducing survey-grade accurate results down to the centimeter level by mea-
suring the phase of the radio waves sent by GPS satellites (Garg, 2019). The
RTK positioning systems have started to be developed for small UAVs in
recent years to provide high positioning accuracy. However, achieving such
accuracy is only attainable if the position is held for some time (several min-
utes). The UAV-based RTK GPS has improved over the robust aerial sur-
vey used with UAV, as it eliminates the need for having distributed ground
control points (GCPs) required for image geo-registration. With the GPS
system, specific coordinates for the UAV can also be set to fly. GPS also pro-
vides an RTH function that enables the UAV to fly back to the controller in
case of loss of connection (Kan et al., 2018).
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Other GPS mapping systems with a high degree of accuracy include
the Micro Aerial Projects V-Map system, which uses dual-frequency GPS
to achieve centimeter-level positional accuracy. RTK and dual-frequency
techniques are especially useful for mapping areas, such as deserts that lack
identifiable features which could be used to create GCPs (Patrick et al.,
2019). However, UAVs equipped with RTK or dual-frequency remains very
expensive relative to lower-cost GPS solutions, and they are necessary for
high precision mapping projects. Advanced RTK positioning methods, such
as those using network-based architectures, have great potential to benefit
data collection for all integrated sensors and need further research.

Remote Sensing Sensors

Innovations in sensor technology have fostered the successful implemen-
tation of UAVs for several applications. Remote sensing applications are
based on the use of active sensors, such as LiDAR and Synthetic Aperture
Radar (SAR); and passive sensors, such as red, green, and blue (RGB), mul-
tispectral, hyperspectral, and thermal cameras (Garg, 2019), which can be
employed in UAVs for data collection.

In 2016, UAVs using ToF sensors came into the market (Corrigan,
2020). The ToF sensors, also known as “Flash LIDAR” can be used on their
own or with RGB and regular LiDAR sensors to provide various solutions.
Flash LiDAR ToF sensors have a huge advantage over other technologies,
as it is able to measure distances to objects within a complete scene in a
single shot. The ToF depth ranging sensors can be used for object scanning,
indoor navigation, obstacle avoidance, object recognition, tracking objects,
measure volumes, reactive altimeters, 3D photography, augmented reality
games, and much more.

Despite the popularity of RGB cameras and, to a lesser extent LiDAR,
other sensors have also been implemented in UAVs in a variety of fields, as
summarized in Table 2.5. The applications listed in this table are not exhaus-
tive. Magnetometers are the only sensor listed in this table capable of prob-
ing beneath the ground surface. This is a frontier area for UAVs that has not
been investigated extensively yet but has significant relevance to geotech-
nical infrastructure systems, such as pipelines, levees, earth dams, landfills,
and subsurface hazard detection.
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TABLE 2.5 The UAV-based Sensors and Corresponding Applications.

Sensor Type Applications
Biosensor Agriculture, environmental monitoring
Gas detection Volcanology, environmental monitoring, climatology

Hyperspectral imaging | Precision agriculture, glaciology, geology, minerals
mapping

LiDAR Civil engineering, glaciology, forestry, precision
agriculture, mapping

Magnetometer Geophysics/geology/geotechnical engineering

Multispectral imaging | Precision agriculture, landcover, water, resource

mapping
SAR Glaciology, geology, soil moisture, mapping
Temperature Glaciology, water
Thermal imaging Surveillance and security, infrastructure inspections,

water source identification, livestock detection, and
heat signature detection

Visual sensors offer still or video data with RGB camera collecting data
in standard visual red, green and blue wavelengths (Garg, 2019). Remote
sensing images can be studied either in 2D or by creating 3D model. These
3D models can be used to create DEM, DTM, or DSM, which are required
in many applications. DEMs generated from high-resolution commercial
satellites are at lower accuracy as compared to LiDAR and other sources.

Colomina and Molina (2014) provided an in-depth review of UAV-based
photogrammetry with RGB cameras. The review also provides insight into
remote sensing in which UAVs have been utilized and includes details of
other camera types for UAV-based remote sensing (e.g., multispectral). In
recent years, the introduction of new sensors, such as near-infrared, thermal
infrared, hyperspectral as well as laser-based sensors has enhanced the effi-
ciency of capturing the additional data by UAV with improved spatial reso-
lution. Table 2.6 describes the fundamental characteristics of some common
and/or representative remote sensing Sensors.
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TABLES 2.6 Some Common and/or Representative Remote Sensing Sensors(Colomina and Molina, 2014).

Phase One MF CCD 80 53.7 x 5.2 1.70 0.7
iXA 180 40.4

Trimble MF CCD 80 53.7 x 5.2 1.50

Q180 40.4

Hasselblad MF CCD 402 |53.7x 6.0 1.80 0.7
H-4D 60 40.4

Sony SF MILC CMOS 24.3 | 23.5x 3.9 0.35 2.3
NEX-7 15.6

Ricoh SF IUC CMOS 16.2 | 23.6x 48 0.35 3
GXR Al16 15.7

Tertracam CMOS 1.3 6.66x5.32 | 5.2x5.2 0.7 450-1050
MiniMCA-6

Quest CCD 14 102x83 | 7.5x8.1 0.8 400-1000
Innovations

Condor-5

UAV-285

Rikola Litd. CMOS 56x5.6 5.5 0.6 500-900 (40)
Hyperspectral 10 nm
Camera

Headwall Indium Gallium | 9.6x9.6 30 1.025 900— (62)
Photonics Arsenide 1700 12.9 nm
Micro- (InGaAs)

Hyperspec

X-series NIR

Continued
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Common and/or Representative Thermal Cameras for UAVs

Manufacturer | Resolution Size (mm?) | Pixel Weight | Spectral | Thermal
and Model (mp) Size (m) | (gm) Range | Sensitivity
(nm) (mK)

FLIR Uncooled VOx 10.8x 8.7 17 70 7.5-13.5 <50
TAU 2 640 Microbolo-

meter 640 x 512
Thermoteknix | Amor-phous 16x 12.8 16 105 8-12 <50
Systems Ltd. Silicon 640 x
Miricle 480
307K-25
DJI Zenmuse | Uncooled 270 7.5-13.5
XT VOx Micro-bolo-

meter

2.5.12.1 RGB and Multispectral Imaging Systems

The use of UAV-mounted multispectral RGB camera (as shown in
Figure 2.19) is dominantly used in a large number of applications (Jordan
et al., 2018). However, many other types of sensors on UAVs, including
hyperspectral imaging, thermal imaging (Nishar et al., 2016), and Synthetic
Aperture Radar (SAR) can also play a vital role in multi-scale data collection
and enhanced classification (Garg, 2019). Multispectral cameras in UAVs
have been used to collect aerial imagery for creating orthoimages and DEM
or inspection of large infrastructures, such as bridges or power lines. Some
digital cameras, such as the Canon S100, have the ability to track the GPS
location of where each image was captured, producing data that can be used
to georeference the image with image processing software, although the
positional accuracy is not as high as that obtained with the GCPs.

FIGURE 2.19 Multispectral imaging systems.
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In 2016, a number of integrated gimbals with optical and digital zoom
cameras came into the market. The Walkera have released their latest
Voyager 5 camera with an incredible 30x optical zoom camera. The camera
includes redundancy systems, such as dual GPS, dual gyroscope, and three
battery systems. It also has an optional thermal infrared and low-light night
vision camera (Corrigan, 2020). This allows for more industrial uses, such as
inspecting microwave towers or wind turbines to get a very detailed look at
structures, wires, modules, and components to detect damage.

In October 2016, DJI released the Zenmuse Z30 integrated aerial
zoom camera with 30x optical and 6x digital zoom for a total magnifica-
tion up to 180x. The Zenmuse is compatible with DJI Matrice range of
UAVs. The maturity of visible-spectrum cameras has penetrated into sev-
eral side-technologies, for example, mobile phones. Current smartphones are
equipped with high-quality cameras at a reasonably low cost. Multispectral
cameras may also include a near-infrared band in addition to RGB bands.
Many agriculture-based applications, such as the monitoring of crop yield esti-
mation or crop health monitoring, or crop identification, require near-infrared
images with multispectral or hyperspectral cameras (Shamshiri et al., 2018).

2.5.12.2 Hyperspectral Sensors

Independent of the aerial platform, sensors play an important role in data
acquisition. Hyperspectral sensors take a large number of images in nar-
row spectral bands over a continuous spectral range, producing the spec-
tra of all pixels in the scene (Colomina and Molina, 2014). Multispectral
imagery generally ranges from 5 to 12 bands that are represented in the form
of pixels, whereas hyperspectral imagery consists of a much higher band
number, more than hundreds, taken in a narrower bandwidth (5-20 nm,
each). Hyperspectral sensors, therefore, extract more detailed information
than multispectral sensors because an entire spectrum is acquired at each
pixel (Garg, 2019). Figure 2.20 represents the differences between multi
and hyperspectral imaging.

[102-107" [102-1] [1-10]  [400—700] [10°-10°] [10°-10"]  Wavelength

Gamma rays X ray Ultra-violet - [nfrared Radio waves [nm]

AN NAAVAVA Ve Va Va Va Ve Ve W e e e ) 0 W am
|1|2|3| |4| |Band5|

IAAAAUYAYViVA VA Ve Va Vo Wa W W e D = e N g

o CCEE e

Several bands

FIGURE 2.20 Spectrum representation for (a) Multispectral bands, and (b) Hyperspectral bands.
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Compared with others, hyperspectral imaging sensors can effectively
capture more detail in spectral and spatial ranges. RGB imaging does not
provide spectral information beyond the visible spectrum, which is of high
importance for characterizing the chemical and physical properties of a
specimen. Spectroscopy is a proximity technology mainly used for sensing
tiny areas (e.g., leaf spots), aiming the acquisition of spectral samples with-
out spatial definition, which is very much possible through hyperspectral
images. Hyperspectral sensors can help identify minerals and vegetation
and are ideal for use in crop health, water quality, and surface composition.
Contrary to the visible-spectrum camera developments, the miniaturization
process of multi- and hyperspectral cameras is challenging in terms of optics
and sensor calibration (Colomina and Molina, 2014).

The most significant differences are given in Table 2.7, which considers
spatial discrimination and spectral discrimination.

TABLE 2.7 Main Differences Between Hyperspectral and Multispectral Imaging, Spectroscopy and

RGB Imagery.
Techniques Spectral Information | Spatial Information
Hyperspectral imaging High High
Multispectral imaging Medium High
Spectroscopy High Low
RGB imagery Low High

2.5.12.3 Thermal Infrared Sensors

A standard visual RGB sensor collects red, green, and blue wavelengths
of light. These wavelengths are visible to the human eye. Thermal sensors
capture differences in radiant energy to show the relative temperature of
objects (in comparison to one another). To do this, they capture the energy
of wavelengths within the long-wave infrared (IR) region of the spectrum
(8-12 pm), well beyond the visual wavelengths (Garg, 2019). This enhances
the potential uses of UAVs technology for multiple users by providing more
spectral data required for a wide range of applications (Austin, 2010).
When long-wave infrared radiation emitted from objects strikes the
thermal sensor, it heats up the microbolometer and changes the electrical
resistance. These changes are converted to electrical signals and stored as
raw data or processed into thermal imagery. For cases in which a visual com-
ponent (video or images) is needed, the sensor has a thermal imaging (or
infrared) camera. These cameras form an image using infrared radiation and
differentiate apparent temperature variations using different color palettes.
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Thus, thermal images show differences in total radiant energy allowing for
temperature calculations (Dering et al., 2019). For example, thermal infra-
red sensors can be important in surveillance or security applications, such as
heat signature detection or forest fire detection (Hoffmann et al., 2016). A
thermal camera attached to a UAV can detect poor insulation in a building
or areas that need to be repaired by revealing areas of higher temperatures,
such as electric switch-gear, sub-stations, or pylons.

Thermal sensors require no external light sources, and they can collect
the data at night. Flying in optimal weather conditions is important when
capturing quality aerial thermal data. Both wind (over 15 mph) and precipi-
tation can change surface temperatures, and high humidity (over 60 %) will
result in a haze in the imagery. Low-weight, small-size sensors, such as those
developed by FLIR, were first used in the military context for remote recon-
naissance and are becoming more common in applications, such as forest
fire monitoring (Banu et al., 2016). The potential uses for thermal IR cam-
eras are vast and include search and rescue, crop and forest health, pipeline
inspection, leak detection, geothermal mapping, and building efficiency.

2.5.12.4 Synthetic Aperture Radar (SAR)

The SAR is another remote sensing technology that uses electromagnetic
waves between 2.7-4.0 mm (W-band) and 0.9-6 m (VHF band) (Garg,
2019). Airborne SAR sensors have been commonly used during the last
decades to monitor different phenomena in medium-scale areas of observa-
tion, such as object detection and characterization or topographic mapping.
The SAR instrument generates radar imagery for detecting and measuring
solid earth vertical deformation to improve prediction models for landslides,
levee erosion, and earthquake and volcanic activity (Colomina and Molina,
2014). Table 2.8 presents some SAR software that could be used in UAV-
based applications.

TABLE 2.8 Common and/or Representative SARs Used in UAVs (Colomina and Molina, 2014).

Manufacturer | Model Spectral | Weight Transmitted | Resolution
Bands (kg) Power (W) | (m)

IMSAR NanoSAR B | Xand Ku 1.58 1 0.3-5

Fraunhofer Miranda W - 0.1 0.15

FHR'W

NASA JPL UAV SAR L 200 2000 2

SELEX Galileo | PicoSAR X 10 -
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The adoption of SAR technology to UAV has still not been done widely.
The SAR allows 3D representation and the measurement of terrain defor-
mations useful for applications, such as landslides. The SAR has several
capabilities in UAV platforms, such as repeat-pass interferometry, polari-
metric measurements, and vertical or circular trajectories that can be used
for tomographic purposes. The use of this platform introduces new possibil-
ities in airborne SAR observation due to its inherent flight capabilities and
characteristics. The SAR-based UAV platforms have limitations when used
in some applications. One of the most important is the undesired deviations
from the nominal flight trajectory that may cause defocusing, geometric dis-
tortions, or phase errors in the SAR images (Lort et al., 2017).

2.5.12.5 Light Detection and Ranging (LiDAR)

The UAV-based laser scanning or LiDAR is the other active remote sens-
ing (non-imaging) technology in the area of 3D topographical data collec-
tion (Garg, 2019). The UAV essentially consists of a laser scanner, INS, GPS
receiver, and controller and data recording device (Figure 2.21). Laser scan-
ners can be used in two modes; terrestrial laser scanner (TLS) and airborne
laser scanner (ALS), both providing point cloud data.

FIGURE 2.21 The UAV LiDAR system.



Various COMPONENTS oF UAV ¢ 89

As the UAV flies over the terrain, ALS transmits laser pulses to the
terrain below and detects their return signal from the ground/objects. The
distance from the scanner to the terrain can be determined from the time
delay between the transmission and the return signal. This distance data is
combined with the information from INS, which determines the orientation
of the aircraft, and the GPS receiver, which records the (x, y, z) positions
of the antenna. Typically, short-range 3D LiDARs designed for low-speed
vehicles in urban environments exhibit a range of 50 m or less, while long-
range LiDARs meant for high-speed vehicles in highway environments can
exhibit a range of 200 m or more. The results from the laser pulses are vector
displacements from specific points in the air to points on the ground (Banu et
al., 2016). As the laser is capable of generating pulses at the rate of thousands
of pulses per second, the output is a dense pattern of measured x, y, z points
on the terrain. The LiDAR data of an area is shown in Figure 2.22.

FIGURE 2.22 Output from LiDAR providing elevation information.
(https://delair.aero/portfolio/surveying-and-mapping/) | See Plate 1 for color]

The ALS and TLS differ in terms of data capture mode, typical size
area, scanning mechanism, accuracy, and resolution but share many com-
mon features, especially those resulting from the laser-ranging technology.
Particularly when it comes to 3D point-cloud processing and proper geo-
referencing of data, the same algorithms are often applied to both ALS and
TLS data. The TLS has proven to be valuable for monitoring dams, tunnels,
and areas susceptible to land erosion or landslide, capture complex surfaces
of historical buildings and sculptures, and mapping buildings and trees. In
contrast, ALS is efficient for monitoring bridges, power lines, forests, etc.
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Among non-imaging sensors used in civil engineering applications, the
most popular is LIDAR (Nagai et al., 2009). The LiDAR is used to map the
surrounding environment to develop a 3D model, as they are capable of 3D
mapping without having a GPS. The LiDAR sensors have frequently been
used in agriculture for mapping trees, soil, and crops. The LiDAR mapping
data can be used to evaluate the impact of agricultural production methods.

The 3D LiDAR enables superior night vision as compared to human
drivers and standard cameras. It performs better in poor weather; however,
its performance depends on the LiDAR system design (Wijeyasinghe and
Ghaffarzadeh, 2020). For example, LiDARs that operate at NIR wave-
lengths are affected more by foggy conditions than SWIR LiDARs because
SWIR light is scattered less by fog than NIR light. The FMCW LiDAR is an
emerging technology, and such LiDAR can compete with radar technology
by detecting object velocity in real-time. Compared to conventional ToF
LiDAR technology, FMCW LiDARs enable better signal coding to mini-
mize the risk of interference from surroundings.

The technical specifications of different airborne LiDAR sensors for
UAV are given in Table 2.9. They are specially indicated for rotary-wing
UAV due to the higher payload capability and low weight. Within the last
decade, due to technology development, the LiDAR sector has been facing
a progressive shift from different points of view (Marchi et al., 2018):

1. Data quality: improved accuracy in terms of data localization and
measures.

2. Data density: from low- to high-density (e.g., single-photon counting
LiDAR).

Data types: from a discrete return to a full waveform.

4. Analysis: from area-based to single-object (e.g., tree) approaches.

TABLE 2.9 Characteristics of Some Airborne LIDAR Systems (Gonz:lez-Jorge et al., 2017).

System Weight | GNSS LIDAR | LiDAR | Range | Photo

(kg) Accuracy | Accuracy | Pulse | (m)

(m) (m) Rate
(kHz)
1.5 0.02 0.03 300 100
(includes
Velodyne

VLPI16)
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System Weight | GNSS LIDAR | LiDAR | Range | Photo
(kg) Accuracy | Accuracy | Pulse | (m)
(m) (m) Rate
(kHz)
RIEGL 1.6 External 0.015 100 250
mini VUX- GNSS/
1 UAV IMU
required
Routescene 2.5 0.04 0.03 300 100
LiDAR Pod (includes
Velodyne
VLP16)
Yellow Scan 1.6 0.05 0.03 300 100
Surveyor (includes
Velodyne
HDL32)
Yellow Scan 2.1 0.15 0.1 40 150
Mapper

2.5.13 Battery

Many devices need the power to operate. There are different power sources
for a UAV; battery, solar, hydro fuel cell, combustion engine, cable-tethered
power supply and laser beam power. The most used type of batteries to
provide power in smartphones, UAVs, laptops, or tablets is lithium poly-
mer (LiPo). The LiPo batteries have higher capacity, and discharge and are
lighter in weight (Park et al., 2017). There are also some disadvantages, such
as a shorter lifespan (300400 cycles), the possibility of ignition (if these are
punctured and vents into the air), and the need for extra care for storing,
charging, or discharging.

There are two major kinds of batteries: (i) wet cell batteries—which
generate power from an electrode and a liquid electrolyte solution, for
example, lead-acid batteries, nickel cadmium (Ni-Cd), nickel metal hydride
(Ni-Mh) batteries, etc. and (ii) dry cell batteries—which use a paste electro-
lyte, with only enough moisture to allow current to flow, for example, AA,
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AAA, lithium ion (Li-Ion), lithium polymer (LiPo), lithium sulfur (Li-S), etc.
(Gupta et al., 2018). A Li-Ton battery is a type of rechargeable battery in
which lithium ions move from the negative electrode to the positive elec-
trode during discharge and back when charging. Most of the common source
of power today is lithium-based batteries because of their lightweight and
higher charge density than the typical lead-acid and Nickel-based batteries.
Unfortunately, these batteries are a little more expensive and, in a few cases,
have dangerous side effects. Table 2.10 presents the comparison of features
of four types of batteries to each other, which show that lithium batteries are
better choices.

TABLE 2.10 Comparison of Characteristics of Different Batteries (Hassanalian and Abdelkefi, 2017).

Characteristics Ni-Cd Ni-Mh LiPo Li-S
Specific Energy 40 80 180 350
(Wh/kg)

Energy Density (Wh/1) 100 300 300 350
Specific Power (W/kg) 300 900 2800 600

The battery chosen depends on the motors of UAV. Batteries are the
heaviest item on a UAV, so they are usually mounted on the dead center of
the UAV to subject the motors to the same load. The capacity of a battery
pack is measured in amp-hours (Ah), which indicates the working hours of
the battery. The average flight time of a UAV is around 10-20 min on a 2-3
Ah battery. The higher the capacity, the heavier the battery will be. Also, as
the battery gets larger, the increase in flight time becomes lesser effective,
and eventually, a point is reached when no more flight time is increased with
the size (Sahaet al., 2011). This is mainly caused by the weight of the battery,
and hence the agility of UAV is reduced. A multicharger and a set of two bat-
teries used in Aibot X6 V2 UAV are shown in Figure 2.23, respectively.

FIGURE 2.23 (a) Multicharger, and (b) Two batteries of UAV.
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Another important specification to consider with LiPo batteries is the
“C rating.” This is an indicator of the maximum continuous discharge rate
of a LiPo battery (Park et al., 2017). For example, a 3S 1000mAh 20C LiPo
pack can draw a maximum recommendable current of 20A (i.e., 1000 mAh
x 20C). The battery might suffer from overheating when discharging at an
extremely high current rate. A battery rated at more mAh will give power for
a longer time, given the same usage pattern but have a drawback of heavier
and larger size.

The performance of UAV communication systems is significantly
affected by battery lifetime (flight time) of UAVs. The flight time of a UAV
depends on several factors, such as the energy source (e.g., battery, fuel,
etc.), type, weight, speed, and trajectory of the UAV (Hui et al., 2006). Table
2.11 presents the battery lifetime of various UVAs. The endurance of the
aircraft will heavily depend on aircraft size, weight, and payload weight. For
simplicity, the endurance calculation is estimated by dividing the “battery
capacity” with the “current.”

TABLE 2.11 Battery Lifetime of Various UAVs (Mozaffari et al., 2018).

Size of UAV | Weight of UAV | Example of UAV | Battery Life-time
(min)

Micro <100 g Kogan Nano 6-8
Drone

Very small 100 g- ke Parrot Disco 45

Small 2 kg-25 kg DJI Spreading 18
Wings

Medium 25 kg-150 kg Scout B-330 UAV 180
helicopter

Large >150 kg Predator B 1,800

In general, the total energy consumption of a UAV is composed of two
main components: (i) communication-related energy and (ii) propulsion
energy (Mozaffari et al., 2018). The communication-related energy is used
for various communication functions, such as signal transmission, computa-
tions, and signal processing. The propulsion energy pertains to the mechani-
cal energy consumption for movement and hovering of UAVs. Typically, the
propulsion energy consumption is significantly more than the communica-
tion-related energy consumption.
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One of the most active researches worldwide is to gain the maximum
flight time of UAVs. For more than a decade, small solar- and battery-
powered electric UAVs were the subject of research and development.
Increased focus has been placed recently on developing hybrid-powered
electric UAVs, especially with the combination of solar energy and battery
or fuel cells in a battery-powered system (Rajendran and Smith, 2018).

Fixed-wing UAVs can provide higher flight duration because of their
aerodynamic performance. In the case of fixed-wing UAV, it is also possible
to integrate energy recovery systems based on solar panels, which results in
longer flight duration (Zadeh et al., 2017). Some examples are the Alphabet
and Facebook drones, powered with solar energy to deliver high-speed,
reliable Internet around the world. On the other hand, rotary-wing systems
exhibit more limited flight times, and their operations are circumscribed to
typically less than 30 minutes of work.

The HALE UAV provides a cost-effective and persistent capability to
collect and disseminate high-quality data across wide areas. In 1995, the
maximum loitering time was 24 hours. This grew to 38 hours in 2005 and
reached more than 60 hours in 2008, as shown in Table 2.12. Solar-powered-
based UAVs have a demonstrated endurance of more than 300 hours
(D’Saet al., 2017).

TABLE 2.12 Growth in Endurance Time Limit (Lucintel, 2011).

UAV Flight Time
QinetiQ Zephyr Solar Electric (2010) | 336 hr 22 min
QinetiQ Zephyr Solar Electric (2008) | 82 hr 37 min
Boeing Condor 58 hr 11 min
QinetiQ Zephyr Solar Electric (2007) | 54 hr

TAI Heron 52 hr

AC Propulsion Solar Electric 48 hr 11 min
MQ-1 Predator 40 hr 5 min
GNAT-750 40 hr
TAM-5 (2005) 38 hr 52 min
Aerosonde (2005) 38 hr 48 min
TAI Anka (1995) 24 hr
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2.5.14 Ground Control Station (GCS)

The GCS, which is also known as the base station (BS), is used to remotely
control the UAV. It receives telemetry data, and displays real-time transferred
images (Austin, 2010). The GCSs are stationary or transportable hardware/
software devices to monitor and command the UAVs (Figure 2.24). Although
the word ‘ground’ is inherent to the concept, a UAV may actually be oper-
ated from the ground, sea, or air. The computerized system on the ground
is designed to monitor the mission development and eventually operates the
UAV and its payload. The GCS enables the interface with the “human intelli-
gence” as any change in the route of the UAV, any eventual error on the aerial
platform and/or any outcome of the payload sensors shall be sent to and seen
within the GCS (Colomina and Molina, 2014).

FIGURE 2.24 The GCS system (Johnson, 2015).

The ground station is composed of three parts: a ground monitoring sta-
tion, a remote control transmitter, and a telemetry receiving antenna (Blom,
2011). The GCSs vary in size according to the type and mission of the UAV.
In other words, for recreational mini- and microdrones, GCSs are small
hand-held transmitters used by hobbyists. For tactical and strategic UAVs,
a large self-contained facility with multiple workstations is employed as the
GCS. A GCS communicates with the UAV through a wireless link to send
commands and receive real-time data, thus creating a virtual cockpit.

The hardware of the ground station is based on the embedded PC archi-
tecture and may contain an LCD, a digital video recorder, a membrane
keyboard and a spherical mouse, while the software system may consist of
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windows-based software modules for navigation, video processing, map gen-
eration and information processing. The navigation interface, video interface,
and task management and status bar interface can be displayed on the LCD
and switched in real-time. The graphical interface can realize the real-time
display of reconnaissance images and some related position information and
store them into the digital video recorder (Austin, 2010). The task manage-
ment module is used for flight planning before or on flying. In addition, the
flight path and related parameters can be stored in real-time and then used
for playback. The improvement in embedded computation capabilities and
image processing algorithms contributes to applications related to onboard
real-time image processing. It would allow using this information in UAV
navigation and decreasing the bandwidth needs of the communications data-
link with the ground station.

SUMMARY

The UAVs are a complex amalgamation of mechanics, hardware, and soft-
ware. A UAV consists of an airframe and a computer system, sensors, GPS,
servos, and CPUs. All these elements combined have to pilot the UAV with-
out any human intervention. Current UAV technology offers feasible tech-
nical solutions for airframes, flight control, communications, and BSs. In
recent years, the increased use of UAVs in several applications is mainly due
to the advancement of UAVs™ manufacturing technologies and the reducing
cost of components, which also make them easily accessible to the public.
In practice, there are many types of UAVs due to their diversified appli-
cations. However, there is no single standard for UAV classification. The
UAVs can be practically differentiated according to different criteria, such
as functionality, weight/payload, size, endurance, wing configuration, con-
trol methods, cruising range, flying altitude, maximum speed, energy sup-
plying methods, etc. Broadly, UAVs can be classified into two categories:
fixed-wing and rotary-wing, each with its own strengths and weaknesses. For
example, fixed-wing UAVs usually have high speed and heavy payload, but
they maintain a continuous forward motion to remain aloft; thus are not
suitable for stationary applications, such as continuous and close inspection.
On the other hand, rotary-wing UAVs, such as quadcopters, though having
limited mobility and payload, can move in any direction and stay stationary
in the space for continuous monitoring of area/phenomena. Thus, the choice
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of selection of a UAV critically depends on the applications, apart from other
factors.

To improve the ability of UAVs to collect various data/information as
well as to maneuver around difficult locations, a variety of different sensors
are incorporated into UAVs. These sensors include RGB camera, multispec-
tral, hyperspectral, short/mid-wave range cameras (e.g., thermal), LiDAR,
and many more. The specific type of sensor that a user will require for a
UAV will depend entirely upon the application in which the UAV will be
used and the specific data that will be collected during its flight. For exam-
ple, thermal images using IR sensors on UAV have been used for inspection
of the bridge deck, leakage in the pipeline, construction, mining, electri-
cal, surveillance, firefighting, search and rescue, etc. The development of
UAV platforms and various sensors has also motivated many remote sensing
applications, such as crop mapping, urban planning, etc., at finer scales and
applications requiring 3D model of the terrain. The acuity of photographic
sensors to capture high-resolution images will improve, as the endurance
and range of UAVs improve.

REVIEW QUESTIONS

Q.1. What do you understand by the aerodynamics of an air vehicle?
Explain Lift, Drag, and Thrust used in aerodynamics.

Q.2. Explain Roll, Pitch, and Yaw. What is their role in controlling the sta-
bility of an air vehicle?

Q.3. Explain in various brief ways the UAVs can be classified.
Q.4. Describe Nano, Mini, Micro, Close-range, HALE, and MALE UAVs,

Q.5. What do you understand by Fixed-wing and Rotary-wing UAVs? Dis-
cuss their salient features.

Q.6. With the help of a diagram, discuss in brief about various components
of a UAV.

Q.7. Explain the function of a transmitter and a receiver in UAV operation.

Q.8. Draw a diagram and explain the (i) body frame of multirotor UAVs
and (ii) propellers.
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Q.9.

Q.10.
Q.11.

Discuss the role of a (i) motor, (ii) ESC, (iii) Gimbals, (iv) accelerom-
eter, (v) gyroscope, (vi) magnetometer, (vii) IMU, (viii) battery, and
(ix) GCS for operation of UAVs.

What is GPS? What is the function of GPS in UAV data collection?

Explain in brief the characteristics of various remote sensing sensors
used in photogrammetry UAVs. How is LiDAR sensor different from
image-based remote sensing sensors?
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INTRODUCTION

The UAVs are generally broadly divided into two categories; remotely piloted
and autonomous vehicles. Increased level of UAV autonomy has resulted in
the reduction of the human role for supervision, and therefore autonomous
operation is gaining momentum. The autonomous vehicle enables a vehi-
cle to decide on the most appropriate action under the prevailing circum-
stances and surrounding environment. Although the concept of autonomy
is not new, but it is less used in aeronautical applications, mainly due to
legal and safety issues. An unmanned aircraft is said to have some level of
autonomy when the system software is designed and executes a significant
number of real-time decisions to control the vehicle without human interac-
tion (Valvanis and Vachtsevanos, 2015).

Automatic systems are an essential part of modern flight control systems,
which can significantly help to increase the efficiency, comfort, and safety
of flights. The most obvious advantage is the absence of an onboard human
pilot, which enables flying long-enduring missions or operations in haz-
ardous conditions, often described by the term “3D missions” (Dull, Dirty
and Dangerous). Dull operations are too monotonous or require excessive
endurance for human occupants. Dirty operations are hazardous and could
pose a health risk to a human crew. Dangerous operations could result in the
loss of life for the onboard pilot (Pascarella et al., 2013).

Due to the increased use of UAVs, it has become necessary to con-
trol their movement effectively. Currently, UAVs are not fully capable of
re-routing or re-tasked in flight, which is crucial when the mission objec-
tives change, threats evolve, environment changes, or where there is no prior
information about the scenario. Due to these limitations, the main concern
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for UAV’s growth is autonomous and intelligent control (Faied et al., 2010).
It is imperative that these UAVs are able to conduct their mission with a
certain level of autonomy. A fundamental ability of autonomous UAVs is
auto-motion/path planning. There are several software available in the com-
mercial market which helps in autonomous path planning of a UAV and
collision avoidance system. The use of autonomous UAV, at present, is lim-
ited due to existing regulations, technological challenges, and the absence of
required hardware and software. In the future, it is expected that their use
will be enhanced in a large number of military, civil and commercial appli-
cations, as the technology percolates further, and regulations become less
stringent with additional safety features, such as “geofencing.”

THE AUTOMATIC AND AUTONOMOUS UAVs

The terms “automatic” and “autonomous” are often used synonymously,
which can sometimes be misleading. An automatic system or “autopilot” is
designed to fulfill a pre-programmed task, but it cannot place its actions
automatically into the context of changing environment and cannot decide
the best options among all available options at that time (INOUI, 2009). For
example, Paparazzi is an open-source, fully autonomous autopilot system.

Over the past decade, there has been a significant rise in the use of auto-
UAVs in military contexts, particularly where surveillance and remote air
strikes are needed. The majority of these systems require a remote pilot to
guide the aircraft, although much autonomy applies. Most UAVs use radio
frequency to communicate between the remote and the UAV, which may
be capable of autonomous or semi-autonomous operations. Remote control
signals from the operator side can be used for (i) ground control, which is a
human operating a radio transmitter, smartphone, computer, or other simi-
lar control systems, (ii) remote network system, like satellite data links, cel-
lular and long-term evolution network, and (iii) another aircraft serving as a
relay or mobile control station (Faied et al., 2010). Krishnan (2009) identifies
four types of autonomy related to UAVs:

(i) Tele-operation—which involves continual use of remote control.

ii) Pre-programmed autonomy—which involves a range of pre-
prog Y g p
programmed computer-directed behaviors.
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(iii) Supervised autonomy—The UAV operators make corrections when
any problem occurs with the UAV.

(iv) Complete autonomy—where a robotic/UAV system can identify and
handle the problem that arises without any human intervention.

An autopilot is a complete system that enables the UAV/drone to fly
autonomously to defined waypoints. Today’s UAV uses an automatic ECS in
the form of autopilot. The ECS employs a feature called feedback or closed-
loop operation (Kan et al., 2018). The flight path, attitude, altitude, and
airspeed of UAV are measured and electrically fed back and compared to
(subtracted from) the desired state. The difference, or error signal, is ampli-
fied and used to position the appropriate control surface, which, in turn, cre-
ates a force to cause the UAV to return to the desired state, driving the error
signal to zero. The autopilots listed in Table 3.1 are just a few examples from
a wide spectrum of UAV autopilots. These autopilots may have additional
sensors to demonstrate different capabilities.

TABLE 3.1 Some Autopilots and their Salient Features (Colomina and Molina, 2014).

Product Company | Sensors | Weight | Size Platform
(g)*  |(cm)
osFlexPilot | Airware INS/GPS/ 200 11x5.5x2.8 | Fixed-wing,
AS/MM VTOL
osFlexQuad | Airware INS/GPS/ 32 6.73x 6.73 x 3 | Multirotor
AS/MM
MP2128 MicroPilot INS/GPS/ 24 10x4x1.5 Fixed-wing,
BA/AS VTOL
MP2028 MicroPilot INS/GPS/ 28 10x4x1.5 Fixed-wing,
BA/AS VTOL
Piccolo CloudCap GPS/AS/ 65 46x76x2 | Small
Nano Technologies | BA platforms
Piccolo 1T CloudCap INS/GPS/ 296 142x4.6x6.2 | Fixed-wing,
Technologies | BA/AS VTOL
VECTOR UAV INS/GPS/ 180 Mini and
Navigation MM/BA/ Tactical
AS
Ardu Pilot | 3DRobotics | INS/MM/ 17 6.7x4x1 | Fixed-wing,
Mega 2.5%* BA VTOL

*Does not include the weight of GPS antennas,
**Does not include GPS receiver, power module, and telemetry module
AS, airspeed sensor; BA, baro-altimeter; MM, magnetometer.
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An autonomous system has the capability to select among multiple pos-
sible options in order to achieve its goals. An autonomous operation is one
during which a remotely piloted aircraft is operating without pilot interven-
tion in-flight management (INOUI, 2009). Basically, a UAV is automatically
piloted by an embedded computer, called the flight control system (FCS)
(Jones et al., 1993). This system reads information from a wide variety of
sensors (e.g., accelerometers, gyros, GPS, pressure sensors) and drives the
UAV mission along with a pre-determined flight plan (Kan et al., 2018).

The technical systems that claim to be autonomous must be able to
make decisions and react to events without direct interventions by humans.
Therefore, some fundamental elements are common to all autonomous
vehicles. These elements include the ability of sensing & perceiving the
environment, the ability of analyzing, communicating, planning and decision
making using onboard computers, as well as actions that requires vehicle
control algorithms (Faied et al., 2010).

Autonomous systems are therefore considered to be intelligent.
Intelligence can be defined as the ability to discover knowledge and use it
to do something. The decision to choose the intelligent action is based on
the current knowledge base, the current internal and external situation, and
the internally defined criteria and rules. There may be many possible ways
to achieve the goals in a dynamic terrain/environment with those defined
criteria and rules. The real challenge for autonomous systems is not finding
just any solution to a problem, but a good or ideally the best one (Stenger
etal., 2012).

Typically, the level of control by a human operator and the capability
to implement the decision are directly related to the system’s automatic
level. With an increasing level of autonomy, freedom of the system to take
decision rises, and the level of human intervention/interaction decreases. A
higher degree of autonomy allows a lower workload for human operators
and enables a human operator to control several UAVs at the same time
(Huang et al., 2007). Recent technological advancements in the field of
UAVs have designed autonomous systems that require less and less human
intervention and carry a higher level of onboard intelligence. Ideally, auton-
omous vehicles should not rely too much on human inputs but rely only on
the information gathered by their onboard sensors.

The autonomous UAV operation is still not recommended for industrial
or commercial use in many regions, where regulations do not permit beyond
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VLOS or exceed certain distance and altitude limits (Al-Mousa et al., 2019).
But their use in conjunction with terrestrial sensors can allow for a range
of automatic data gathering systems where infrastructure networks are not
available to allow direct connectivity to the internet. This is likely to enhance
the monitoring applications in dangerous and remote locations, such as in
mining, civil infrastructure, etc.

Veres and Molnar (2010) outlined five essential features that would
make a system autonomous: (i) efficient energy source, (ii) structural hard-
ware, (iii) computing hardware, (iv) sensors and actuators, and (v) autono-
mous software. The remotely operated vehicles share the first four features.
Autonomous systems can optimize their route in a goal—oriented manner
under unforeseen situations. A fully autonomous vehicle can consider its
position as well as its environment to act appropriately to combat unex-
pected events. For a successful mission, the autonomous systems should
continuously monitor its resources and record the tasks to maximize mission
performance during the operation.

ARCHITECTURE OF AN AUTONOMOUS SYSTEM

In autonomous entities, the term agent is frequently used. An agent is any-
thing that can perceive and influence its environment by using sensors and
actuators (Russell and Norvig, 2010). For a UAV, sensors can be air sensors,
position sensors, or cameras that would collect information about the envi-
ronment in which the agent acts. An actuator is any means of affecting the
environment of the agent (Stenger et al., 2012). The systems of an agent can
be viewed at different levels of abstraction, as shown in Figure 3.1. The low-
est level is responsible for the physical implementation of the system (i.e.,
computer, robot, UAV, etc.). It includes the hardware and low-level software
functions needed for basic computational tasks. The agent architecture level
forms the interface to the physical level and comprises the software struc-
ture of the agent as well as the routines and algorithms to acquire, represent
and process the knowledge. The knowledge level at the top incorporates all
the facts of the environment and the behavioral rules the agent needs to
know in order to act according to its design. The knowledge base consists of
both implemented and acquired knowledge used in general cognitive capa-
bilities, such as language processing and specific domains (Laird, 2012).
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Knowledge
level

Agent architecture
level

Physical level

FIGURE 3.1 Abstraction hierarchy of an agent (Stenger etal., 2012).

In order to ensure that autonomous systems are effective and function
across multiple vehicle types, a framework needs to be created which is
flexible enough in design and functionality. It must provide an open and
easily modifiable architecture across a range of vehicles and sensors’ capa-
bilities. The autonomous system algorithms must run within this framework
to ensure maximum flexibility while understanding the capabilities of a UAV
(Eaton et al., 2016).

Figure 3.2 provides an architecture for an autonomous UAV system. It
has five primary functions: mission management, vehicle management, sen-
sors management, communications management, and safety management,
which are required for any system, regardless of mission and vehicle types.
The advantage of this architecture system is that it has a modular functional-
ity that can be adjusted for specific vehicles but can be common also across
many vehicle types. The autonomous algorithms will reside within the mis-
sion management functionality and will be dependent upon common inter-
faces and architecture.

y !

Vehicle Sensor
management management

Safety Mission Communications
management management management

t f

FIGURE 3.2 Architecture of an autonomous system.
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Figure 3.3 provides a detailed definition of the system architecture with
key critical functionalities within the primary management systems. The
functions and capabilities within each management area could be changed
depending on the vehicle type used (Eaton et al., 2016). However, the inter-
face to the mission management system needs to remain consistent. The key
to the architecture is that each primary functional area has a controller that
manages the overall function, but capabilities can be added or removed in a
modular structure without affecting the larger system, depending upon the
mission and system requirements. Additionally, depending on the mission
task and systems onboard, the controller could enable or disable any resident
capability to improve the performance of mission objectives without changes
in the software.
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FIGURE 3.3 Detailed system architecture (Eaton etal., 2016).

THE CONCEPT OF AUTONOMY

During the last decade, significant efforts have been made on UAV autonomy.
Autonomy in this discipline can be defined as the capacity of sensing, inter-
preting, and acting upon unexpected or unforeseen changes in environment
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(Huang et al., 2007). Such UAVs require autonomous path planning capa-
bilities that respond to changes in the environmental conditions, e.g., the
existing and predicted wind (Stenger et al., 2012). Tedious and repetitive
tasks, such as surveying an area continuously for a long time, could be effec-
tively performed autonomously. Small, inexpensive long-endurance UAVs
can offer significant advantages for such tasks.

In general, the concept of autonomy may involve all mission phases,
from automated flight planning (and re-planning, if necessary) to real-time
guidance, navigation, and control. A two-tiered structure of an autonomous
UAV model has been developed by Vidyadharan et al. (2017) to serve to exe-
cute different tasks critical to Structural Health Monitoring. The proposed
model is shown in Figure 3.4, which describes a two-tier hierarchical struc-
ture for a multicopter UAS. It has five primary sub-systems in its first-tier:
propulsion, power, Ground Navigation and Control (GNC), structures, and
payload. The second tier of sub-systems comprises motors, battery, IMU,
GPS, flight computer, 3D camera, arms, body, and landing gear (Laired,
2012). Each of the primary disciplines and their sub-systems, namely; GNC,
structures, power, propulsion, and payload, interact.

Tier-1
Multicopter
UAS

Propulsion Power GNC Structure Payload
Tier-2

Motor(s) Battery Wings| | Body Landing gear

Flight 3D
Radar IMU GPS computer| | camera

FIGURE 3.4 Hierarchical decomposition of a multicopter UAS (Vidyadharan et al., 2017).

Long-term remote missions greatly benefit from autonomous system,
which requires a means to respond to environmental dynamics. Given mea-
surement of key environmental variables (world states), autonomy implies
an efficient response to these measurements without further external input.
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A response is “efficient” if it serves the mission goal. The planning and tra-
jectory generation algorithms may constitute high-level components of a
complete the autonomy architecture, as shown in Figure 3.5.

Path Guidance
elements Trajectory command
Tasks, Trajectory ' Vehicle Local
strategy Planner generator Sl controller [ | Area [] World

Next spawn f fVehicIe states |

point Local Area states
World states
Path Planner: Trajectory:
-Obstacles -Planned paths
-Fuel -Maneuvers
-Weather observation
(windsf/icing) search

FIGURE 3.5 An autonomous system (Rubio et al., 2004).

Presently, many UAVs are able to carry out on their pre-planned mission;
however, human supervision is still needed, especially in highly dynamic
environments (Valvanis and Vachtsevanos, 2015). For this reason, the anal-
ysis of the execution of plans in terms of their correctness is imperative.
Recently, an effort has been made to use small low-altitude UAVs for appli-
cations, such as small packet delivery, urban surveillance, and infrastructure
inspection. In these scenarios, reliable and accurate flight autonomy is one
of the key factors to explore the potential of UAVs and maximize their advan-
tages (Boskovic et al., 2002).

Higher autonomy is expected to improve UAVs’ operation in the follow-
ing areas:
(i) Energy consumption: optimize the power sources and vehicle’s power
consumption to enhance its capabilities in long-endurance missions.
(ii) Risk-free optimal navigation: navigating and positioning correctly with
minimum position calibration error.

(iii) Robust decision making: capable of making efficient decisions when
facing different challenging situations.

(iv) Continue the mission: continue its mission alone instead of mak-
ing a premature return to the base station, in case of limited or lost
communication.
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3.5

VARIOUS MEASURES OF UAV AUTONOMY

3.5.1

3.5.2

The UAVs have been classified as per the grade of autonomous level (AL).
The levels range from simple remotely piloted vehicles (level one) to fully
autonomous, human-like vehicles (level ten) at a scale of 10 (INOUTI, 2009).
In order to determine the degree of autonomy, several operational areas are
taken into account, such as perception and situational awareness, analysis
and coordination, and decision making. Generally, autonomy for UAVs can
be defined at three primary levels; fully autonomous, semi-autonomous, and
fully human-operated systems.

Fully Autonomous Operations

The UAV is adjusted and stabilized by feedback control, and can autono-
mously route its trajectory to assigned waypoints. At this level, the UAV can
locate its position on the map and follow the defined path without operator’s
interaction (Huang et al., 2007). Given a sequence of waypoints and prior
environmental information, the path planner provides trajectories to safely
guide the UAV to move through the waypoints until it reaches its destination.
After visiting each waypoint, the time spent to reach that waypoint is com-
pared with the expected time. Suppose the UAV is behind its pre-determined
schedule. In that case, re-planning, task re-scheduling, or mission objective
re-prioritization is performed to maximize the chance of success in delivery
of mission considering the remaining tasks, mission objectives, and avail-
able resources. Such UAVs take advantage of several routines that provide
capabilities, such as real-time path planning, real-time situation awareness,
real-time contingency management, and task scheduling (Kendoul, 2013).

Semi-autonomous Operations

Such UAVs have human operator over the site with semi-autonomous and
autonomous path planning. They usually fail to perform the contingency
management, path re-planning or task re-scheduling. The UAV’s navigation
system is capable of indicating intermediate waypoints, which allows the
human operator to define main targets without giving details. The system
also can recognize the situation, planning a trajectory between points, auton-
omous departure, return, and collision avoidance. However, the human
operator decides to re-arrange the tasks to compensate the lost time (if any)
and re-plan the mission scenario (INOUI, 2009).
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Fully Human Operated

Such a UAV system is fully controlled and monitored by a human operator,
and all the decisions are taken by the operator considering inputs, some
previous experiences, and knowledge (Kendoul, 2013). Let us understand
its operation to cover four points A, B, C, and D. The human operator starts
to move the UAV from point A, plans to visit point B, and then C, and finally
reaches point D before running out of battery. If an unforeseen situation
arises in the midway of moving from point A to B (such as sudden strong
wind or water turbulence), the severity of situation will be tackled based
on operator’s intelligence. The operator will now decide how to direct the
movement of UAV and safely pilot it toward point B, and then decides to
skip visiting point C for on-time arrival at point D, so as to compensate the
wasted time in the movement from point A to B. Thus, these systems rely
completely on human’s decision-making to deal with any unexpected cir-
cumstance in a continuously changing environment.

Sheridan Scale for Autonomy

Sheridan and Verplank (1978) introduced a scale metric, known as Sheridan’s
scale, with ten levels of autonomy in which the lowest level represents an
entity that is entirely controlled by a human (teleoperated), and the high-
est level represents an entity that is completely autonomous and does not
require human input. The various levels of autonomy presented by Sheridan
and Verplank are as follows:

Fully controlled by operator.
Computer offers action alternatives.
Computer narrows down the choices.
Computer suggests a single action.

Computer executes that action upon the operator’s approval.

o v kDb =

Operator has limited time to veto the computer’s decision before its
automatic execution.

7. Computer executes commands automatically, and then the operator
would be informed.

8. Computer informs the operator after automatic execution if the opera-
tor requests it.
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9. Computer informs the operator after automatic execution only if it
decides to.

10. Fully controlled by the computer (ignoring the operator).

UAV Rating and Evaluation

Autonomous mobile robotic technology has rapidly evolved over the last
decade and has begun to impact multiple sectors across various industries.
Although there are multiple criteria and metrics that have been created for
the evaluation of UAV autonomy, Vidyadharan et al. (2017) have proposed a
method of the Autonomy and Technological Readiness Assessment (ATRA),
which can be retrofitted into the larger model for decision analysis of UAV
operations. The two parameters used to evaluate a system’s autonomy and
robustness include autonomy level (AL) and technology readiness level
(TRL). These two parameters are combined to form the ATRA, which can
be used to provide a holistic view of the software component of UAV. The
ATRA framework can also be used to measure the maturity and robustness
of the UAV.

The AL is a set of metrics that are used to systematically evaluate and
measure the autonomous capabilities and limitations of a UAV (Huang et al.,
2007). These metrics range from 1 to 10, where 1 represents the accession of
autonomous behavior from remote-controlled UAV with rudimentary first
order flight control up, and 10 indicates fully autonomous capabilities with
no involvement of human-pilot decision-making at all, as given in Table 3.2.
The AL of a UAV is mainly based on its GNC functions, which are primary
attributes to enabling autonomy in the hardware component of a UAV. The
GNC capabilities of the UAV are directly proportional to the autonomous
capabilities of the UAV.

TABLE 3.2 List of Autonomy Levels with Descriptions (Huang et al., 2017).

Level Autonomy Levels Description

Remote control

Automatic flight control

System fault adaptive

GPS-assisted navigation

Path planning & execution

DU | |||+~

Real-time path planning
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Level Autonomy Levels Description

7 Dynamic mission planning

8 Real-time collaborative missing planning
9 Swarm group decision making

10 Full autonomous

The next parameter considered is the TRL, a set of metrics used by
many companies and government agencies to systematically evaluate and
assess the technology’s reliability and maturity in autonomous UAVs. This
metric also ranges from 1 to 10, and is related to the advancement of sys-
tems’ development, integration, validation, and deployment. The range
indicates from the formulation of basic principles of the system up to its
deployment and full operational status. The TRL of a UAV is mainly based
on its systems’ integration, test environment, mission scenario, and perfor—
mance, which indicate the reliability of the combination of autonomy and
hardware that can be implemented in the UAV (Kendoul, 2013). The levels
of TRLs are shown in Table 3.3.

TABLE 3.3 List of Technology Readiness Levels with Description (Kendoul, 2013).

Technology Readiness Levels

Level Description

Basic principles

Application formation

Technology concepts and research

Technology development and proof of concept

Low fidelity component testing (Labs)

System integration and flight tests

Prototype demonstration and operation

Prototype operation in realistic mission scenario

O [0 |1 | ||| (DD |

UAV mission deployment

p—
=)

Fully operational status

Vidyadharan et al. (2017) developed an ATRA graph (shown in Figure 3.6)
to demonstrate the utility of AL and TRL evaluations on a hexacopter UAV,
created by assembling off-the-shelf components. The highlighted block of
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AL 5 and TRL 8 with a thick line indicates the extent of safe operational
autonomous capabilities of the UAV. The “+” and “-” signs in each of the
block denote whether that AL and TRL have been implemented on the sys-
tem. In this graph, the TRL remains below 6 for all ALs above 6, due to the
fact that it does not fulfill the requirements needed to be implemented on
the UAV. For a system to be able to be implemented, the TRL of the UAV
must be at least 7. Therefore, a UAV with TRL below 7 may only have a “-”
sign; this threshold is denoted using a thick line under the TRL 7 row. Such
computation would help in rating the AL of UAVs.

N
o
4
e
4

Technology Readiness Level

N W A O OO N 00 ©
|

N
|

Autonomy Level

FIGURE 3.6 The ATRA graph for hexacopter UAV (Vidyadharan etal., 2017).

SIMULATION OF THE ENVIRONMENT

Simulation is an important aspect of any modern development process.
Therefore, designing a comprehensive simulation framework is consid-
ered as an important part for the development of the autonomous UAV
(Stenger et al., 2012). Simulation is a very important and cost-effective tool,
especially if an actual real-life implementation is costly or associated with
hazardous conditions. Moreover, simulators have other advantages, like pav-
ing the way to the adoption of new technologies, lowering training costs, and,
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most importantly, enabling researchers to experiment with fewer resources
and time (Al-Mousa et al., 2019). In order to validate the behavior of an
autonomous system, the simulation environment provides the decision find-
ing system with all relevant data, and simulates the execution of the gener-
ated action plans.

In autonomous UAV simulation systems, the interaction between a UAV
and its possibly complex surrounding environment must be considered.
The availability of computer simulation resources benefited the develop-
ment and integration of autonomous UAVs in real-life applications, as they
reduce cost, risks, development, and testing time, as well as increase the
safety levels. However, it becomes difficult to compare different algorithms
using multiple UAV simulation environments that were simulated before
using different simulation platforms. Therefore, there is a need to under-
stand using a simulator before using it with any type of UAVs. The simulator
should implement different steps, such as path planning, obstacle avoidance,
communication protocols, and much more. Table 3.4 presents a summary of
the main relevant flight simulators with their highlights and limitations.

TABLE 3.4 Flight Simulators with their Main Features and Limitations (Al-Mousa et al., 2019).

Simulator Features Limitations
Drone Watch | Low-cost. High system requirements are
and Rescue Easily distributable needed.
(DWR) simulator (built using web
technologies).
2-Level architecture (server—
client).

Simulating missions carried
out by multiple UAVs, while
allowing for data extraction.

Real-time Supports multiple UAVs. Separate framework for

Multi- UAV Data collection and control. | communication simulation;

Simulator Supports the direct CommLibX.

(RMUS) communication links between | Constrained environment.
UAVs.

Functions as both a testing
and validation mechanism.

(Continued)



114 ° UNMANNED AERIAL VEHICLES

Simulator Features Limitations

AirSim Proposed to collect data to Underlying platform “Unreal
be used by machine learning | Engine” is not well supported.
algorithms. Does not simulate collision
Cross-platform support response nor advanced ground
(Linux and Windows). interaction models.
Open-source. Does not simulate various
Enables simulation of a host | oddities in camera sensors
of physical phenomena. except those directly available in
Enables the definition of “Unreal Engine.”
different types of vehicles. Does not have advanced

noise and lens models, which
are needed to simulate the
degradation of GPS signals.
Does not simulate advanced
wind effects and thermal
simulations for fixed-wing UAVs.

Gazebo Includes a physics engine, a | Limited legacy physics engine in
host of sensor models and the | terms of photorealism.

ability to create 3-D virtual
worlds.

Can be used to build
different types of robots, such

as manipulator’s arms.

RotorS Enables developing and Intended for the design of
simulating control and state MAVs.

estimation algorithms for
micro unmanned aerial
vehicles (MAVs).

It is based on Gazebo plugins
and the Gazebo physics

engine.
Ether Multi-agent simulation. The overhead for users to build
Evaluation of mission their own Emods of their tested

planning models for teams of | algorithms.
UAVs.




Autonomous UAVs © 115

Simulator Features Limitations
Virtual Free online platform. More for pilots training and
Air Traffic Provides the user with virtual | flying skills improvements not
Simulation skies, flying all kinds of UAVs test.
(VATSIM) aircraft all over the world.
Network Provides resources, training,
and software.
Lockheed Allows users to create Commercial software.
Martin training scenarios across
Prepar3D aviation, maritime and

ground domains. Used by
pilots, academic, commercial
organizations and military.
Customizable atmosphere.
Easy configuration of
hardware across laptops,
desktops, and multi-monitor
environments.

Multiple view and
multiplayer.

The simulated autonomous UAV can be equipped with different levels
of autonomy, following simple rules to highly complex actions. All simulation
activities are visualized and recorded, which give the developer an oppor-
tunity to monitor, validate and further optimize the functionalities of the
autonomous system, if needed. Using the simulation framework, the autono-
mous UAV will be exposed first to a nominal mission, where few unexpected
events for an application might occur, and then to a stressed mission, where
the originally planned mission will be altered due to frequently occurring
unforeseen events. Especially in the stresses mission, the autonomous UAV
can demonstrate its capabilities to make decisions even with incomplete
knowledge (Stenger et al., 2012).

The nominal mission requires one or more UAVs to continuously moni-
tor the region. Here, the GCS acquires planning tasks, like issuing a detailed
mission description, and manages the overall mission for the UAV deploy-
ment. As such, it has access to all UAVs which are principally assigned for
the mission. The stress mission is more important as a nominal mission is
unlikely to occur in reality. Consequently, the robustness of the autonomous
UAV is tested when confronted which typical stressors (situations), such as
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system failures or other aerial traffic. A selection of stressors that can be
applied to test the reliability and suitability of the UAV include moderate
system failure, close traffic, adverse weather, critical level of resources (e.g.,
fuel), and unavailable landing place (Rodriguez 2019).

PATH PLANNING

For UAV path planning, a big challenge lies in selecting a proper combi-
nation of hardware and software (Eaton et al., 2016). Choosing the right
software in relation to quality and efficiency is of central importance. Path
planning has two sub-components: mission planning and flight planning, as
shown in Figure 3.7 (Pascarella et al., 2013). The mission planning aims at an
optimal scheduling (assignment and ordering) of the mission targets to cover
and work on a strategic horizon. On the other hand, flight planning software
enables to thoroughly scheme the mission according to the specific environ-
ment (e.g., mountains, forest, water, etc.). Instead of using 2D, a detailed
3D flight plan, including speed, altitude, etc., will normally greatly impact
the results. The data processing software would create the results of point
clouds, as DEM or DTM, at certain accuracy (Valvanis and Vachtsevanos,
2015). However, many companies today offer so-called “end-to-end solu-
tion” with complementary components and software. The focus now also lies
on the data analysis part of the process, which will support the workflow to
ensure a high level of automation and data analysis, and thus saves resources.

Remote Operator

Planning
Hierarchy
___|Failure & Health
Monitoring
Mission
Management Situational
A
Flight Plan Wareness
Generator
.l | On-Board
Mission Template Sensors
N —
Flight Management
System

FIGURE 3.7 Path planning components (Pascarella et al., 2013).
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The autonomous UAV planning sub-system processes a path plan that
allows the UAV to reach the target area requested by the remote operator.
It is an optimization problem since the planning sub-system is expected to
produce plans which maximize the mission effectiveness, and at the same
time, considers a set of constraints (Pascarella et al., 2013). Constraints can
be further classified as:

m  Mission constraints: These are related to the mission objectives (start
waypoint, end waypoint, target areas, etc.).

m  System constraints: These are related to the system configuration and
state (data link coverage, vehicle performances, system failures, etc.).

m  Path constraints: These are related to the environment features (no-fly
zones, meteorological hazards, air traffic, etc.). Path constraints can also
be divided into barriers and threats. The former are space regions that
cannot be crossed for no reason and are also known as hard constraints.
The latter marks hazardous space regions that threaten the reliability
(mission success) or even safety (the vehicle survival). Threats are con-
sidered to be soft constraints.

The mission planning must process an optimal mission plan, that is, an
optimal route, which consists of (i) mission waypoints that are directly related
to the mission targets coverage and (ii) cross waypoints that are intermediate
waypoints and are inserted by the planner to avoid “no-fly zone” or high-risk
threat areas. It provides a feasibility assessment of the proposed mission.
The mission planning must include some management functions, such as
the implicit constraints assessment and the logic for re-planning. As shown
in Figure 3.7, the mission planning also receives the following information:

»  The mission template: that is supplied by the remote operator and that
formally specifies the user’s request.

»  The situational awareness data: that feeds the evaluation of implicit con-
straints related to the environment state.

= The health monitoring data: that feeds the evaluation of the implicit con-
straints related to the system state.

m  The vehicle sensor data: is needed to track the mission.

Mission Planning

The primary parameters involved in the operations of a UAV include
(i) the mission scenario, (ii) the mission objective, and (iii) the characteris-
tics of aerial vehicle, as shown in Figure 3.8 (Vidyadharan et al., 2017). The
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mission scenario is defined by the meteorological conditions and the struc-
ture type, while the mission objective aims at the data acquisition method
used and mission tasks. The characteristics of UAVs are divided by its size,
class, and AL and TRL. The structure type and the data acquisition method
consist of attributes and metrics that help determine the complexity of the
mission (Eaton et al., 2016).

Meteorological
conditions > Value based
Missi formulation
sc:asr?;Orir:) with the help
Struct of attributes
facture and metrics
type
Data acquision Value
method > based
Mission formulation
scenario with the
Mission help of
task attributes
and metrics
UAV
characteristics| Type
Autonomy Class
level
Technology
readiness
level

FIGURE 3.8 Parameters for mission planning (Vidyadharan etal., 2017).

Mission complexity is a key factor with respect to a potential mission sce-
nario. Itis classified into three categories: mission, team, and communication
management (Stegner et al., 2012). Mission management describes the abil-
ity for a given mission to have a high amount of diverse capabilities and goals.
This gives the agent the opportunity to act upon a broad number of possibili-
ties. Hence, the mission puts no or few constraints on the UAV’s capabilities.
On the other hand, team management describes the extent to which members
or agents of the team are able to cooperate and maintain themselves. Their
capability to communicate and perhaps start a formation within the mission
is included in communication management. Based on these definitions, the
mission fulfills the requirements, resulting in a complex mission to test the
agent’s capabilities.
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3.7.2  Flight Planning

Typically, a UAV mission starts with flight planning. Although each autono-
mous UAV’s mission is unique, almost similar steps and processes are nor-
mally followed (Eaton et al., 2016). These steps would, however, depend on
a specific flight planning algorithm. Flight planning uses a reference map
or satellite image to define the extent of the flight area. It also requires the
desired flying altitude, overlap, focal length and orientation of the camera,
and desired flight path (Hugenholtz et al., 2016). The flight planning algo-
rithm then computes the overlapping stereo-images required to be taken to
cover the area of interest. During the flight planning process, the algorithm
can adjust various parameters until the operator is satisfied with the flight
plan (Valvanis and Vachtsevanos, 2015). For example, the camera shutter
speed settings must satisfy different lighting conditions. If the exposure time
is too short, the images might be too dark to discriminate among all key
features of interest, but the images will be either blurred or bright if the
exposure is too long.

Autonomous UAV uses basic heuristics to travel to a known target while
avoiding various static obstacles. A sensor system is used to provide feedback
about the obstacles in the UAV’s local environment. This information is then
processed at each sampling time and used as one of the factors to determine
the movement of the autonomous UAV for obstacle avoidance and path
planning to the target. A path planning strategy must consider the dynamic
and kinematic constraints of the vehicle and information about obstacles to
generate a path between a starting point and a target location (Shakhatreh
etal., 2017).

In several scenarios, mission objectives rely on the capability of an
autonomous UAV to maneuver in a dynamic and changing environment or
in areas with no prior knowledge of the surroundings (Boskovic et al., 2002).
For example, a UAV may encounter sudden forest fires, which cause the
destruction of large land, heavy damage, and loss of lives (Vergouw et al.,
2016). The extent and intensity of forest fires can change rapidly depending
on environmental conditions, and become difficult to combat, so real-time
data are required to be obtained for faster decision making, as situations can
become worst due to fluctuating wind, terrain, conditions, etc. (Gupta et al.,
2016). In all these scenarios, the mission could be improved by autonomous
path planning vehicles. Most effective path planning algorithms rely on com-
plete prior knowledge of the environment; therefore, it limits autonomous
UAV5’ capabilities. Furthermore, these algorithms cannot attain fairly accu-
rate and real-time solutions for such complex and dynamic environments;
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therefore, a more sophisticated method to path planning is needed to not
only allow for maneuvering in an unknown environment but also is necessary
to move in a dynamic and changing environment in real-time.

Given the importance of path planning in the overall success of an
autonomous UAV mission, many approaches have been used to solve the
task of path planning problems. For most problems involving operation
in uncertain environmental changes, dynamic path planning is essentially
required. The well-known direct method of optimal control theory, called
Inverse Dynamics in the Virtual Domain method, is used to develop and test
an onboard real-time trajectory generator for autonomous UAV deployment
(Yazdani et al., 2017). A real-time Differential Evolution-based motion plan-
ner, proposed by Zadeh et al. (2017), can also be used to provide a time/bat-
tery efficient operation for an autonomous UAV in a dynamic time-varying
environment. Another elaborated Evolution-based online path planner/
re-planner is introduced by Zadeh et al. (2018) for autonomous UAV path
planning in an uncertain terrain to ensure safe deployment.

The generated flight plan is uploaded to the UAV autopilot. The auto-
pilot uses the instructions contained in the flight plan to find climb rates
and positional adjustments that enable the UAV to follow the planned path
as closely as possible (Pastor, 2007). The autopilot reads the adjustments
from the GNSS and the IMU several times per second throughout the flight.
After the flight completion, the autopilot downloads a log file, which con-
tains information about the recorded UAV 3D placements throughout the
flight and information about the camera when it was triggered. The infor-
mation in a log file is used to provide an initial estimate for image center
positions and camera orientations, which are then used as inputs to recover
the exact positions of surface points.

CONTROLLING THE MISSION PLANNING

The mission planning and control station is the “nerve center” of the entire
UAV system. It controls the launch, flight, and recovery of the air vehicle;
receives and processes data from the internal sensors of the flight systems
and the external sensors of the payload; and controls the operation of the
payload. To accomplish its system functions, the mission planning and con-
trol station incorporates the following sub-systems (Fahlstrom and Gleason,
2012):
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1. Air vehicle status readouts and controls.
2. Payload data displays and controls.

3. Map displays for mission planning and for monitoring the location and
flight path of the air vehicle. The ground terminal of a data link transmits
commands to the air vehicle & payload, and receives status information
& payload data from the air vehicle.

4. Computer provides an interface between the operator(s) and the air
vehicle, and controls the data link and data flow between the air vehicle
and the mission planning and control station. It may also perform the
navigation function for the system, and some of the “outer loop” (less
time-sensitive) calculations associated with the autopilot and payload
control functions.

5. Communications links to other organizations for command & control
and for dissemination of information gathered by the UAV.

The mission planning and control station displays two types of infor-
mation to the operators. Display basic status information, such as position,
altitude, heading, airspeed, and fuel remaining for air vehicle control. The
second type of information to be displayed consists of the data gathered by
the onboard sensors of the payloads. These displays can have many varied
features, depending on the nature of the sensors and how the information is
to be used. The planning and operation functions of a mission planning and
control station can be described as follows (Fahlstrom and Gleason, 2012):

®  Planning: It includes process tasking messages, study mission area maps
and designate flight routes (waypoints, speeds, altitudes), and provides
the operator with the plan.

= Operation: It includes load mission plan information. It launches UAV,
monitors UAV position, controls UAV, controls and monitors mission
payload, recommends changes to a flight plan, provides information to
operator, saves sensor information when required, recovers UAV, and
reproduces hard copy or digital tapes or disks of sensor data.

The UAV is an under-actuated system having six degrees of freedom
(position and orientation) and multiple control inputs (e.g., rotor speed). It
also has multivariable, non-linear, and strong coupling characteristics, all of
which make its flight control design very robust. There are options available
for the automation of operator’s function, ranging from no automation to full
automation. The UAV operator is responsible for flying the air vehicle from
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one point to another and continues to fly the air vehicle successfully, dealing
with any change in environment, such as gusts, wind shear, or turbulence, if
needed (Valvanis and Vachtsevanos, 2015).

Full automation of the piloting function requires a detailed flight plan.
But many times, it is necessary to change the flight plan while the mission
is in progress. For example, there might be various possible reasons for
a change in the UAV flight plan, such as loss of power, loss of command
uplink of the data link, loss of GPS navigation (if used), payload malfunction,
weather change, and structural damage in UAV, where malfunctioning of
the sensor payload has a higher priority in the pre-planned mission. Some
of these events, such as loss of power, loss of data link, changes in-flight
characteristics, payload malfunctions, and loss of GPS can be recognized in a
straight-forward manner by the computers/software on the UAV, while oth-
ers may or may not be easily determined in a fully automatic UAV (Pastor,
2007). This would lead to a significant amount of control in the automa-
tion of mission plans to accommodate unexpected situations. Therefore, it is
important to search the location at which the UAV attempts a crash landing
or deliberately creates a crash to minimize the damage on the ground. It can
be achieved by diving the UAV steeply into a body of water or some open
area without people. Such cases would force a change in the flight plan that
might be very hard to plan in advance.

In case the power is lost, the control system may alert a human operator
and allow the human to determine and direct the response. In such cases,
the autopilot can immediately establish a minimum descent rate in-flight
mode, and the computers installed at the GCS can identify the areas on the
ground where the UAV can reach without power and have “safe” crashing
sites within those areas. The sensors can be used to look at possible crash
sites, and the human can then evaluate the information available and apply
judgment to decide where to crash the UAV. Once that decision is made,
piloting to the crash landing or deliberate dive into an open area can be
achieved with the automation available in the UAV, depending on how that
particular system is designed and how its operators are trained.

CONTROLLING THE PAYLOADS

The UAV can be operated with great automation if the mission plan is not
required to be changed or modified due to payload failures. Payload sen-
sors on the UAV monitor the information sensed by them and downlink
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and/or record the information as a function of time and location. If there is
no requirement for real-time or near real-time response, the mission plan
will consist of flying UAV to some specified flight plan while operating the
sensors, and, at most, monitoring the operation of the sensors (Valvanis and
Vachtsevanos, 2015).

Sensors looking for chemical or biological agents or for radiation may be
quite capable of detecting any things that they are looking for in a fully auto-
matic UAV. Once that detection has been made, a computer could look up
rules to perform the task. For example, the rules might guide the computer
to interrupt its pre-planned flight in order to collect and map the cluster
distribution or repeat the observations. The software could adapt the map-
ping process related to the intensities measured by these sensors in order to
determine the geometry of the chemical, biological, or radiological contam-
ination (Zadeh et al., 2018).

Imaging payloads present a special challenge for the automation of
the operator’s function. In particular, imaging sensors may not be able to
“notice” anything without a human in the loop. Suppose the only function
of these sensors is to downlink and/or record images of pre-planned areas,
with no real-time interpretation. In that case, the function of the operator
is simply to point the sensor in the correct direction and turn it on and off.
Those functions are easy to automate. Similarly, there are some missions
in which an imaging sensor (e.g., Radar system) might automatically detect
objects of interest with reasonable accuracy. Radar system, augmented by a
scanning laser rangefinder, may have the capability to reliably detect moving
objects. For “automatic target detection,” the images need to be downlinked
to a human operator in real-time, and if the sensor has variable magnifica-
tion and viewing angle, the operator can control the view angle pointing and
magnification to take a closer look to better detect the objects of interest
(Pastor, 2007).

FLIGHT SAFETY OPERATION

Flight safety is a critical aspect for UAV usage, as aviation is more focused on
low accident rates and high safety rates. The agent-based simulation environ-
ment has proven to be a valuable tool for evaluating the safety function of the
autonomous agents during the flight. Onboard autonomous sub-systems could
provide faster reactions to external changes due to their direct access to sen-
sor data. However, there are certain limitations to effectively use autonomous
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UAVs (Zadeh et al., 2018). Available bandwidth is a limited resource in most
circumstances, and communications with the ground station may not be
available in emergent situations. Data link is another big constraint for using
autonomous UAVs. When flying UAV under satellite coverage, navigation
performance achieved by standalone or differential GNSS/inertial technol-
ogy typically may fulfill the flight requirements. But in challenging scenarios,
the autonomous flight is hindered by navigation issues. Navigation in such
environments may usually be tackled by using additional measurements, i.e.,
visual-aided navigation, radio beacon, positioning based on phone signals, and
actuator outputs (Azar et al., 2018; Taha and Shoufan, 2019).

The significant growth and widespread application of UAVs present a
major safety challenge for regulators around the world. This includes both
safety on the ground (to prevent UAVs from falling to Earth and injuring
people and/or damaging property) and safety in the air (to prevent mid-
air collisions). Current regulations limit the low-altitude operations (below
400 ft or 120 m) to the VLOS of a human pilot who is always controlling
the UAV. Nonetheless, many enterprises are currently exploring the poten-
tial of autonomous UAVs, both BVLOS and without a pilot’s direct control
(Takacs et al., 2018). Figure 3.9 shows the example of operation modes of
autonomous UAVs. Examples of such applications include parcel delivery,
medical supply delivery, remote and large-scale infrastructure monitoring,
and surveillance. Aviation authorities around the globe have initiated pro-
grams to define the rules of UAV operation, in relation to address the safety
issues regarding commercial use of UAVs.

Beyond visual line of sight

' (3) Main operation

mode in the future

Manual control <--------------—p<T - > Autonomous

(2) Operation mode that
—»-|is growing in importance
already today

(1) Main operation
mode today
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FIGURE 3.9 Operation modes of UAVs (Takacs et al., 2018).

Geofencing

Geofences are virtual boundaries set up within physical locations where
UAVs can be detected if they reach certain delimited areas. The UAV will
need a reliable navigation system (i.e., GPS) and autopilot software to create
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and interact with a fence (Kandoul, 2013). Geofencing cannot be done with
manually controlled UAVs and DIY autopilots. Geofencing can be set up
using GPS, Wi-Fi, bluetooth, cellular data, geomagnetic or Radiofrequency
identification (RFID). All of them can be “paired” with geofencing, result-
ing in precise and accurate data as compared to using the standalone GPS
technology. This technology keeps a UAV away from accidentally venturing
into a sensitive “no-fly zone,” for example, an airport, nuclear power plants,
or a high-profile event (Jones et al., 1993).

In a critical operational scenario, a boundary is drawn by the user to
confine the movement of the UAV. A standard geofence is generally circu-
lar, with the biggest at-risk area forming the nucleus, but it can be polygon
or rectangular. In circular type fencing, once the user enters the radius, a
circle is drawn at user’s point of interest. In polygon type geofencing, the
user will select different points and a polygon is drawn between those points
and check whether the UAV is within the boundary. In geofencing, if a UAV
crosses the defined boundary, an alarm sounds with a message box is dis-
played so that the user can operate it safely (Santoso et al., 2018).

The main benefit of geofencing is the fact that it doesn’t require build-
ing/constructing anything physical in the real world, which is important for
UAVs to fly over fences (Veres and Molnar, 2010). Instead, it is a digital
system of coordinates of defined boundary which rests on the top of a map.
One of the best things about geofencing is the fact that the technology can
be defined virtually anywhere. This technology right now uses Google and
Apple databases (known as native positioning), which means that even map-
ping work is not required.

One of the major applications for geofencing is security; when anyone
enters or leaves a particular area, an alert or text message is sent to the users.
In military applications, this can be used when the enemy vehicles enter into
a country’s boundary; it gives an alarm sound to alert the officers to take
necessary actions. More modern geofencing uses include “Smart Home”
functionality, such as heating at your home will turn itself off when your
phone pings at a certain distance away from home, and back on when you
are returning home (Sinsley et al., 2008).

Autonomous UAVs have built-in geofencing software, so they can’t fly
over airports or other restricted areas (Santoso et al., 2018). DJI, the market
leader, has been using geofencing in compatible UAVs since 2013. The DJI
has developed a mobile app called “DJI GO app” for fencing. DJI’s version
of geofencing, called “Geospatial Environment Online,” offers users up-to-
the-minute information where flight is banned, or limitations have been
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applied. This includes large public gatherings, natural disaster areas, and
other events which warrant restrictions. The Parrot company, the manufac-
turer of UAV, also has geofencing in its ANAFT software, but pilots can turn
it off. The Yuneec UAV has also implemented a geofence system that has
“in compliance with FAA No-Fly Zone Regulations” focusing on preventing
flights near commercial airports. The geofencing features of Yuneec prevent
UAV operators from flying over heights of 400 ft and beyond distances of
more than 300ft outwards from the pilot’s position. The aircraft’s GPS also
draws a “Smart Circle” 26 ft in diameter around the pilot during take-off and
landing, as shown in Figure 3.10.

; Geofence
Smart circle )
26ft/8m radius 300ft/91m radius

Legal flying height
400ft/122m radius

Must take-off outside
he smart circle

FIGURE 3.10 Geofencing concept by UAV.

3.10.2 Collision Avoidance System

One of the challenges faced by UAVs is in the area of collision avoidance.
The UAVs can collide with obstacles which are either moving or station-
ary objects, in an indoor or outdoor environment (Shakhatreh et al., 2018).
During UAV flights, it is important to avoid accidents with these obstacles
using collision avoidance techniques.

The use of UAVs in an indoor environment is a challenging task, and
it needs higher requirements than an outdoor environment. It is very dif-
ficult to use GPS to avoid collisions in an indoor environment, which is
usually a GPS-denied environment. Moreover, RF signals cannot be used
in this environment, as these signals could be reflected and degraded by
the indoor obstacles and walls. Many collision avoidance approaches have
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been proposed to avoid collisions by UAVs, such as geometric approaches
(Park et al., 2008), path planning approaches (Alexopoulos, 2013), potential
field approaches (Mujumdar and Padhi, 2009), and vision-based approaches
(Saunders, 2009). Vision-based methods (using cameras and optical sen-
sors), and onboard sensors-based methods (using IR, ultrasonic, laser scan-
ner, etc.), and the combination of both can be utilized for collision avoidance
in an indoor environment (Luo et al., 2013).

The geometric approaches require UAVs to sense and extract
information about the environment and obstacles, such as position, speed
and size of the obstacles. Vision-based collision avoidance methods using
cameras suffer from heavy computational operations for image processing.
One of the best possible solutions is to combine with a vision-based approach
that uses a passive device to detect the obstacles. The UAVs could be inte-
grated with vision sensors, laser range finder sensors, IR, and/or ultrasound
sensors to avoid collisions in all directions (Chee and Zhong 2013). Most of
the intelligent UAV systems have in-built collision avoidance technology.

UAV Detection Technology

UAVs pose a significant challenge in terms of security and privacy within
society. Appropriate technology can be deployed to support the safe opera-
tions of UAVs. Various sensors and methods are receiving attention to detect
and disable UAVs used for malicious purposes. Table 3.5 presents the data
related to the effectiveness of sensors to various environmental conditions
for the detection of UAVs. Radar can be used to detect and locate a UAV in
space. However, radar detection can be unreliable, as adverse weather con-
ditions affect the reflected wavelength, distorting the wave. Radar also fails
to identify the UAV type, and suffers from high false-positive rates, since it
cannot distinguish between birds and UAVs (Nassi et al., 2019).

TABLE 3.5 Ability of Various Sensors for UAV Detection (Nassi et al., 2019).

RF Optical Acoustical
Factors Active | RF Visible |IR LiDAR
Radar | Scanners
Light Yes Yes Yes Yes Yes
Darkness Yes Yes Yes Yes Yes Yes
Noise Yes Yes Yes Yes Yes
Birds Yes Yes

(Continued)
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RF Optical Acoustical

Factors Active | RF Visible |IR LiDAR
Radar | Scanners

UAV Yes Yes Limited Yes
Identification
Autonomous Yes Yes Yes Yes
UAV
Detection
Multiple Yes Only if Yes Yes Yes Only
UAV UAVs use different
Detection different types of

channels UAVs
Cost Yes Yes Yes
Long range Yes Yes Require Yes
Detection lens
Immunity to Yes Yes
NLOS
Locating Yes Multiple | Yes Yes Yes Multiple

The RF scanners and spectrum analyzers are primarily used to detect
UAV radio signatures by detecting bands that are known to be used by UAVs
and other radio signatures. They can be used for classifying a suspicious
transmission as an FPV channel to locate a UAV (Eriksson 2018). RF scan-
ners can be very effective at detecting the presence of a UAV and identifying
its type by comparing them to known used bands; however, RF scanners suf-
fer from an inability to accurately locate a UAV in space unless they are tri-
angulated. Based on optical cameras, visible frequencies are used to detect a
UAV and its trajectory from a single video stream by detecting motion cues.
They also suffer from high false-negative rates due to the increasing number
of UAV models, the use of non-commercial UAVs, and ambient darkness. In
order to address the compromised UAV detection rate in dark conditions,
thermal cameras can be used.

Acoustic detection methods are not dependent on the line-of-sight or the
size of the target UAV. Many studies have suggested using a microphone array
to detect UAVs by analyzing the noise of the rotors. The UAVs can be detected
based on comparing a UAV’s captured acoustic signature with other signatures
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stored in a database of previously collected sound signatures. While acoustic
methods can be used to identify a UAV and locate its presence (using multi-
ple distributed microphones), relying on acoustic signature methods for UAV
detection suffers from false-negative detections due to the increasing number
of UAV models and false-positive detections due to ambient noise (Qu et al.,
2016). It is seen from Table 3.5, that there is no single sensor capable of fulfill-
ing all the requirements. In order to overcome the limitations that arise from
using a single sensor, sensor fusion methods combining acoustic and optical
methods can be used.

Effective, safe UAV operation supported by technologies would enable
(i) UAV detection, classification, and tracking, (ii) UAV interdiction, and (iii)
evidence collection in the case of violation (Taha and Shoufan, 2019). In
addition, UAVs can have onboard preventive technologies to support safe
operation, such as sense & avoid, geofencing, parachuting systems, and
mechanisms against different attacks, such as jamming or hijacking of the
control signal. Figure 3.11 classifies the technologies into four main catego-
ries: deployed to support safe UAV operations. A major task toward the use
of these technologies is to detect, classify, and identify the UAVs in the sky.
The general advantages and disadvantages of different detection technolo-
gies are summarized in Table 3.6.

TABLE 3.6 Advantages and Disadvantages of Different UAV Detection Technologies
(Guvenceetal., 2018).

Detection Advantages Disadvantages

Technology

Radar Low-cost Frequency- UAVs have small Radar Cross
Modulated Continuous Wave | Sections, which make the
radars are resistant to fog, detection more demanding.
cloud and dust as opposed The mmWave has higher
to visual detection; and less path loss, which limits UAV’s

prone to noise than acoustic | detection range.
detection. Radar does not
require a line-of-sight (LOS).
Higher frequency radars,
such as mmWave radars, offer
higher resolution in range
and enable capturing Micro-
Doppler Signature.

(Continued)
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utilized cameras and optical
Sensors or reusing existing
surveillance cameras. Human
assessment of detection
results using screens is easier
than other modalities.

Detection Advantages Disadvantages
Technology
Acoustic It does not require a LOS, Sensitive to ambient noise,
so it works in low-visibility especially in loud areas. Wind
environments. Low-cost condition affects detection
depending on the employed | performance. Requires a
microphone arrays. database of acoustic signatures
for different UAVs for training
and testing.
Visual Low-cost depending on the Level of visibility is affected

by dust, fog, cloud and day-
time. High cost thermal, laser-
based, and wide field-of-view
cameras may be required.
LOS is necessary.

RF signal-based

Low-cost RF-sensors. No

Not suitable for detecting

technologies

technologies

technologies

detection LOS is required. Long UAVs flying autonomously
detection range. without any communication
channels. It requires training
to learn RF signal signatures.
Prevention C?:St:%tég?i; Interdiction Investigation

technologies

Parachuting

Sense & Avoid | Radar detection
Anti-jamming

[Jamming ]

I-»I Digital forensics |

| Visual detection

P> Acoustic detection|

i

L | Radio-_frequency
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Bi-and multimodal
L .
detection
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FIGURE 3.11 Different technologies applied to support safe UAV operations (Taha and Shoufan, 2019).

As clear from the Table, no single technology is perfect for the detection
and classification of UAVs. Therefore, several authors suggested the use of
bi-modal and multimodal systems with promising results (Zunino, 2016, Liu
et al., 2017). Regardless of the technology used, all proposed solutions are
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achieved for a statically located detection system. In modern cities, the RF
and the radar signal have limitations because many obstacles can deterio-
rate the detection capability (e.g., high-rise buildings), blocking the view and
acoustic detection is also more difficult due to high noise levels. Distributed
and collaborative detection systems using wide-area solutions or city-wide
surveillance sensors can provide an effective solution for UAV detection and
its classification.

Air Traffic Management

The overall architecture of drones for air traffic management and safe opera-
tions is presented in Figure 3.12. The traffic management system (in the
center) handles drone’s flight approvals and is also responsible for coordinat-
ing with manned aviation and its air traffic control systems. It will ensure
compliance with low-altitude airspace regulations. The UAV traffic manage-
ment or drone traffic management system will make further decision based
on data provided by the supplemental data services, such as weather ser-
vices, and provide information to the drone operators (Takacs et al., 2018).
The operator will connect to the traffic management system to seek flight
approval and is responsible to periodically report the status of drone flights.
It can be facilitated by providing telemetry reports to aid the drone traffic
management system in keeping an up-to-date status of the airspace.

V2V-collision ~

avoidance, §
coordination Aircraft

\ Drone identification,
communication security| Supplemental
data services

Command o
and control, Identification,
telemetg/, tracking,
payloa Q) telemetry
I\Illissipn
annin
agd cont?ol Q @)
B

Drone and drone
fleet operators

UTM-drone traffic ATC, ATM-air traffic control
management system for manned aviation

FIGURE 3.12 System elements supporting safe operations of drones (Takacs et al., 2018).

Authorities would require some mechanisms to uniquely identify each
drone and its operators. The identification needs to be secure and tamper-
resistant. Two main categories for drone identification are considered. First
one is local solutions which rely on a broadcast signal sent from the drone
and can be read in the area where the drone is operating. The second one
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is network publishing solutions which rely on using network connectivity to
publish data on a remote server, potentially to the drone traffic management
system. In addition, drones positions over time need to be monitored to
ensure that drone traffic management systems have up-to-date information
and are able to locate any drone in the airspace. Communication security
is already inherent within the mobile networks (GSMA, 2018), and can be
provided at many levels, from encryption on the radio link to higher-layer
security mechanisms.

Drone tracking is supported by the mobile positioning service and can
be queried from the mobile network and integrated into the drone traffic
management systems. Mobile networks can assist with drone identification,
authorization, and geofencing (ARC, 2017). Mobile networks are equipped
with a variety of tools to identify and authorize users and devices that can
access the networks. Communication is also needed for the management
to support authentication and authorization, whereas command and con-
trol communication is needed to operate the drone. For collision avoidance,
drones may require means to communicate with other nearby drones in a
vehicle-to-vehicle (V2V) manner.

PATH PLANNING ALGORITHMS

Drones/UAVs, in some ways, are like flying computers. Software in rela-
tion to quality and efficiency is needed for autopilot drone/UAV path
planning. Path planning defines the methodology that an autonomous
robot must complete moving from an initial location to a final location,
deploying its own resources like sensors, actuators, and strategies while
avoiding obstacles during the trip. Software for path planning is of utmost
importance, as it can differentiate between flight planning and data man-
agement software (Zheng et al., 2014). Flight planning software enables
to thoroughly scheme the mission according to the specific environ-
ment (e.g., mountains, forest, water, urban, etc.), while data processing
and management software may create point clouds, orthophotos, DEM,
DTM, 3D maps, etc. Figure 3.13 shows an example of an auto-path gener-
ated by the software.
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itud: Planning

Fligth Data

FIGURE 3.13 The flight plan automatically calculated by software
(Source: http://www.eyeondrones.com/a- breakthrough-in-autonomous-drones/ ).

The usage of UAVs that can operate independently in dynamic and
complex working environments has become increasingly widespread.
Autonomous robots and vehicles are being used to perform missions in haz-
ardous environments, such as operations in nuclear power plants and sur-
veillance of enemy forces on the battle field. One of the main challenges
for intelligent UAV development for such application is path planning in
adverse environments. The problem of planning a path in these applica-
tions is to find a collision-free path in an environment with static or dynamic
obstacles. It is important that path planning UAV software copes up with
emergencies in a complex environment, avoiding the obstacles.

Path planning software can handle varying numbers of objectives, com-
plex tasks, different constraints, and uncertainty to make the scenarios
realistic (Jaradat et al., 2009). Because path planning algorithms have been
studied for many years, excellent strategies are developed for path planning
in obstacle environments. The UAV may have two types of algorithms to
prevent obstacles: traditional algorithm and intelligent algorithm. The tra-
ditional route planning algorithm determines an ideal or time-based path
between the required sites under certain restrictions. The path planning
methods that have been studied and utilized most include; Visibility graphs,
Voronoi diagrams, Cell decomposition, Artificial Potential Fields (APF),
and Fuzzy logic. The last two methods fall under the intelligent algorithm
category. These methods have their own advantages and disadvantages, as
enumerated in Table 3.7.
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TABLE 3.7 Advantages and Disadvantages of Common Path Planning Techniques.

Visibility | Voronoi | Approx. Cell Artificial | Fuzzy
Graphs | Method | Decomposition | Potential | Logic
Fields
Optimal Very
useful
Complex Very useful Useful Very
obstacles useful
Higher Very useful Very Very
dimensions useful useful
Computable Very Very
online useful useful
Uncertainty Useful Useful Very Very
useful useful
Finds Very Very
impossibilities | useful useful
Ease to Very Very
implement useful useful

The biggest benefit to using Visibility graphs is that they are optimal.
This is due to the fact that all paths are formed along the edges of obsta-
cles. However, it is also one of the disadvantages of this method. If there is
any uncertainty about the size or shape of the obstacle, the path can easily
become infeasible. On the other hand, Voronoi diagrams are able to handle
a little uncertainty well because they create paths that inherently steer clear
of the obstacles. However, they are not optimal and can often create paths
that intuitively do not make much sense. An approximate cell decomposition
method has disadvantages as it requires complete prior information and all
obstacles to be polygons. While this is more practical to implement than the
previous two methods, it can be difficult for very complex environments.
Furthermore, if the problem is not solvable, this method will not recognize
the path (Sabo and Cohen, 2012). For example, if obstacles block all possible
paths, this algorithm will iteratively search for a solution (creating smaller
cells and searching for a path) indefinitely.

Much focus has also been on intelligent strategies, like APF, as these
techniques have shown excellent results for comparable situations. Also,
this method is quick to compute, and therefore, practical to do online. In
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addition to APF as an intelligent control method, Fuzzy logic has shown
excellent path tracking and collision avoidance for both mobile robots and
UAVs (Hui et al., 2006). All of these benefits, and the fact that optimal solu-
tions are computationally intractable for complex scenarios, confirm intelli-
gent control methods (e.g., APF and Fuzzy logic) as the practical solution to
these problems (Jaradat et al., 2009).

A highly demanded task for UAVs is 3D autonomous navigation (either
in static or dynamic environments) that can optimize the route and mini-
mize the computational cost. Some representative techniques used in path
planning methods and based on continuous and discrete environment sam-
pling include Rapidly-exploring Random Tree, Probabilistic Road Map,
Voronoi diagrams, and APF (Samaniego et al., 2019). The Rapidly-exploring
Random Tree and Probabilistic Road Map techniques make random explo-
rations (continuous sampling) of the defined environment. The Rapidly-
exploring Random Tree is an expensive algorithm in terms of computational
cost when searching for feasible solutions in cluttered environments. Once
the Probabilistic Road Map is made, a methodological base built on nodes
must be invoked to define the lowest cost path. The main disadvantage of
the Voronoi diagram by applying Djiktra’s algorithm is that it is an offline
method. Finally, the APF algorithm presents little computational complex-
ity, although it tends to fall into local minimums.

Evolutionary computation (EC) techniques have been successfully
applied to compute near-optimal paths for UAVs. These methods for path
planning are based on a search technique that resembles the evolutionary
process. The EC adapts to changes without the need to recompute a com-
pletely new solution. The EC search technique is not as efficient in finding
an optimal solution, but its important advantage is that a viable solution is
available at any time and that it approaches an optimum as more process-
ing time is available. Therefore, it is computationally efficient and allows
for easy integration with maneuvers triggered by the changing environment.
With the use of EC path planning, the execution of a local maneuver is sim-
ply interpreted as an environmental change.

The EC has shown promising results for path planning where complex
environments play an important role. The path planning concept employed
by Rubio et al. (2004) using EC is presented in Figure 3.14. The algorithm
performs a random search for a feasible solution by mutating, evaluating,
and selecting members with higher fitness within all possible vehicle paths.
This cycle is repeated until a criterion is met.
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FIGURE 3.14 Evolutionary computation based path planning algorithm (Rubio et al., 2004).

In addition to the above, there are many software (open source and com-
mercial) used for flight planning and control of autonomous vehicles. Some
of these are briefly described below.

Open-Source Software

The following open-source software may be used for UAVs data capture and
control some (or all) of flight autonomously using pre-programmed coordi-
nates or real-time data (Zheng et al., 2014, Baker 2018, Reudenbach, 2018).

3.11.1.1 ArduPilot

ArduPilot is licensed under GPLwv3, and its source code is available on
GitHub. ArduPilot founded the Dronecode Project but was split from it
in 2016 over disagreements around open-source licensing. ArduPilot claims
that it is the most advanced, full-featured, and reliable open-source autopi-
lot software available. It has been installed in a very large number of drones
and other UAVs, including airplanes, helicopters, boats, and submarines. Its
features include advanced data-logging, analysis, and simulation tools. It is
supported by a broad ecosystem of third-party sensors, companion comput-
ers, and communication systems.

3.11.1.2 Dronecode

Most UAVs use Linux, and a few use MS Windows. The Linux Foundation
launched a project in 2014 called the Dronecode Project. The Dronecode
Project is an open-source, collaborative project which brings together existing
and future open-source UAV projects under a non-profit structure governed
by the Linux Foundation. The project works to build a common open-source
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platform for UAV development. It has been updated many times, but today
it serves as the governance structure for the components of the overall plat-
form. These components include the PX4 autopilot FCS, the MAVLink, and
MAVDSK robotics communication toolkit, and the QGroundControl users
interface for flight control, mission planning, and configuration; all of which
have individual GitHub repositories.

3.11.1.3 DronePan

DronePan is an iOS app (with an Android app) that automates panoramic
photography with DJI drones. The DronePan temporarily takes control of
the drone/UAV heading and camera angle. It begins shooting 15 to 25 pho-
tos automatically with the proper overlap required for an aerial panorama.
After completing the panorama, it can fly to other locations to shoot more
panoramas. DronePan is licensed under the GPLv3 license, with its source
code available on GitHub.

3.11.1.4 Flone

Flone basically turns a smartphone into a drone. It combines a digitally fab-
ricated airframe with software that allows an Android smartphone on the
ground to control the one strapped onto the airframe via bluetooth. It is
licensed under GPLv3, and its source code resides on GitHub. As the project
is based in Spain, most of the documentation and materials are in Spanish.

3.11.1.5 LibrePilot

The LibrePilot software suite is designed to control multicopters and other
radio-controlled drones. The project roots lie in the Open Pilot UAV software
project, and its goals are to support research & development of software &
hardware for vehicle control and stabilization, and UAVs and robotics appli-
cations. It has an open and collaborative environment, and the main project
is hosted on BitBucket. It is licensed under GPLv3.

3.11.1.6 Mission Planner

It is an open-source software to direct the UAV, schedule flight missions,
monitor the state of the aircraft in operation, and generate telemetry records.

3.11.1.7 OpenDroneMap

OpenDroneMap software is designed to run in Linux but can be run with
Docker to avoid the need to exact configuration environment the project
was built for. The software is an open-source toolkit for processing aerial
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imagery. The OpenDroneMap can be used by a drone/UAV to capture the
overhead image of an area of interest. It is used to convert the simple images
into 3D geographic data that can be used in combination with other geo-
graphic datasets. It is used for processing the raw drone imagery to other
useful products, such as point clouds, DEM, DSM, textured DSM, ortho-
rectified imagery, etc. A beta release is available on GitHub under a GPLv3
license, along with a sample data set.

3.11.1.8 Paparazzi UAV

Paparazzi UAV is a GPLv2 licensed project that combines both the software
and hardware needed to build and fly an open-source vehicle under an open
license. Its primary focus is autonomous flight, and it’s portable, allowing
operators to easily take their devices into the field and program their flights
across a series of waypoints. Source code and releases of the software com-
ponents can be found on GitHub, and tutorials for adapting it to off-the-
shelf or custom-built hardware can be found on the project’s wiki.

3.11.1.9 Pix4Dcapture

It is a mobile app that plans and controls drone flights using mobile phones.
Pix4Dcapture supports drones/UAV from DJI, Parrot, and Yuneec; three of
the biggest drone manufacturers in the market. The Pix4Dcapture app is
available with different missions providing the flexibility required for the
projects to: (i) easily define the size of a mission to map areas of all sizes,
(ii) customize mapping parameters, like the image overlap, camera angle,
and flight altitude according to needs, and (iii) start the mission and monitor
it live using the mapview and cameraview (https://www.pixdd.com/product/
pixddcapture).

3.11.1.10 PX4

The PX4 is an open-source flight control software for drones and other
unmanned vehicles. It provides a flexible set of tools for drone developers to
share technologies and to create tailored solutions for drone/UAV applica-
tions. The PX4 provides a standard to deliver hardware support and software
stack, allowing building and maintaining hardware & software in a scalable
way (https://px4.io/).

Historically, the PX4 grew from the PIXHAWK project at ETH Zurich,
where the PIXHAWK MAYV was specifically designed as a research plat-
form for computer vision-based flight control. The software is used by some
of the world’s most innovative companies across various drone industry
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applications. The open-source community around the PIXHAWK open auto-
pilot hardware and the PX4 flight stack is the largest industry-backed devel-
opment community in the drone space today. The PX4 is part of Dronecode,
a non-profit organization, administered by the Linux Foundation to foster
the use of open-source software on flying vehicles. Dronecode also hosts
QGroundControl, MAVLink, and the MAVSDK.

3.11.1.11 RealFlight

It is a drone/UAV flight simulator for learning and practice of flight maneu-
vers with multiple aircraft models, useful to improve the operators’ skills for
drone/UAV flights.

3.11.1.12 Unmanned Aerial Vehicle R-based mission planning (uavRmp)

3.11.2

The uavRmp package is designed for autonomous mission planning. It is a
simple and open-source planning tool for monitoring flights of low-budget
drones based on R. It provides an easy workflow for planning autonomous
surveys, including battery-dependent task splitting, saving departures, and
each monitoring chunk’s approaches. It belongs to the uavR package family
that provides more functionality for the pre- and post-processing as well as
analysis of the derived data (https://github.com/gisma/uavRmp).

Commercial Software

Some of the commercial software used for path planning are briefly explained
below.

3.11.2.1 DroneDeploy

There are numerous advantages of using DroneDeploy, which include
automating mapping and photo flights for DJI drones using DroneDeploy’s
mobile app. The DroneDeploy Enterprise features are used to plan auto-
matic flights, maintain compliant flight logs, cloud-based map processing,
and storage, share maps and connect with other tools. In addition, it tracks
hundreds of pilots and collaborators at a glance via the Admin Panel, deliv-
ers data in the format, such as JPG, TIFF, OB], LAS, SHP and DXF, and
builds custom applications. For other details, see Chapter 5.

3.11.2.2 Universal Ground Control Software (UgCS)

The UgCS is leading software for drone surveys and supports a variety of
drones/UAV from DJI to custom-built Ardupilot or PX4 and a wide range of
mapping, industrial and public safety applications. The UgCS is a 3D mission
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planning software for plan and fly mission without an internet connection. It
creates routes from the KML file, built-in “no-fly zones” for major airports.
The UgCS features a mission planner with a Google Earth, like a 3D inter-
face for UAV mission planning, enabling the navigation of the environment
more easily. A 3D mission planning environment gives more control allow-
ing viewing the created flight plan from all angles, taking into account any
obstacles, such as terrain or buildings (https://www.uges.com/).

It uses either pre-installed or imports more precise DEM data to increase
the accuracy and safety of flight missions with the terrain. The UgCS has
an in-build geotagging tool, allowing synchronizing the timestamps of the
images with the autopilot’s telemetry data recorded during the flight. After
matching the geotags with coordinates and correct altitudes, the images can
be used for further processing.

3.11.2.3 WingtraPilot

3.11.3

The WingtraPilot is the intuitive drone/UAV software to manage the data
acquisition process, prepare flight plans, and monitor and revise mis-
sions during flight. After confirming the mission, the WingtraOne takes
off, captures aerial images and lands without any human interaction. It
has an automatic Return To Home (RTH) function (https://wingtra.com/
mapping-drone-wingtraone/drone-flight-planning-software/).

Simultaneous Localization and Mapping (SLAM) Algorithm

The SLAM algorithm is a hotspot in robot and computer vision research
and is considered as one of the key technologies for automatic navigation in
unknown environments (BIS Research, 2018). It is used in computer vision
technologies that receive visual data from the physical world with the help of
numerous sensors installed in the devices. The SLAM technology converts
this data in a different form, making it easier for the machines to understand
and interpret the data through visual points (Liu et al., 2012). It generates
the map of a UAV’s surroundings and locates the vehicle in that map at the
same time.

The goal of SLAM is to provide a continual estimate of where a moving
autonomous UAV is located along with its posture within the environment,
both vertically and horizontally, while also constructing a 3D map as the
UAV navigates its environment. The SLAM, which is also used extensively
in augmented/virtual reality applications, can use a variety of sensing and
location techniques. It also uses the depth sensors, such as LIDAR, GPS,
to gather a series of views (such as 3D snapshots of its environment), with
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approximate position and distance. Based on this estimate, the aerial system
can navigate over the terrain without GPS, indoors, and outdoors (Qu et al.,
2018). Small UAVs render them suitable for use in urban environments and
indoor applications. The uncertainty of GPS signal in such environments
leads to navigation problems for UAVs. In the absence of GPS signal, vision-
based airborne SLAM techniques have emerged to allow navigation.

There are many similarities between the SLAM and the Structure from
Motion (SfM) techniques. Both can estimate the localizations and orienta-
tions of a monocular camera and sparse features. Non-linear optimization is
widely used in SLAM and SfM algorithms (Kaess et al., 2012). The SLAM
is a pure work of deep learning and machine learning that could be used in
mining, warfare, autonomous cars, construction sites, after an earthquake, or
other major disaster to map the area where it is impossible to go easily. The
UAV leverages an Al to plan its path to the goal. The UAV, with the appli-
cation of Al refines its approach as it moves through the environment and
gathers more information about the obstacles in its way. The SLAM could
be used in warehouses, construction sites, etc., and for cleaning tasks done
by robotic vacuum cleaners or UAVs. The popularity of SLAM is connected
with the need for indoor applications of mobile robotics.

The biggest problem of SLAM is that some algorithms are easily con-
verging to a local minimum which usually produces a wrong estimate. Liu et
al. (2012) proposed improved SLAM algorithms based on convex relaxation
to avoid convergence to local minima for different applications. According
to a market research report by BIS Research (2018), the SLAM technol-
ogy market was US$ 50 million in 2017 and is estimated to reach US$ 8.23
billion by 2027.

INTELLIGENT FLIGHT CONTROL SYSTEMS

FCSs play a vital role in determining the maneuvering capability of a UAV.
Intelligent flight control is defined as autonomous, adaptive control algorithm
that can find non-trivial solutions to control problems using trivial strategies.
There is a worldwide increase in unmanned aviation, but the integration of
unmanned aircraft in the current airspace is difficult due to safety regula-
tions. While conventional commercial aviation autopilots are not adaptive
(the human pilot has to act if something unexpected happens), autonomous
systems should be able to adapt to changing circumstances themselves. That
is where intelligent FCSs are needed.
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The intelligent FCS is a next-generation FCS designed to provide
increased safety of air vehicles as well as to optimize the air vehicle’s perfor-
mance under normal conditions (Kendoul, 2013). While, there is no univer-
sal consensus on how to define or measure an intelligent system, there are
several characteristic traits that an intelligent controller might have, includ-
ing adaptability, learning capability, non-linearity, autonomous symbol inter-
pretation, and goal-oriented and knowledge-based behaviors (Menouar et
al., 2017). These intelligent UAVs have to use sophisticated learning and
decision-making with the help of machine learning. Reinforcement learning
and approximate dynamic programming methods are also based on human
learning and the concept of building a value function.

The intelligent flight control design involves classical analyses of aircraft
stability, control, flying qualities, and human psychology and physiology. It
is responsible for mission-level control of each participating autonomous
UAV (Sinsley et al., 2008). Figure 3.15 shows an overview of intelligent con-
troller architecture and its environment. The intelligent controller has two
main modules, perception and response. It receives real world data from
the sensors and payload inputs. The intelligent controller operates with a
control loop where the perception module processes the input data, and the
response module acts on the results generated by the perception module.
Actions generated by the response module are sent as messages to the UAV
system control components. This cycle continues until the program ends.

Sensor inputs Intelligent controller Messages
and payload inputs TS TS T T TS m T s e 1
1 1

Camera > | | Perception Response I’ Sensors
R I | Sensor data fusion Mission manager —>-|Autopilot
GPS > | |Situational awareness Behaviors —b>-{Partners
Range finder  Migi: ClNets |>| Outputs | —+>Human operators

- interface | 1" [Inferencing 1
Autopilot messag 1 1
Partner messages : :
Others —> i i

FIGURE 3.15 Overview of an intelligent controller (Sinsley et al., 2008).

All latest UAVs have intelligent flight controllers and modes, such as
Follow Me, Active Tracking, Waypoints, RTH, and many others. The
Phantom-4 Pro from DJI has the most autonomous intelligent flight modes
of any UAV. For example, it has the following intelligent flight modes; Active
Track (profile, spotlight, circle), Draw Waypoints, TapFly, Terrain Follow
Mode, Tripod Mode, Gesture Mode, S-Mode (Sport), P-Mode (Position),
A-Mode (Attitude), Beginner Mode, Course Lock, Home Lock, and Obstacle
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Avoidance. Each mode has specific work and utility (Corrigan, 2020). The
UAV is calibrated with the location of GPS satellites. If more than 6 GPS
satellites are tracked, it allows the UAV to fly in Ready To Fly (RTF) mode.
In order to increase flight safety and prevent accidents in restricted areas,
the latest UAVs from DJI and other manufacturers include a “no-fly zone”
feature. Manufacturers can change the “no-fly zone” UAV technology using
UAV firmware updates (Uerkwitz et al., 2016).

The GPS allows the UAV and remote control system to know exactly its
flight location. A Home point is also set, and this is the location the UAV will
return to, if the UAV and the remote control system stop connecting. This
is also known as “fail-safe.” The UAV will signal on the remote controller
display (Feist, 2020): (i) that enough GNSS satellites have been detected
and the UAV is RTF, (ii) the current position and location of the UAV in
relation to the operator, and (iii) the Home point for RTH safety feature.
Most of the latest UAVs have three types of technology for RTH, as follows
(Corrigan, 2020);

(i) Operator’s initiated RTH by pressing the button on the remote control-
ler or in an app.

(ii) Low battery level where the UAV will fly back automatically back to
Home point.

(iii) Loss of transmission between the UAV and remote controller with the
UAV flying back automatically to its Home point.

Many UAVs are now equipped with obstacle detection and collision
avoidance system. The vision systems of UAVs use obstacle detection sen-
sors to scan the surroundings, while algorithms produce the images into
3D maps allowing the flight controller to sense and avoid the objects (Jha,
2016). These systems fuse one or more of the following sensors to sense and
avoid obstacles; Vision sensor, Ultrasonic, Infrared, LIDAR, Time of Flight
(ToF), and Monocular vision. The DJI Mavic-2 Pro and Mavic-2 Zoom
UAVs have obstacle sensing on all 6 sides. The DJI Mavic-2 uses both Vision
and Infrared sensors fused into a vision system, known as Omni-directional
obstacle sensing. It slows down when an obstacle is sensed. It will stop and
hover, then fly backward and ascend upwards until no obstacle is sensed.
This is known as the Advanced Pilot Assistance System on the DJI Mavic-2
and Mavic Air UAVs (Corrigan, 2020). Matthew et al. (2018) presented a
good description and summary of intelligent control systems.
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3.13

INNOVATIVE TECHNOLOGICAL UAVs/DRONES

Some highly advanced UAVs commercially available are, such as the DJI
Mavic-2, Mavic Air, Phantom-4 Pro, Inspire-2, Walkera Voyager-5, D]I
Inspire-1, Pro Quadcopter, ALTA Drone, Faucon’s Drone, Passport (Hover
camera), DJI Mavic Pro, Acecore, and DJI Phantom-4 Pro. The Flirtey com-
pany is a UAV-based business that has been working on developing drone
delivery services to carry small packages to clinics and hospitals in under-
developed countries. The specifications of some advanced UAVs are given
in Table 3.8.

The DJI drones have a huge demand in professional drone market. The
latest DJI drones are getting smaller, smarter and more affordable. The DJI,
3D Robotics (3DR), SenseFly (acquired by Parrot), Yuneec, and Trimble
are the top five most penetrated UAV makers among commercial UAV oper-
ators in the US (Uerkwitz et al., 2016). Some of the advanced drones are as
follows: (Corrigan, 2020, https://airdronecraze.com/new-drones/):

ANAFI—TIt is manufactured by the French company Parrot, designed
to meet four essential needs: image quality, flight performance, foldability,
and ease of use. It has a 4K HD camera with 2.8x lossless zoom and a 21MP
sensor. It is equipped with a 3-axis gimbal stabilizer that has 180 degrees of
vertical tilt freedom to look straight down, and straight up. It has a 25 min
flight time and a range of up to 2.5 miles. The drone can be charged with the
smart battery with a power bank or with the USB Type-C charging system
from a smartphone or computer.

DJI Mavic Mini—It is a preferred micro UAV in the market, as it weighs
only 249 g (8.78 ounces) and can film in 2.7k (2720 x 1530 at /25/30 pixels).
It offers up to 30 min of flight time. It does not have any obstacle avoidance
but uses GPS receivers for location and downward visual sensors to detect
the ground below. It will automatically “return home” if the drone loses con-
nection to the controller or detects a low battery level.

DJI Mavic-2—It is a foldable drone and is available as a Pro or Zoom
model; both have 4k cameras and include collision avoidance on all sides.

DJI Mavic-2 Enterprise (M2E)—It is available with a zoom or thermal
camera and includes special accessories, such as a beacon, spotlights, and
loudspeaker. It is specifically designed for search and rescue or similar work.

DJI Mavic Air—This is a lightweight, and small-sized professional fold-
able UAV with a 4k camera, providing a very stable flight. It has collision
avoidance technology and face recognition technology. It can also fly using
hand gestures.
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DJI Phantom-4 Pro—TIt is a multipurpose UAV, and can be used for 4k
aerial filming, photography and photogrammetry. It has automatic collision
control, which will alert when the drone has come too close to an obstacle.
There is also a Sport Mode which will make the drone fly at a super-fast
speed of over 45 mph. This drone also has ActiveTrack technology, enabling
the drone pilot to select another moving object, for example, a car, cyclist, or
another drone, and the Phantom 4 will actually follow it without assistance
from a tracker chip or beam.

DJI Inspire-2—It is a multipurpose UAV for professional 5k aerial film-
ing, photography, photogrammetry, multispectral and thermal imaging.

DJI Matrice 600—This multirotor UAV is a true aerial cinematography
platform with options to mount 7 different cameras.

DJI Matrice 200—This quadcopter has 32-min flight time, with onboard
FPV camera. Two more cameras, for example, thermal and zoom camera,
can be mounted simultaneously. Another camera can be mounted on top of
UAYV, which makes surveying bridges real easy. It provides centimeter-level
positioning accuracy and is resistant to magnetic interference. It is sensitive
to 6 directions of collision avoidance using ToF laser, ultrasonic, and vision
Sensors.

DIDION—TIt has an inflatable structure, and the perforation-resistant
fabric makes it rugged and easy to fold for transport. It is fully waterproof
and can land & take-off on water due to the compressed gas of the inflatable
structure. It can be fitted with a wide variety of sensors for search & rescue
missions, industrial inspection, and military missions.

3DR Solo—It is developed by 3DRobotics for complete camera control.
This quadcopter is the world’s first “smart drone.” It can actually isolate the
camera movements from the actual movement of the drone itself. The 3DR
Solo drone will also allow streaming live video directly to a mobile device
through the use of a remote controller.

EVO—TIt is manufactured by Autel Robotics, a foldable quadcopter
packed full of intelligent flight features and equipped with a 4K camera. It
has intelligent flight modes and obstacle avoidance due to two front & two
downward cameras (computer vision), and rear (IR sensor) for backward
obstacle avoidance during selfie shots. The 3D software of EVO creates a 3D
environment and reacts to obstacles that are on the way, and the quadcopter
will actually go around them.

Yaneec Mantis Q—It is a foldable compact drone that can be used with
some simple voice commands, including take-off, take a picture, record
video, wake up, return home, and take a selfie. In improved facial recognition
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and gesture mode, it enables you to take your picture within a range of 13
feet. Down-facing dual sonar sensors and IR detection make it safe enough
to fly indoors and outdoors.

Yuneec Typhoon-H Pro—It uses “realsense” collision avoidance tech-
nology. It has CGO3+ 4K-resolution, which is very useful for professional
aerial photography and filming. It can be used for longer flight duration. The
camera can take vivid 12 MP snapshots in any 360-degree direction. It will
stream live video directly to the mobile device through the use of a remote
controller.

Walkera Voyager-5—This UAV includes camera options with 30x opti-
cal zoom, TIR, and a low-light night vision camera.

Walkera Vitus Starlight—TIt is a small-sized UAV featuring collision
avoidance sensors and a low-light night vision camera.

Most UAVs/drones currently are used in intelligence operations, such
as surveillance or reconnaissance missions. Besides strike missions, drones
have also been used for electronic attack, and to take down enemy air
defense stations, networks nodes, and communication relays. Drones are
also useful for scoping out regions where civilians may be in need of res-
cue. Some of the latest drones include RQ11 Raven, AeroVironment Wasp
III, AeroVironment RQ-20 Puma, RQ-16 T-Hawk, Predators, MQ-1C Grey
Eagle, MQ-9 Reaper, RQ-7 Shadow, and RQ-4 Global Hawk. There have
been swift advances in the latest drone technology in the military. This
means that military drones manufactured for the battlefield can become
much smaller, go higher, and faster. They will be increasingly used due to
decreasing costs and less space required for storage. They can also fly a lon-
ger length of distance, and thus helpful when the target is several km away.
These types of drones will have a size ranging from one lb. to over 40,000
thousand lbs. and can cost from US $1000s to $1 million or more (https://
thewiredshopper.com/top-5-latest-technology-drone/).

COST OF UAVS/DRONES

There are multi-rotors, fixed-wing, and hybrids UAVs; the last one is a mix
of the first two configurations. All of them allow users to carry various sen-
sors to inspect structures or map/survey certain areas. Typically, managing
operation is a manual process that goes from setting up the UAV for each
mission to changing and managing the batteries all the way to processing the
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raw data. Semi-automated solutions for data processing require powerful
hardware—software or equivalent cloud solutions.

The perfect platform fulfills all specific mission requirements according
to flight time, payload capacity, range, communication, deployment time,
weather resistance, and ease of use. All of this adds essential value to the util-
ity of an individual sensor. Typical digital cameras are available on the mar-
ket starting from US$ 500. On the other hand, laser scanners are available
at a much higher price. Although the most basic laser scanners are available
for approximately US$ 8,000, UAV-mountable and mission-relevant laser
scanner systems (including IMU and GPS unit) cost more than US$ 25,000.
Figure 3.16 shows the range of cots of various UAVs (in US$). These costs
keep on varying depending upon the advancement of hardware and software
technology.

>
’/l’

Consumer UAV Prosumer UAV Mini UAV Agricultural spraying

$ 1,000 $2,000to $ 3,000 $ 40,000 to $ 50,000 UAV $ 100,000
e !

e ,

Small/Naval UAV Tactical UAV MALE UAV

$ 500,000 to $ 1,000,000 $ 4,000,000 $ 16,000,000

FIGURE 3.16 Range of cost for various UAVs (Goldman Sachs, 2016).

SUMMARY

The autonomous vehicle can fly in an autonomous way and operates in a wide
range of missions and emergencies that can be controlled from a ground base
station. These UAVs are able to make decisions and react to events without
direct intervention by humans. There are some fundamental aspects that
are common to all autonomous vehicles. These aspects include sensing and
perceiving the environment, analyzing the sensed information, communicat-
ing, planning and decision making, and acting using control algorithms and
actuators. The flight planning of autonomous UAVs addresses the air vehicle,
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mission planning, and control, several types of mission payloads, data links,
including their interaction with mission performance and launch & recovery
concepts. Although some UAVs are able to perform in increasingly complex
environments, most UAVs are not fully autonomous; instead, they are mostly
operated remotely by humans. To make UAVs fully autonomous, many tech-
nological and algorithmic developments are still needed. For instance, UAVs
will need to improve their sensing of obstacles and subsequent avoidance.

There are several path planning and motion planning algorithms that
could be used for autonomous UAVs, but these algorithms have various
needs for specific applications. Path planning can be simplified by navigating
a UAV to a distance point safely to avoid collisions along the way. The ability
to plan collision-free paths in complex environments is an important element
of UAV autonomy. Geofencing and collision avoidance technologies will fur-
ther boost the applications of autonomous UAVs. The mission and payload
controls are the main bottlenecks that may prevent autonomous UAV devel-
opment in civilian applications. An important task for autonomous UAVs
involves the detection of vehicles and other objects on the ground. Fuzzy
logic has been used for the autonomous control of UAVs. The research com-
munity is interested in conceiving and applying new algorithms to control or
navigate these vehicles autonomously.

A current area of research on the operation of autonomous aerial vehicles
is their safe landing and recovery. As most UAV navigation methods rely on
GPS signals, many UAVs cannot land properly in the absence of such signals.
With the use of vision and image recognition technology, the position and
posture of the UAV in 3D can be estimated. As the need for future autono-
mous flight grows, and systems mature, a high-level framework of design to
integrate autonomous systems into existing and new vehicles is needed. Work
continues to be performed in developing control capabilities and sophisticated
algorithms required to enable autonomous flight. Autonomous UAV is still
in experimental stages at the moment. Also, a shortage of skilled onsite crew
member is a bigger problem.

REVIEW QUESTIONS

Q.1. Explain the term “automatic” and “autonomous” UAVs with reference
to their basic differences. What are the benefits and applications of
autonomous UAVs?
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Q.2.

Q.3.
Q.4.
Q.5.

Q.6.

Q.7.

Q.8.

Q.9.

Q.10.

Q.11.

Q.12.
Q.13.

With the help of a diagram, discuss in brief the architecture of an
autonomous UAV.

Discuss various methods to quantify the autonomous level of a UAV.
Explain why simulation of mission planning of UAV is important?

What do you understand by path planning of a UAV? What is involved
in path planning?

Explain flight planning of a UAV mission. How do you control the
entire mission?

Discuss in brief the basic flight safety operations to be considered
before the flight of a UAV.

What is the importance of collision avoidance technology used in
autonomous UAVs?

Describe the role of flying object detection technology in autonomous
UAVs.

Explain the utility of path planning algorithms for autonomous UAVs.
List some open-source software available for path planning.

Describe the role of the SLAM algorithm in autonomous operations
of a UAV.

Discuss the role and function of an intelligent flight control system.

What do you understand by Smart drones/UAVs? Describe in brief
four of them.
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INTRODUCTION

Communication is the exchange of commands and data between UAV’s
onboard systems and ground systems. The most critic subsystem in UAVs
is communication (Zeng et al., 2019). Although UAVs are manufactured
by many companies, information/data link security problem still continues.
Besides data transmission over long distances, it is important to transmit
accurate information with a high transfer data rate at the right point and
without any outside interference.

The GCS unit controls the UAV and payloads. Data link uses an RF
transmission to transmit and receive information to and from the UAV.
These transmissions can include location, remaining flight time, distance
and location to target, distance to the pilot, location of the pilot, payload
information, airspeed, altitude, and many other parameters (Al-Mousa et al.,
2019). This data link can also transmit live video/images/data from the UAV
back to the GCS so the operator on the ground can observe what the UAV
camera is seeing. The data link portion of the UAV platform also happens to
be the most vulnerable in detection and counter-measures.

In order to have an effective UAVs-based system for several applica-
tions, it is essential to have a capability to communicate efficiently among
each other (UAV-to-UAV) and existing on-ground infrastructure networks
and the Internet (Jawhar et al., 2017). The UAVs operating individually and
flying in uncontrolled space would not require a high data rate since only
limited communication with the main control station would be needed. The
UAVs operating in emergency situations and deployed in heavier air traffic
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areas would require constant and frequent communication with the control
stations in order to coordinate flights and avoid possible collisions with the
other aircraft. The communication messages in such an environment are
usually small, requiring a limited amount of bandwidth (Gupta et al., 2016).
However, due to the real-time nature of the communication, the reliability
and delay requirements, in this case, would be stringent. In other applica-
tions, the needed communication bandwidth can range from low rates in
simple sensor readings to considerably higher rates (several Mbps) in the
case of high-quality images or videos. In the latter case, some UAV platforms
use LOS microwave links with higher data rates.

The swarm, a set of aerial robots, can perform a collective task for spe-
cific applications from interactions among UAVs and between UAVs and
their components. Effective and reliable communication is the founda-
tion for swarm-based applications (Campion et al., 2019). There are other
communication technologies; however, internet of things (I0T) is the most
important. The IoT-based sensors system in coordination with UAV are
expected to boost the applications in many areas where real-time data/infor-
mation is necessary for decision making or deriving action plans (Sharma
and Garg, 2019).

UAV COMMUNICATION SYSTEM

In communication link, two components are of prime importance; UAV and
GCS. In general, a UAV communication link can send both control com-
mands from the GCS to the UAV and receives data about the flight on the
downlink (Zeng et al., 2019). A bidirectional link can be established in order
to provide communication between the UAV and GCS, as shown in Figure
4.1. A communication link between these two components provides long-
range operations and a continuous, stable, reliable, and faster data rate.

Control commands
[ =yl

GCS _ Bidirectional ‘
communicatio

Ground control station uav

<
Payload data

FIGURE 4.1 The UAV communication link.
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The components of the UAV communication system are shown in Figure
4.2. The main component is the micro-controller or flight controller, which
is the core for all the functions of a UAV. It manages failsafe, autopilot, way-
points, autonomous, and many other functions. This micro-controller inter-
prets the input received from the receiver, GPS, and IMU, including an
accelerometer and a gyroscope, as well as onboard sensors (Azevedo et al.,
2019). The GCS provides the relevant data about the UAV, such as speed,
attitude, altitude, location, yaw, pitch, roll, warnings, and other information.
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FIGURE 4.2 Components of UAV communication system (Atoev et al., 2018).

A UAV has two links: data link and communication link. The data link
that operates in the frequency range from 150 MHz to 1.5 GHz ensures the
transmission of data between the UAV and GCS (Atoev et al., 2018). The
communication link uses a 2.4 GHz frequency between the transmitter and
receiver to control the UAV. The transmitter and receiver both must work
on the same frequency. The UAVs have exclusive use of their own frequency
allocation due to the longer range and potentially worse consequences of
radio interference. Initially, UAVs scan the range of frequencies within the
2.4 GHz band and use only the narrowband frequency that is not in use by
another UAV. As a result, many UAVs can utilize a 2.4 GHz frequency band
simultaneously. This feature is very useful when a number of UAVs are used
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as flying base stations in wireless cellular networks to serve an arbitrarily
located set of users. Moreover, typical UAVs use multiple radio interfaces to
maintain a continuous connection with essential links to GCSs, other UAVs,
and satellite relays (Chandrasekharan, 2016).

There are various frequencies used in the data link system. The frequen-
cies are used based on UAV types as well as the functionality of the UAV.
Each radio frequency has its common use based on its capability of range
and penetration. The lower the frequency, the greater the penetration into
obstacles. In other words, the longer the wavelength, the lower will be the
frequency, and the longer will be the penetration range.

In a UAV, several communication links may be available, for instance,
RF-links, Satcom links, or wireless links; however, all links may not be
available at the same time (Petkovic and Narandzic, 2019). Moreover,
the cost of using each link could vary. Therefore, a mix of communication
mechanisms (radio modems, satcom, microwave links, etc.) is required to
have a continuous link between the UAV and the GCS. The adopted com-
munication link would also depend on the UAV operation range (Johnson,
2015). The UAV missions are categorized according to their distance
from the GCS into LOS missions where control signals can be sent and
received via direct radio waves, and BVLOS missions where the UAV is
controlled via satellite communications or a relaying aircraft which can
be a UAV itself.

TYPES OF COMMUNICATION

There are four main types of UAV communication services: (i) UAV-to-UAV
for data and control links; (ii) UAV-to-GCS for control and commands
link; (iii) UAV—-to-Ground wireless nodes for UAV-aided data dissemina-
tion and collection; and (iv) UAV-to-Satellite system (Zeng et al., 2016).
Figure 4.3 shows the wireless communication architecture for UAV net-
working. The UAV wireless communication architecture consists of two
basic types of communication links; the control link, which is referred to
as data link and Control and Non-Payload Communications (CNPC) link
(Chandrasekharan, 2016).
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FIGURE 4.3 Types of UAV communication.

In general, CNPC is used for UAV safety and collision avoidance
approach of sense-and-avoid information among UAVs. CNCP provides
more reliable and accurate information for UAVs operations (Sawalmeh
and Othman, 2018). In the CNCP link, control data are exchanged in the
communication services of UAV-to-UAV, UAV-to-GCS, and GCS-to-UAVs.
For safety purposes, a low data rate is required for the exchange of control
data in the control link. There are two types of CNCP available: the primary
CNPC link, the preferred control link, and the secondary CNPC link. The
former link can be used via satellite as a backup link to enhance reliability
and robustness. The primary CNPC link is established directly during take-
off and landing. On the other hand, the secondary CNPC link can be estab-
lished via satellite when the UAV is in operation (Zeng et al., 2016). The
UAV data link connections, types, and basics characteristics are summarized
in Table 4.1.
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TABLE 4.1 Data-links of UAV System (Dimc and Magister, 2006).

Data Link
Function Connection | Direction | Application | Rate Operating
Type Requirement | Frequency
Flight ucsr™ Up TC Low < 30 HF, VHF/
Control Autopilot Kb/s UHF
Task-Payload | ycs; ™ Up TC Low < 30 HF, VHF/
Control Payload Kb/s UHF
| F light Status Autopilot Ly | Down ™ High < 1Mb/s | VHF/UHF
~
1E Ucs
% é Task-Payload Payload Ly |Down ™, TV Broadband> |L,S, C,X,
g Data Uucs 1Mb/s Ku
£| |UAVFlight |uavols  |Two-way |TM High < 1Mb/s | VHF/UHF,
E Progress Traffic L,S
2| |Reporting Ay <o Down ™ High < 1Mb/s | VHF/UHF,
E ATC L,S
£
3 Traffic UAV Two-way WM, Voice Low < 30 HF, VHF/
£ | Coordination | Operator Kb/s UHF
g <> ATC
o
= Mission Task | UAV Two-way WM, Voice Low < 30 HF, VHE/
E’) Coordination | Operator <«» Kb/s UHF, L.,S,
= Command C, X, Ku
Post

Note: TC Tele-Command; TM Telemetry; TV Television (Visual & IR Spectrum); WM Written Message
HF 1-30 MHz; VHF/UHF 30-1000 MHz; L-, S-Band 1-2 GHz; C-Band 5 GHz; X-Band 10 GHz;
Ku-Band 15 GHz.

The two of most important subjects of a UAV communication system
are data link protection and data security. The provision of sufficient com-
munication exchange between the UAV and its control stations is influenced
by environmental or self-implied conditions and hostile jamming (Dimc and
Magister, 2006). The UAV uplink and downlink communication streams
must be protected against intentional counteractive actions. Typical threats
to UAV’s data-links are: (a) eavesdropping, (b) information corruption, and
(c) masquerade (Kaushal and Kaddoum, 2017). Counter-measures against
UAV data link threats are the strict procedures to access the UAV data link
and authentication procedures between all communicating entities while
data are coded using comprehensive cryptic algorithms. Direct attacks on
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UAVs, such as signal spoofing and identity hacking, can cause serious dam-
age to the system. Attacks on GCSs are more fatal than others because they
issue commands to actual devices and collect all the data from the UAVs
they control (Mansfield et al., 2013). Such attacks normally involve mal-
wares, viruses, and/or keyloggers.

As commercial and military UAVs are increasing in the airspace, the
current bandwidth management policies limit the effective use of UAV sys-
tems. There is an increasing need for the development of novel techniques
to increase the bandwidth throughout for command & control (C2) commu-
nication systems and data link signals. Frequency-hopping RF, non-RF, or
bandwidth-efficient modulation methods are considered as novel approaches
for future UAV-related projects. Network architectures, including protocols
and interfaces, must be flexible enough to allow interoperability. To effi-
ciently incorporate the use of UAVs into national network-centric warfare
capabilities, the network architectures and related technologies must be
redesigned (Mozaffari et al., 2018).

Use of UAV-based aerial networks is a promising solution to enable fast,
flexible, and reliable wireless communications. Since UAVs do not require
highly constrained and expensive infrastructure (e.g., cables), they can easily
fly and dynamically change their positions to provide on-demand communi-
cations to critical locations or people in emergent situations. For instance,
UAVs can be deployed as mobile aerial base stations in order to deliver
broadband connectivity to areas where terrestrial wireless infrastructure is
damaged due to disaster activity. The flying UAVs can continuously provide
full coverage to a given area within the shortest possible time. Therefore, the
use of UAV mounted base stations can also be considered as an appropriate
solution for providing fast and ubiquitous connectivity in public safety sce-
narios (Mozaffari et al., 2018).

In the telecommunications field, one of the most promising applications
of UAVs is to use them as support equipment, aimed at extending the capac-
ity or coverage of wireless systems through the deployment of an aerial com-
munication network. Their low power consumption and the high number of
connectivity elements that they support (communication chips, antennas,
etc.) are among the most valuable features to perform this task (Guillen-
Perez et al., 2016). Thus, these devices are able to deploy a wireless net-
work acting as network nodes within the system architecture and allowing
the end-users/things to gain connectivity through them. This type of UAV
application is known as UAV-assisted cellular communications. Such net-
works are still in their early stages for supporting communication and sens-
ing applications.
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WIRELESS SENSOR NETWORK (WSN) SYSTEM

An essential enabling technology of UAV is wireless communication. On the
one hand, UAVs need to exchange critical information with various groups,
such as remote pilots, nearby aerial vehicles, and air traffic controllers, to
ensure safe, reliable, and efficient flight operation through CNPC (Martinez-
Caro and Cano, 2019). On the other hand, depending on the mission, UAVs
may have to transmit and/or receive mission-related data on time, such
as aerial images, high-speed video, and data packets for relaying, to/from
various ground entities, such as UAV operators, end-users, or ground gate-
ways. This is known as payload communication (Gu et al., 2015). Compared
to CNPC, UAV payload communication usually has a much higher data
rate requirement. For instance, to support the transmission of “full high-
definition” video from the UAV to the ground user, the transmission rate is
about several Mbps, while for 4K video, it is higher than 30 Mbps. The rate
requirement for UAV serving as aerial communication platforms can even be
higher (Zeng et al., 2019).

To meet both the CNPC and payload communication requirements
in several UAV applications, proper wireless technologies are needed to
achieve seamless connectivity and high reliability throughout for both air-
to-air and air-to-ground wireless communications in 3D environments. The
main advantages of wireless communication over terrestrial, satellite, or
HAP include on-demand deployment, fast response, low cost, more flexible
in reconfiguration and movement, and short-distance LOS communication
(Jawhar et al., 2014). There are four main communication technologies: (i)
Direct link, (ii) Satellite, (iii) Ad hoc network, and (iv) Cellular network.
These are listed and compared in Table 4.2 with reference to their advan-
tages as well as disadvantages.

TABLE 4.2 Comparison of Wireless Technologies for UAV Communication (Zeng et al., 2019).

Technology | Description Advantages Disadvantages
Direct link Direct point- Simple, low cost Limited range, low
to-point data rate, vulnerable
communication to interference, non-
with ground node scalable
Satellite Communication Global coverage Costly, heavy/bulky/
and Internet energy consuming
access via satellite communication
equipment, high
latency, large signal
attenuation
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Technology | Description Advantages Disadvantages
Ad hoc Dynamically self- | Robust and Costly, low spectrum
network organizing and adaptable, efficiency, intermittent
infrastructure- support for high connectivity, complex
free network mobility routing protocol
Cellular Enabling UAV Almost Unavailable in
network communications ubiquitous remote areas,
by using cellular | accessibility, cost- | potential interference
infrastructure and | effective, superior | with terrestrial
technologies performance, and | communications
scalability

When UAVs are used as flying, aerial base stations, they can support
the connectivity of existing terrestrial wireless networks, such as cellular and
broadband networks. Compared to conventional, terrestrial base stations,
the advantage of using UAVs as flying base stations is their ability to adjust
their altitude, avoid obstacles, and enhance the likelihood of establishing
LOS communication links to ground users. The UAV base stations can
effectively complement the existing cellular systems by providing additional
capacity to hotspot areas and delivering network coverage in rural areas that
are otherwise difficult to reach. In regions or countries were building a com-
plete cellular infrastructure is expensive, deploying UAVs becomes highly
beneficial as it removes the need for expensive towers and infrastructure
deployment (Motlagh et al., 2016).

The use of UAVs is rapidly growing in wireless systems. Conventional
UAV-centric research has typically focused on issues of navigation, control,
and autonomy. The recent advances in technology make it possible to widely
deploy UAVs/drones, small aircraft, balloons, and airships for wireless com-
munication purposes. UAVs can be used as aerial base stations to enhance
the coverage, capacity, reliability, and energy efficiency of wireless networks
(Liu et al., 2018) and operate as flying mobile terminals within a cellular
network. Such cellular-connected UAVs enable several applications ranging
from real-time video streaming to goods delivery, but it requires a number
of technical challenges to use them effectively. For instance, while using a
UAV base station (BS), the key design considerations include performance
characterization, optimal 3D deployment of UAVs, wireless and computa-
tional resource allocation, flight time & trajectory optimization, and network
planning. Due to their inherent attributes, such as mobility, flexibility, and
adaptive altitude, UAV BSs can effectively complement existing cellular sys-
tems by providing additional capacity to hotspot areas.
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Figure 4.4 (Salah-Ddine et al., 2012) shows an integrated WSN archi-
tecture (i.e., a WSN integrated with external networks) capturing architec-
ture-level optimizations. Sensor nodes are distributed in a sensor field to
observe a phenomenon of interest (i.e., environment, vehicle, object, etc.).
Sensor nodes in the sensor field form an ad hoc wireless network and trans-
mit the sensed information (data or statistics) gathered via attached sensors
about the observed phenomenon to a BS or sink node. The sink node relays
the collected data to the remote users via an arbitrary computer commu-
nication network, such as a gateway and associated communication net-
work. Since different applications require different communication network
infrastructures to efficiently transfer sensed data, the WSN can optimize
the communication architecture by determining the appropriate topology
(number and distribution of sensors within the WSN) and communication
infrastructure (e.g., gateway nodes) to meet the application’s requirements.
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FIGURE 4.4 An architecture of UAV-WSN (Salah-Ddine et al., 2012).
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Networks distributed over large spatial areas can be expensive and time
consuming to maintain. Recently, there have been significant efforts made
to improve incorporating UAVs with WSN to both provide power and also
to collect data. The spatial and temporal flexibility of wireless sensors cou-
pled with their computational capabilities are ideal attributes for utilizing
networks of wireless sensors with UAVs. Data collection and sensor node
integration by UAV makes using widely distributed sensor networks more
useful in many applications (Mozaffari et al., 2018).

In particular, key challenges and requirements here would be to design
UAV-assisted IoT networks. In recent years, the IoT has made remarkable
progress, and is regarded as the most promising technology for many appli-
cations (Sharma and Garg, 2019). However, there are no BSs and Wi-Fi sta-
tions in many areas, which prevents the applications of the IoT. That means
the data acquired through the WSN cannot be transmitted using wireless
communications. An alternative solution is to employ UAV to communicate
with the WSN in large areas to get real-time data for processing and analysis
(Sylvester, 2018).

One of the important applications of UAVs is in IoT (Zeng et al., 2016)
whose devices often have small transmit power and may not be able to com-
municate over a long range. The UAVs can also serve as wireless relays for
improving connectivity and coverage of ground wireless devices. In addition,
they can also be used for surveillance scenarios or smart city applications,
which are the key applications for the IoT. Wireless sensors are a critical
component of state-of-the-art structural health and infrastructure monitor-
ing systems. These methods can be extended to UAV-based methods for
crack detection and quantification in structures (Mozaffari et al., 2019).

The UAVs can be used to provide wireless coverage during emergency
cases where each UAV serves as an aerial wireless BS when the cellular net-
work goes down (Zhang and Duan, 2019). They can also be used to supple-
ment the ground BS in order to provide better coverage and higher data
rates for users (Gu et al., 2015). UAVs can be used as gateway nodes in
remote geographic or disaster-stricken areas to provide connectivity to back-
bone networks, communication infrastructure, or the Internet. Figure 4.5a
presents two examples of UAV-aided ubiquitous coverage within the serving
area; (i) rapid service recovery after infrastructure failure and (ii) BS offload-
ing at hotspot when the cellular network service is not available (Shakhatreh
et al., 2018). While Figure 4.5b shows that UAVs can be utilized as relay
nodes to provide wireless connectivity between two or more distant users
without a reliable direct communication link.
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FIGURE 4.5 Example of UAV-aided wireless communications.

FREE SPACE OPTICAL (FSO) APPROACH

The FSO technology can be used to provide wireless connectivity to remote
places by utilizing UAVs, where physical access to 3G or 4G network is either
minimal or not present. The FSO represents the optical wireless signal trans-
mission from the IR band spectrum in outdoor environments (Kaushal and
Kaddoum, 2017). It is a communications technology in which information
is transmitted through the atmosphere on either modulated laser beams or
modulated LED beams. Optical wireless communication constitutes a key
technology for 5G wireless networks. It alleviates the RF spectrum crunch
problem by enabling communications in the visible, infrared, and ultraviolet
optical frequency bands for a variety of indoor and outdoor applications. The
RF-based UAVs as aerial transceivers can cause interference to the existing
terrestrial wireless networks (Safi et al., 2019).
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Figure 4.6 illustrates the concept to avoid radio interference and obtain
a high data rate of transmission. The Figure proposes to establish FSO-based
fronthaul/backhaul links, employing UAVs equipped with optical transceiv-
ers, as a promising approach for 5G and beyond wireless networks. Outdoor
infrared optical wireless communication systems are widely referred to as
FSO communications that rely on line-of-sight transmissions of narrow laser
beams. The FSO technology is license-free, easy-to-deploy, cost-effective,
and capable of delivering very high data rates. The FSO-UAV-based solu-
tions are proposed to provide efficient backhauling/fronthauling to small cell
base stations (SBSs). In this context, UAVs transport the data traffic between
the SBSs and the core network through highly directive FSO links. In Figure
4.6, the proposed FSO-UAV framework complements the terrestrial wire-
less and wired solutions while delivering very high data rates (Petkovic and
Narandzic, 2019).

Baseband Unit
(BBU) Pool

Temporary High Traffic Demand

FIGURE 4.6 Ground-to-UAV FSO fronthaul link for 5G and beyond
wireless networks (Safi et al., 2019).

There are various applications of FSO; one of these is the high band-
width communications in the UAV scenarios. The UAVs may require many
sensors for different applications, like surveillance for a military mission
(e.g., battlefield, observation behind the enemy lines) or a civil mission (e.g.,
monitoring of a traffic jam, disaster relief, or to broadcast critical data, for
example, at some sport events) (Leitgeb et al., 2007). Hence, a lot of data
is produced, which has to be delivered to either another UAV or a ground
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station. Because of the high data rate and the avoidance of monitoring and
jamming of the optical signal, the FSO link is more advantageous than an
RF-link. The FSO technology over a UAV can be utilized in armed forces,
where military wireless communications demand secure transmission of
information in the battlefield. Remote sensing UAVs can utilize this tech-
nology to disseminate a large amount of images and videos to the fighting
forces, mostly in real-time. Facebook plans to provide wireless connectivity
via FSO links to remote areas by utilizing solar-powered high-altitude UAVs
(Kaushal and Kaddoum, 2017).

For areas where deployment of UAVs is impractical or uneconomi-
cal, geostationary earth orbit and low earth orbit satellites can be utilized
to provide wireless connectivity to the ground users using the FSO links.
Establishing a FSO link to a flying vehicle is challenging because of the addi-
tional degrees of freedom that have to be considered. Before transmitting
data via FSO link, the link itself has to be set up (Leitgeb et al., 2007). The
main challenge facing UAV-FSO technology is the high blockage probability
of the vertical FSO link due to weather conditions. A disadvantage of the
FSO technique is the alignment of two FSO-systems and the effects caused
by the atmosphere. Therefore, the link budget calculation (including all the
noise sources) is important to apply the right power for the transmitter laser.
Furthermore, a specific wavelength is necessary to keep the link budget low
(Petkovic and Narandzic, 2019). Millimeter-wave (mmWave) technology
can be an alternative to provide high data rate wireless communications for
UAYV networks (Xiao et al., 2016).

THE FPV APPROACH

Modern UAVs provide First Person View (FPV) technology to send a live
video stream from the UAV’s video camera to the pilot (operator) via a GCS
on the ground (dedicated controller, smartphone, VR glasses, smartwatch).
The technology consists of a video camera mounted on the UAV, which
broadcasts the live video to the operator on the ground (Corrigan, 2020).
The FPV technology uses a radio signal to transmit and receive the live video.
The UAV has a multi-band wireless FPV transmitter built-in along with an
antenna. Depending on the UAV, the receiver of the live video signals can
be a remote control unit, a computer, tablet, or smartphone device. This
live video feed is related to the strength of the signal between the ground
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controls on the UAV. The ground operator flies the UAV as if he/she was
onboard the aircraft. The FPV allows the UAV to fly much higher from look-
ing at the air vehicle from the ground. It also allows more precise flying,
especially around obstacles. The FPV allows UAV to fly very easily indoors,
or through forests, and around high-rise dense buildings (Yu et al., 2016).
The FPV channel also allows an operator to control a UAV using a GCS. A
typical FPV channel consists of an uplink and a downlink, as shown in Figure
4.7. A video downlink is used for video streaming using the data captured by
the UAV’s camera and sent to the pilot’s GCS screen. The video streaming
process usually consists of digitizing the captured picture to binary repre-
sentation by a Complementary Metal Oxide Semiconductor sensor, followed
by video compression, encryption, and modulation in real-time (Nassi et al.,
2019). The uplink process usually consists of digitizing the joystick’s move-
ments (or smartphone) to binary commands, which is followed by encryp-
tion and modulation. By its nature, the amount of data that is sent over a
video downlink is much greater than that sent by a remote control downlink.

Optical Sensor Binary Video Encryption [7] Modulation I .
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Downlink-Video Streaming

' ]
Analog
FPV
} - - " |Ground
Modulation| | Encryption | |Maneuvering

Commands Wi-Fi
I-FI
FPy LGCS

Uplink-Commands

FIGURE 4.7 The FPV channel- downlink and uplink (Nassi et al., 2019).

The latest DJI Mavic-2 has an FPV live video range of 5 miles (8 km)
with a 1080 pixels quality video transmission. Other drones, such as the DJI
Mavic and Phantom-4 Pro, can transmit live video up to 4.3 miles (7 km).
The Phantom-4 Pro and Inspire-2 use the latest DJI Lightbridge-2 trans-
mission system (Vergouw et al., 2016). Drones, such as the DJI Mavic, use
integrated controllers and intelligent algorithms to set a new standard for
wireless high definition image transmission by lowering latency and increas-
ing maximum range and reliability. Live video and maximizing the range of
the transmission is fascinating drone technology.
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CYBERSECURITY APPROACH

The main concerns of utilizing UAVs for data gathering and wireless delivery
are cyber liability and hacking (Vattapparamban et al., 2016). The secure
operation of a UAV also ensures the protection of the UAV system against
cyber-physical threats resulting from intentional or unintentional actions.
Various components of the UAV systems provide a large attack surface for
malicious intruders, which brings huge cybersecurity challenges to the UAV
systems. Figure 4.8 depicts examples of cyber-attacks against different com-
ponents of UAV systems (Javaid et al., 2012). Most of the identified cyber-
attacks on UAVs can potentially lead to taking control of or crashing them.
Cyber-attacks have identified that target both the flight controller and GCS
and the communication data link.

Confidentiality Integrity Availability
! ! information rormaton interruption
loss)
ornmunlcatlon Unintended Malicious Unintended Malicious
natural events attacks natural events attacks

4 @ Social nlntende
@ denPty gngineering Falsifying
spoofing Greed S| Compromised "Airborne control signalf
Subroutine Jamming &
exploit retransmitting

eyloggers’
Cross Iayer
al
‘Tapping/Capturing

ttack
Protocol based
= the feed, editing
ulti protocol retransmitting
attack

Eavesdropp\ng

Signal integrity

Increased SNR

FIGURE 4.8 The UAV system components affected by cybersecurity threats (Javaid et al., 2012).

The primary source of compromising the security of communication
links between various system components is through network attacks,
such as hacking, eavesdropping, identity spoofing, cross-layer attacks, and
multi-protocol attacks. Clearly, all these attacks might not be applicable to
each of the links available in the system, as shown in this Figure. Threat anal-
ysis is considered an important aspect of ensuring the security of a system
because it can actually lead to the discovery of a vulnerability in the system.

The operation of the flight controller is solely dependent on the informa-
tion received from the ground control station via the data link and acquired
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by its sensors from the surrounding environment. Accordingly, attacks on
both the flight controller and ground control station that do not involve the
data link are possible only if the attacker can access and manipulate the
internal system communication or can fabricate the sensed physical prop-
erties in the surrounding environment (Mansfield et al., 2013). Due to the
almost complete reliance of UAV operations on multiple inputs from the
external environment, most of the attacks commence by external malicious
modification of such inputs. Another type of attack aims to violate the con-
fidentiality and integrity of the communication between the UAV and the
ground control station on the data link. Usually, sophisticated attacks aiming
to take control of the UAV to combine one or more of the presented attacks
on both the flight controller and the data link (Ghosh et al., 2012).

In order to face the cybersecurity challenges of UAV systems, it is
important to understand the attack vectors of general UAV systems, and
then, based on the attack vectors and the potential capabilities of attackers,
security threats may be assessed. Based on the attack vectors and capabili-
ties of attackers and the work, the possible attacks against UAV systems are
classified into different categories. Various attacks could be applied to the
communications links between different entities of UAV systems, such as
eavesdropping and session hijacking (Altawy and Youssef, 2016).

SWARM APPROACH

A swarm or fleet of UAVs is a set of aerial robots capable of performing a col-
lective task for a specific goal created from interactions between unmanned
aircraft and their environment. This innovative approach emerged in the
field of intelligence of artificial swarms (Campion et al., 2019). It was inspired
by swarms of bees, ants, flocks of birds, and other species in nature. The
main idea behind swarm is that UAVs make their own decisions through the
information shared. All this is possible due to the number of UAVs that could
fly at the same time and be controlled as if they were a single unit, either
manually, that is, by remote control operations, or autonomously by using
processors deployed on the UAVs. Thus, they would be capable of occupying
a larger territory which is one of the greatest advantages of this technology
(Shakhatreh et al., 2016).

In most cases, each UAV in a swarm is simultaneously controlled by a
GCS, and traditional UAV swarms use a computer as a GCS running ground
control software. Higher levels of autonomy would allow UAVs to make
decisions using onboard processing power. Communication between UAVs
allows the swarm to adjust behavior in response to real-time information.
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Real-time information collection makes UAVs swarm well-suited for search-
ing over broad areas for mobile or other hard-to-find units (Kallenborn and
Bleek, 2019).

In UAV swarms, there are (i) single-layered swarms with every UAV
being its own leader and (ii) multi-layered swarms with dedicated leader
UAV at every layer. Multi-layered UAVs report to their leader UAV at a
higher layer, while a ground-based server station is the highest layer in this
hierarchy. In each swarm, every UAV can have dedicated data collection
and processing tasks with sufficient computing capability to execute these
tasks in real-time. Its central processing takes place on the more performant
server/BS or even in the cloud. The utility of swarming is that many UAVs
perform tasks and thus become the greatest advantage by adding more func-
tionality as compared to the limitations of a single UAV having a limited
payload and limited flight time. Advantages to swarm include time savings,
reduction in man-hours, reduction in labor, and a reduction in other costs
(Chandrasekharan, 2016).

Figure 4.9 shows a hierarchical swarm of single-layered quadcopters in
a leader-subordinate flying/operation model (Tahir et al., 2019). It controls
the movement and formation of the whole swarm through the leader UAV,
using an intuitive remote control interface. Its flying principle is associated
with a remote user/operator and a wireless communication system between
the operator and the swarm. Generally, the hierarchy can be much more
complex, such as consisting of multiple clusters, each having its own lead-
er(s) and multiple layers of leaders forming “super clusters™ of different sizes.
Each UAV in the swarm can directly communicate with its peers at the same
level of the hierarchy and with its immediate leader UAV(s). Leader UAV at
the highest level of hierarchy communicates with the ground-based server,
sharing the data collected and pre-processed by the swarm and distributing
downwards mission objectives provided by the server.
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FIGURE 4.9 Concept of swarm UAVs.
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Current demonstrations of UAV swarm utilize one of two general forms
of swarm communication architecture (Campion et al., 2019). The two
forms are infrastructure-based swarm architecture and flying ad hoc net-
work-based architecture.

Infrastructure-based Swarm Architecture

Infrastructure-based swarm architecture is the most common architec-
ture for UAV swarms (Chandrasekharan, 2016), as shown in Figure 4.10.
It consists of a GCS that receives telemetry information from all UAVs
in the swarm and sends commands back to each UAV individually. These
UAV swarms are considered to be semi-autonomous as they still require
a direction from central control to complete the assigned task. The GCS

software already contains the basic infrastructure-based swarm capabilities
(Shakhatreh et al., 2016).

UAV UAV UAV
| Flight controller | | Flight controller |
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| 7
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FIGURE 4.10 Infrastructure-based swarm architecture (Campion et al., 2019).

Infrastructure-based swarm architecture is dependent upon the GCS
for coordination of all UAVs. In the event of an attack or failure to any
operation of the GCS, operability of the entire swarm is compromised.
Additionally, infrastructure-based methods require all UAVs to be within
the propagation range of the GCS. This dependency causes a lack of system
redundancy. Due to the payload capacities of UAVs, the hardware necessary
to establish reliable communication with infrastructure may limit the utility
of infrastructure-based swarms. Additionally, there is a lack of distributed
decisions, as the GCS coordinates the decision making of all UAVs based
on computations and algorithms developed in the GCS (Chandrasekharan,
2016). However, the advantages of infrastructure-based swarming are that
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(i) optimization and computations can be conducted in real-time by a GCS
via a higher performance computer than could reasonably be carried by a
UAV and (ii) networking between UAVs needs not to be established.

Flying Ad hoc Networks (FANETs)-based Swarm Architecture

Nowadays, there is a trend to use a network of small UAVs rather than
large UAVs. The main reason is that small UAVs are relatively cheaper.
Moreover, a team or swarm of UAVs is more flexible and efficient than only
one aircraft. Those small UAVs have to exchange information about group
formation, mission execution, and control parameters. The Flying Ad hoc
Networks (FANETs) are composed of aerial devices that can communi-
cate between UAV-to-UAV and other ground-based UAV-to-ground devices
(Pires et al., 2016).

Mobile Ad hoc Networks (MANETS) are composed of mobile nodes,
which present random movements. The MANETs are networks com-
posed of mobile devices, such as laptops, cellular phones, sensors, etc. The
MANET can rely on or not in an existent network infrastructure. However,
most MANETSs do not use infrastructure mode. The MANETS can be spe-
cialized in terms of connectivity, node mobility models, routing processes,
services, applications, etc.

The FANETSs can be seen as a subset of the well-known concept of
MANETs (Zafar and Khan, 2016). The MANETSs composed of terrestrial
vehicles as mobile nodes are known as Vehicle Ad hoc Networks (VANETS).
Similar to VANETS, whose components are cars, buses, ambulances, etc.,
incorporating embedded communication devices, in FANETs, UAVs are
wirelessly interconnected, either directly or using intermediate nodes. Thus,
only a small set of nodes need to be connected to the base station/satellite.
Even though the FANETS share common features with the MANETSs and
VANETS, there are several unique characteristics that make them differ-
ent, such as mobility, topology changes, radio propagation, and energy con-
straints. Figure 4.11 shows all the three; MANET, VANET, and FANET
structures.
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FIGURE 4.11 The MANET, VANET and FANET structures (Pires et al., 2016).

The FANETS can operate either independently and by transmitting
the flow received from land-based devices to a remote server or support
other types of networks (Figure 4.12), such as via satellite or cellular, if
they are overloaded or unavailable. Such technology can play an essential
role in the next generation of cellular networks, offering future support to
5G networks (Mozaffari et al., 2016) with very high speed and minimum
latency. Thus, FANETS present themselves as a low-cost, scalable solution
for maintenance and expansion of the Internet infrastructure worldwide,
and it is essential to research, simulate, and validate their utility in different

applications, taking into account the limitations of both UAVs and network
itself (Azevedo et al., 2019).

FIGURE 4.12 The FANET structure (Bekmezci et al., 2013).
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With their mobility, lack of central control, and self-organizing nature,
FANETS can expand the connectivity and communication range in geo-
graphical areas having limited cellular infrastructure (Zafar and Khan, 2016).
The FANETS play an important role in various applications, such as traffic
monitoring, border surveillance, disaster management, agricultural manage-
ment, wildfire management, and relay networks (Bekmezci et al., 2013). In
particular, a relaying network of UAVs maintains reliable communication
links between remote transmitters and receivers that cannot directly com-
municate due to obstacles or their long separation distance. Compared to a
single UAV, a FANET with multiple small UAVs has several advantages, as
listed in Table 4.3 (Bekmezci et al., 2016).

TABLE 4.3 The Advantages of a FANET with Multiple Small UAVs.

S. Parameter | Advantages
No.
1 Scalability | The operational coverage of FANETs can be easily

increased by adding new UAVs and adopting efficient
dynamic routing schemes.

2 Cost The deployment and maintenance cost of small UAVs is
lower
than the cost of a large UAV with complex hardware and
heavy payload.

3 Survivability | In FANETS, if one UAV becomes non-operational (due

to weather conditions or any failure in the UAV system),
FANETS missions can still proceed with the rest of flying
UAVs. Such flexibility does not exist in a single UAV
system.

INTERNET OF THINGS (loT)

The IoT refers to the billions of physical devices around the world that are
now connected to the Internet, all collecting and sharing data (Sharma and
Garg, 2019). With the availability of super-computer chips and the ubiquity
of wireless networks, it is now possible to connect anything into a part of
the 10T, ranging from a chip to an airplane. Connecting all these different
objects and sensors adds a level of digital intelligence to devices, enabling
them to communicate the data in real-time without involving human beings.
The IoT, therefore, represents a heterogeneous network scenario with
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virtually unlimited uses: smart homes, smart cities, industry, smart grids, etc.
(Giyenko and Cho, 2016).

It is a common practice in IoT to use small (and low-cost) sensor devices
to capture data from multiples sources. These data are usually sent by means
of wireless technology to a gateway that provides Internet connectivity to
the cloud, where network servers are located. Network servers are respon-
sible for collecting and processing the data and also making decisions or
defining specific actions to be carried out. Consequently, these small sen-
sors used in IoT, together with their communications capabilities, could be
easily embedded in UAVs. By doing so, the UAVs provide a new framework
to deploy IoT-based services using the WSN (Martinez-Caro and Cano,
2019). With the massive growth of the IoT, more UAVs will be performing
important tasks, especially where it is expensive, dangerous, or impossible
for humans to travel.

The UAVs play an important role in the IoT because they are critically
dependent on sensors, antennas, and embedded software to provide two-
way communications for remote control and monitoring. The latest advances
in electronics allow putting more and more processing power onboard the
UAV, which allows offloading the processing power from the ground sta-
tions. This will reduce the required bandwidth, which allows creating more
intelligent UAVs that use Machine-to-Machine (M2M) principles to com-
municate directly with different devices and each other to find the optimal
way for performing the tasks. To solve the problem of designing the smart
UAV platform, there is a need to address and integrate its four elements
(Giyenko and Cho, 2016): data, connectivity, device, and service. A smart
UAV platform can be achieved only by the convergence of these four ele-
ments, as shown in Figure 4.13.
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FIGURE 4.13 Elements of a smart UAV platform (Giyenko and Cho, 2016).

UAV flight monitoring is a key element provided by the integration of
IoT in UAVs. Using IoT technology, it is possible to keep an updated flight
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log records available online. This is a powerful tool for monitoring the flights
by operators and storing a flight record database that can be used for extract-
ing system reliability data or controlling the productivity of a company. The
main advantage of using M2M and IoT technology in UAVs is the capability
to perform UAV operations from any PC connected to the Internet. In this
way, the operators can not only control the flying of UAV, but at the same
time, it is possible to monitor and control UAV swarm flights from the main
control center. The M2M multipoint network structures permit to have as
many nodes in the network as required, including UAVs and control stations.
The swarm systems flying simultaneously can share information for enabling
advanced flight modes. Formation flights and collaborative sense-and-avoid
technology become a reality with this interconnection.

UAVs are an emerging form of new IoT devices, flying in the sky with
full network connectivity capabilities (GSMA, 2018). Intelligent UAVs with
cognitive computing skills need the capability to automatically recognize and
track objects to free the users from the tedious task of controlling them.
The UAVs are used in various applications, such as telecommunications,
defense, traffic management, surveillance, mapping, emergency services,
weather monitoring, resources exploration, and environmental analysis. As
UAV collects huge data of an area, so the time required for processing this
data quickly is an important consideration in these applications for near-real-
time decision making. The UAVs can be used as signal boosters and mobile
nodes for IoT and sensor networks, dispersal of pesticides in agricultural
areas, or emergency surveillance in case of fire, earthquake, or other disaster
events. This will allow reducing the deployment time and costing compared
to traditional aircraft and transport (Giyenko and Cho, 2016). Furthermore,
the rollout of 5G technology is expected to enhance the ability of UAVs to
react to commands in real-time, requiring instant feedback.

The IoT-enabled UAVs are used to carry out comprehensive monitor-
ing of crops (Sharma and Garg, 2019). Based on the crop data, the UAVs
will be able to provide recommendations to the farmers on optimal produc-
tivity conditions and interventions that need to be made. This will lead to
increased productivity in farming and consequently increased yields. Mines,
power grids, tunnels, and industrial sections, such as boilers and furnaces,
are hard to access and pose health hazards to inspectors. However, with
sensors and cameras, the smart UAVs can gather data that is then relayed
in real-time to an inspector to undertake maintenance in a safer manner.
This reduces the human-machine intervention resulting in reduced costs
and reduced safety hazards (D’mello, 2019). The UAVs are also helpful in
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giving a first-hand view of an upcoming structure as well as monitoring its
progress. It also reduces the time and effort used in making regular site vis-
its. Inspection of roofs and utilities will also be enhanced with UAVs, which
will reduce accidents and thus increase safety at construction sites.

Intelligent UAVs are also changing the goods delivery mode, as they
can easily reach places where other modes of transport are not viable. The
UAVs are also expected to reduce response time to emergencies and will
reduce challenges associated with delivering relief and medical supplies
in disasters and emergency situations. In addition, UAVs are also going to
be used to help firefighters determine the exact locations of a fire as well
as locating the affected people. Police can use intelligent UAVs to locate
violent spots and release tear gas or pepper spray to disperse the crowds. It
is expected to increase the capabilities and performance of UAVs further.
With technological advances, IoT-based UAVs will continue to discover new
uses (D’mello, 2019).

The I0T devices often have small transmitting power and may not com-
municate with UAVs over a long-range (Ding et al., 2018). In fact, the UAVs
can be optimally placed based on the locations of IoT devices, enabling those
devices to connect to the network using a minimum transmit power success-
fully. The UAVs can also serve massive 10T systems by dynamically updating
their locations based on the activation pattern of IoT devices. Therefore, IoT
networks” connectivity and energy efficiency can be significantly improved
by exploiting this unique feature of UAVs.

Mozaffari et al. (2017) proposed a framework for UAVs’ dynamic
deployment and mobility to enable reliable and energy-efficient IoT com-
munications. Figure 4.14 shows results about the UAVs’ locations and their
associated IoT devices (indicated by the same color). Here, five UAVs are
efficiently deployed to serve and collect data from 100 active IoT devices,
which are uniformly distributed in the area of 1km x 1km. Using tools from
optimization theory and facility location problems, optimal 3D positions of
these UAVs are derived as well as the device-UAV associations, such that
the total uplink transmit power of ToT devices is minimized while ensur-
ing reliable communication. The results show that UAVs can be optimally
deployed to enable reliable and energy-efficient uplink communications in
IoT networks.
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FIGURE 4.14 UAVS’ |locations and associations (Mozaffari et al., 2017) [See Plate 2 for Color].

Figure 4.15 shows the total transmit power needed by the IoT devices for
reliable uplink communications with the number of UAVs in the interference
scenario. Itis seen that the total transmit power of the IoT devices can be reduced
by deploying more UAVs. For instance, considering 100 active devices and 20
available channels, the total transmitted power decreases from 2.4 W to 0.2 W
by increasing UAVs from 5 to 10 using the proposed approach. Furthermore,
the total transmitted power of the devices decreases by 45% (as an average)
compared to the stationary case. Clearly, for a lower number of UAVs, the pro-
posed approach in the study leads to higher power reduction compared to the
stationary UAVs. In other words, intelligently optimizing the locations of UAVs
provides more power reduction gains when the number of UAVs is low.
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FIGURE 4.15 Total transmit power of devices and number of UAVs in the presence
of interference (Mozaffari et al., 2017).
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The UAVs can serve as wireless relays for improving the connectivity and
coverage of ground wireless devices. A key application of this is improved
surveillance scenarios. The real-world example that employs UAVs for
wireless connectivity includes Google’s Loon project from an industry per-
spective. The work AT&T (2016) provides a comprehensive survey on the
potential use of UAVs for supporting IoT services.

Wireless networking technologies are rapidly evolving into a massive IoT
environment that must integrate a heterogeneous mix of devices ranging
from conventional smartphones and tablets to vehicles, sensors, wearables,
and UAVs. Applications, such as smart cities, infrastructure management,
healthcare, transportation, and energy management (Bamburry, 2015)
require effective wireless connectivity among a number of IoT devices that
can reliably deliver their data, typically at high data rates. The massive use
of IoT-based devices requires a major rethinking of the way in which con-
ventional wireless networks (e.g., cellular systems) operate. In an IoT-based
UAYV environment, energy efficiency, ultra-low latency, reliability, and high-
speed uplink communications become major challenges that are not typi-
cally critical in conventional cellular networks (Wang et al., 2017).

SUMMARY

The communication poses many challenges, including the need for good
coordination and collaboration among UAVs; effective control mecha-
nisms; reliable communication among UAVs and between UAVs & GCS;
safe actions; and good scheduling of tasks. The UAV-to-UAV and UAV-to-
Infrastructure communication is an essential component, which is vital
to enable these devices to perform many collaborative tasks and services.
These challenges present the main obstacles in effectively utilizing the UAV
technology for future potential applications (Zang et al., 2019).

Main design considerations for UAV deployment include (i) shorten
average communication distance, (i) collision and terrain avoidance,
(iii) path optimization, (iv) ubiquitous coverage (aerial BS), (v) tradeoff
in UAV altitude (higher altitude, larger path loss), (vi) energy-efficient
operations, (vii) energy-efficient mobility, for example, avoid unneces-
sary vehicle maneuvering, and (viii) size, weight, and power limitations of
UAVs (Chandrasekharan, 2106). The UAVs have promising applications
in future wireless communication, such as (i) on-demand deployment, fast
response, cost-effective, (ii) flexible in deployment and reconfiguration,
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(iii) short-distance LOS channels, (iv) UAV-aided ubiquitous coverage, and
(v) UAV-aided relaying.

Future research directions may include UAV swarm operation and
communications, aerial BS, for example, mobile LTE BS/relay, UAV com-
munication with limited buffer size/energy storage, UAV deployment/move-
ment optimization, MIMO communication in UAV, and energy-efficient
UAV communications. The UAV-aided wireless communication offers one
promising solution to provide wireless connectivity for devices without infra-
structure coverage due to, for example, severe shadowing by urban or moun-
tainous terrain or damage to the communication infrastructure caused by
natural disasters. These benefits will make UAV-aided wireless communica-
tion a promising integral component of future wireless systems.

REVIEW QUESTIONS

Q.1. Discuss in brief the role of various components of a UAV communica-
tion system. Draw a diagram.

Q.2. Explain various types of possible communications with UAVs, along
with their utility.

Q.3. What do you understand by WSN? Describe various wireless tech-
nologies used in UAVs along with their advantages and disadvantages.

Q.4. Explain the utility of the UAV-based FSO technique in wireless com-
munications with the help of a sketch.

Q.5. Write short notes on (i) FPV technology, (ii) Cybersecurity threats,
and (iii) the Utility of IoT in UAVs.

Q.6. Explain the term swarm. What is the utility of swarm in UAVs-based work?

Q.7. Explain, with the help of diagrams, the differences between MANET,
VANET, and FANET in Swarm technology.
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INTRODUCTION

The UAVs collect huge data from various sensors and deliver the collected
data to ground base stations. The UAVs equipped with WSN or swarm UAVs
can also be used as aerial sensor network for collecting and transmitting
huge data for various applications. Many UAVs consist of onboard compu-
tational capabilities that have greatly improved UAV technology in recent
years. However, the computationally intensive nature of real-time image
processing has been a great concern for the uses of UAVs, especially with the
availability of increased data from high resolution and multimodal imaging
systems. Today, UAV data analysis software provides the opportunity to seam-
lessly export point cloud formats into common CAD tools or Geographic
Information System (GIS) or open-source software (Garg, 2019).
Forallapplications thatinvolve measuring and mapping in real-world, geo-
referencing and geometric correction of the images is imperative. However,
a highly accurate geometric correction process requires time, effort, a DEM
or good ground control points (GCPs). Some of the UAV photogrammetry
mapping software used for various purposes in different applications include
DroneDeploy 3D Mapping Solutions, Pix4D Mapper Photogrammetry
software, AutoDesk ReCap Photogrammetry software, Maps Made Easy-
orthophotos and 3D models, 3DF Zephyr Photogrammetry software,
Agisoft PhotoScan Photogrammetry software, PrecisionHawk Precision
Mapper/Viewer, Open Drone Map, and ESRI Drone2Map for ArcGIS.
The typical output from these software includes orthomosaic images, map
layers (Google maps, mapbox, etc.), DEM/Geotitfs, Normalized Difference
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Vegetation Index (NDVI) images, 3D point clouds, meshed 3D models, and
many more. In addition, UAV collects live video images for many applica-
tions, such as journalism and media (Molina, 2017). A good quality video
images processing software may also be required for the post-processing of
such images.

For the last decade, feature extraction is a very prominent technique to
process the multi-images for classification, detection, objects retrieval, object
recognition, change monitoring, pattern study and many more. Image pro-
cessing methods can be used in autonomous UAV systems to locate poten-
tial targets in support of search and rescue operations. Moreover, location
information can be augmented to aerial images of target objects (Vergouw
etal., 2016).

Advanced RTK positioning methods, such as those using network-based
architectures, have great potential to benefit data collection for all integrated
sensors (Garg, 2019). The sensor fusion technology, which intelligently com-
bines data from several different sensors, such as a thermal camera and a
regular RGB camera sensor, can be used for improving application or system
performance. The UAV data is also driving advancements in AI and predic-
tive analytics. In future, many technologies will change the world, the way
we collect the data and analyze them. These technologies include intelligent
flights, IoT, and cloud computing, among others (Corrigan, 2020).

5.2 DATA PRODUCTS

The UAV data typically starts with lots of images that are collected according
to a set of specifications suited for a particular application (Garg, 2019). Many
UAV missions require dealing with large amounts of data. Improvements are
being made in methods and systems that handle the data in its various stages:
acquisition, storage, and transmission. Some UAVs transmit data in real-time
to ground stations. Once the data is obtained, it is usually processed with the
software. For example, data is often georeferenced and corrected for various
distortions and errors. Many new models, methods and techniques are being
developed for processing the UAV data. To make these data meaningful for
an application, the following steps may be performed:

®  Processing: Several images are identified, arranged, georeferenced and/
or stitched (mosaicked) together to create an organized, usable, and
cohesive data set.
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®  Measurement: These data are often processed into data products that
can be accurately geolocated and used for measurement, similar to a
map or computer model. For example, thermal imagery enables tem-
perature measurements.

=  Analysis: Data are anlayzed and classified, like the severity of damage
after an earthquake.

= Monitoring: Collecting data over time can be used to predict the changes,
e.g., progress at a construction site.

= Comparing: Various scenarios may be compared to assess the best one.
For example, 3D models produced by different algorithms may be com-
pared to find the accurate one.

Various types of data/products to be collected and employed in UAVs

are summarized below.

5.2.1 Aerial Remote Sensing Data

There are two broad types of remote sensing systems: active and passive
remote sensing systems. In an active remote sensing system, the sensors
have their own source of energy required to detect the objects. The sensor
transmits radiations toward the objects to be investigated, and the reflected
radiations from the objects are detected and measured by the active sen-
sor. Most active sensors used in remote sensing applications operate in
the microwave portion of the electromagnetic spectrum, which is able to
propagate through the atmosphere (Garg, 2019). The active remote sensing
systems include laser altimeter, LiDAR, radar, ranging instrument, scatter-
ometer and sounder.

On the other hand, in a passive remote sensing system, the sensor
detects the natural radiations emitted or reflected by the objects to be inves-
tigated. The majority of passive sensors operate in the visible, infrared, and
thermal infrared portions of the electromagnetic spectrum (Whitehead and
Hugenholtz, 2019). Such systems include accelerometer, hyperspectral
radiometer, imaging radiometer, radiometer, sounder, spectrometer and
spectro—radiometer.

A UAV can carry various sensors, such as digital camera, multispectral
camera, hyperspectral, LIDAR, thermal, and many more. Datasets acquired
from UAVs remote sensing sensors have a broad range of applications: crop
monitoring, yield estimates, city mapping, forestry survey, drought moni-
toring, water quality monitoring, tree species, disease detection, etc. (Watts
et al., 2012). The UAVs can be integrated with thermal sensors and vision
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cameras useful for target detection. Thermal IR cameras can be used to
detect the heat profile to identify problems in buildings, electrical compo-
nents, mechanics, and pipes and waterproofing systems. Moreover, the IR
camera is used to acquire images, specifically differentiating between water

and land (Garg, 2019).

Table 5.1 presents a comparison among the UAV remote sensing sys-
tems based on their operating frequency and applications.

TABLE 5.1 The UAV Aerial Sensing Systems (Shakhatreh et al., 2018).

Types

Operating
Frequency

Type of Sensor

Applications

Active

Microwave
portion

Laser altimeter

It measures the height of a
UAV with respect to the mean
Earth’s surface to determine the
topography of the underlying

surface.

LiDAR

It determines the distance to
the object by recording the
time between transmitted and
backscattered light pulses.

RADAR

It produces a two-dimensional
image of the surface by
recording the range and
magnitude of the energy
reflected from all objects.

Ranging
Instrument

It determines the distance
between identical microwave
instruments on a pair of
platforms.

Scatterometer

It derives maps of surface
wind speed and direction
by measuring backscattered
radiation in the microwave
spectral region.

Sounder

It measures the vertical
distribution of precipitation,
temperature, humidity, and
cloud composition.
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Types Operating | Type of Sensor | Applications
Frequency

Accelerometer It measures two general types
of accelerometers: (i) The
translational accelerations
(changes in linear motions), and
(ii) The angular accelerations
(changes in rotation rate per
unit time).

Hyperspectral It discriminates between
radiometer different targets based on their
spectral response in each of the
narrow bands.

Imaging It provides a 2D array of pixels
radiometer from which an image may be
Visible, IR, produced.

thermal Radiometer It measures the intensity of
Passive IR, and electromagnetic radiation in
microwave some bands within the spectrum.
portions

Sounder It measures vertical distributions
of atmospheric parameters such
as temperature, pressure, and
composition from multispectral
information.

Spectrometer It designs to detect, measure,
and analyze the spectral content
of incident electromagnetic

radiation.
Spectro- It measures the intensity of
radiometer radiation in multiple wavelength

bands. It designs for remotely
sensing specific geophysical

parameters.

5.2.2 LiDAR Data

A LiDAR is an active system that directs laser beam on the Earth’s surface
and determines the distance to the object by recording the time between
transmitted and backscattered light pulses (Garg, 2019). The combination
of UAV and laser sensor has become popular for effectively mapping the
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Earth’s surface since it can capture real-time 3D data (Lin et al., 2011).
LiDAR sensing is one of the most powerful technologies to acquire spatial
data. The LiDAR point clouds can yield up to 500 points/m* with vertical
elevation accuracy of 2-3 cm. The denser the data, the greater the flexibility
to generate high-fidelity maps of densely vegetated and populated terrain.

There are numerous applications of LIDAR UAV data in different fields,
such as civil engineering, cultural heritage, ecology, hydrology, risk assess-
ment, early warning systems, and post-event phase of natural hazards, such
as landslides, earthquakes, volcanic eruptions, and meteorological events.
Airborne LiDAR is widely used to generate high-resolution and accurate
contours, DEM, Digital Terrain Model (DTM), and detailed terrain anal-
ysis (Nagai et al., 2009). When combined with aerial images of the ground
surface, it offers various advantages, such as orthophoto generation, Digital
Surface Model (DSM), and 3D terrain visualization, providing more detailed
information of the ground. The elevation data from airborne LiDAR can
be used as an alternative for georeferencing UAV-based photogrammetry
images. It provides an alternative source for GCPs and photogrammetry of
airborne imagery.

5.2.3 Ground Control Points (GCPs)

The GCPs are those points whose coordinates are measured precisely with
the GPS or any other devices. These GCPs have to be well distributed
around the area to be mapped for the best results. More GCPs generally
permit more accurate results (Garg, 2019). Photogrammetry mapping with
UAV needs very precise georeferencing that can be achieved with the help
of GCPs, already established using a GNSS with very high accuracy (Jiang
and Jiang, 2017). The GCPs typically are marked before the UAV flight takes
place, using easy to see aerial targets that can later be identified through data
processing software (Tomastik et al., 2019). Another way could be collect-
ing the GCPs coordinates with onboard GPS on UAV, which is stored in the
flight log generated by the flight controller. The time stamp of each photo-
graph is then matched with the corresponding location of the UAV.

The GCPs can be used to find the coordinates of remaining other
objects present in the image of the area. Image processing/GIS software is
used for georeferencing, which requires the real-world coordinates of the
sufficient number of visibly identifiable GCPs in the collected UAV aerial
imagery. Accurate GCPs are very important in UAVs-related work. These
are required to carry out georeferencing to create the mosaic and orthopho-
tos and generate the DEM and DSM.
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5.3 DATA PROCESSING APPROACHES

Data processing constitutes an important step in deriving any useful infor-
mation or analyzing the data for an application. There are many approaches
available, but their use will depend on the purpose of output required and
specific application in mind. This section describes some data processing
approaches.

5.3.1 Georeferencing Approach

Georeferencing is an essential and important process so that the UAV data
corresponds to real-world coordinates (Garg, 2019). In simple terms, geo-
referencing is the “process of assigning geographical coordinates to the
acquired spatial data” (Cramer and Stallmann, 2002). While collecting data
and creating the maps without any georeferencing process, these data/maps
cannot be used for actual measurements but for viewing the terrain only.
Georeferencing is also important to determine the accuracy of UAV data col-
lected for each mission. Georeferenced UAV data/maps are also much easier
to work with, as they can be overlaid on other existing thematic maps in
GIS/image processing software, like Open Street map and Google maps. For
GIS-based applications, a large number of thematic maps and data may be
required to integrate together, and georeferencing of these maps and data
to a common reference system and datum is a pre-requisite for their uses
(Cramer and Stallmann, 2002). The QGIS is an open-source GIS software
useful for the extraction of information from multiple data. It is therefore
important to understand the importance of georeferencing process and the
procedure to collect the GCPs.

There are two possibilities for georeferencing the photographs using
a given coordinate system. The first possibility is to identify GCPs on the
photographs such that their locations in a reference system are known.
Polynomials are used to carry out accurate georeferencing, and rmse is
determined to know the accuracy of georeferenced photos. The second
possibility is to create georeferenced maps/images without the GCPs, using
more sophisticated onboard GPS units on UAVs. The GPS receivers and
IMU in UAVs are able to provide input to create accurate georeferenced
maps/images (Mian et al., 2015).

In the second case, most photogrammetry software packages, such as
Agisoft PhotoScan and Pix4D, can be used. This software will use GPS
data collected by a GPS logger or by a GPS-enabled camera to create
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reasonably geographically accurate images/maps. The software first car-
ries out the automatic process of alignment of photographs by search-
ing common GCPs on photographs and matching them. It deduces the
position of the camera for each photo so that it can refine its camera
calibration parameters. Once photo alignment is completed, the software
generates a sparse point cloud with a set of associated camera positions
and internal camera parameters. A point cloud will have a set of points in
3D space, where each point, in addition to its coordinates, may have addi-
tional information, such as color intensity. The software requires this set
of camera positions and an optimized sparse point cloud to advance the
process of producing a dense point cloud, which can often take long hours
on a reasonably high-powered laptop. The software builds a 3D polygonal
mesh based on the dense point cloud, representing the 3D surface of the
object (Qu et al., 2018). A proper projection system is selected based on
the requirements.

In fact, the second approach determines the exterior orientation-
positions (x, y, z) and rotational parameters (yaw, pitch and roll of the
platform or & @ and @ of the image) of the images during the UAV flight.
Processing of such UAV images has its own challenges. This recorded data
may not be precise enough to enable direct georeferencing as compared to
image scales and resolution, but the system uses these data as initial values
for approximate orientation. This is an iterative step that continues until the
desired accuracy is achieved. The exterior orientation values are taken from
the log files recorded during the UAV survey flight for initial direct georef-
erencing of the images (Cramer and Stallmann, 2002).

The locations of UAV can be improved by feeding IMU and cam-
era data into a Kalman filter (Mian et al., 2015). Some recently devel-
oped UAV platforms utilize multiple sets of IMU and GPS receivers to
improve the localization redundancy. However, many simple UAVs do not
log their GPS coordinates, but merely use the onboard GPS to feed data
into the autopilot system (Hugenholtz et al., 2016). GPS loggers, such as
the Flytrex Core 2 Flight Tracker, collect longitude, latitude, and altitude
values during UAV flight, using the same GPS chip as used for naviga-
tion. This data is available in formats that can be directly used to georef-
erence the images/maps. Some UAVs, such as the MAVinci SIRIUS Pro
and the SenseFlyeBee RTK model, including specialized mapping UAVs,
use direct georeferencing techniques without the use of GCPs (Forlani
et al., 2018).
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5.3.2 Terrain Modeling Approaches

Terrain modeling involves creating 3D models (e.g., DEM, DSM, DTM)
from 2D images and point cloud data. It also requires creation of 3D visu-
alization of terrain using VR, AR and other visualization techniques. Terrain
modeling is required in many applications where elevation of ground,
slope of ground and height of various objects on ground are needed. Some
approaches are discussed below.

5.3.2.1 Digital Elevation Model (DEM) Creation

A DEM is a bare Earth raster grid referenced to a vertical datum. It is a
digital data file consisting of elevation information in a color code (raster)
or grid form (Figure 5.1a). A DEM will not include the built features (e.g.,
power lines, buildings, bridges, roads and towers) and natural features (e.g.,
trees). The elevation values and their spatial variations are of importance
in many applications. The DEMs with high spatial resolution (<1 m) and
height accuracy (< 0.1 m) in elevation measurements can be generated with
LiDAR data. Various studies showed it was possible to estimate the elevation
with errors ranging from 0.5 m to 0.05 m (Manousakis et al., 2016; Forlani
et al., 2018). The DEMs can be used to estimate the slope and the aspect in
each grid which are useful in hydrology, infrastructure and land use planning
(Gajdamowicz et al., 2007). The DEM data are also used for calculation of
volume, finding out higher elevation regions, lower elevation regions, flat
areas and flow of the drainage. Table 5.2 presents a comparison of height
modeling from photogrammetry and LiDAR data.

TABLE 5.2 A Comparison of Height Modeling from Photogrammetry UAV and LiDAR UAV.

Photogrammetry LiDAR
Platform Aerial and space-borne. Aerial
Sensor Passive optical sensor. Active near-infrared sensor.

Images acquired by area or | Typical wavelength 900 nm.
line sensors.

Geometry Perspective geometry, Near-vertical geometry with polar
requiring at minimum coordinate determination. Narrow
two images of overlapping | scan widths of a km or less typical
area from different view incidence angle +20°.
directions.

(continued)
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Photogrammetry LiDAR
Flight plan Weather and illumination | Weather dependent, flying height
dependent, large range 300-2000 m, flying speed 200
of flying height and km/h, ground strip width depends
speed. Sub-meter pixel on flying height.
size satellite imagery can
capture up to 300 km?
scenes.
Elevation Image matching from Distance to a feature is a function
measures stereo pairs is used to find | of the time it takes for the emitted
differences in parallax to signal to return.
calculate surface elevation.
Vertical Vertical accuracy is a rmse 0.1 — 0.3 m.
accuracy function of a photoscale; a
rough indication for aerial
photography is that vertical
accuracy is around 1:8000
of flying height. Satellite
imagery can achieve height
accuracy to 2-3 pixels.
Factors Photo scale, Image Flying height and speed, Scan
influencing contrast, Image geometry, | angle, Point density, Terrain
vertical Pixel size, Terrain steepness, and Interpolation
accuracy steepness, and Image algorithm
matching algorithm.
DEM post- Manually collected 10,000-100,000 points/s can be
spacing information can derive produced for dense elevation data.
(horizontal DEM and DSM points Irregular mass points are derived
distance and lines. Automatic from laser footprints of 0.40—2m,
between data | image matching algorithms | separated 1-5 m apart (depending
points) result in DSM grid points; | on flying height). Interpolation is
processing is then required | required to produce a regular grid.
to reduce the DSM to a First return (surface data) and
DEM. last return (hard surface) data are
available; however, processing is
required to generate DEMs from
DSMs. Typical outputs will range
from 0.5 to 5m post-spacing.
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Photogrammetry

LiDAR

Advantages J

Large area coverage
Breaklines can be

easily applied such that
elevation over complex
terrain surfaces is
calculated

Using additional images
with differing view
angles allows redundant
elevation measurements,
potentially increasing
accuracy.

e Active sensor, therefore able
to collect data at any time
irrespective of light

* High point density, typically 1
point/m?

* Penetration through vegetation

e TFast data-to-information
processing and high turnaround
rates in production

Disadvantages |

Relies on complex
software systems

DEM extraction by
automated image
matching algorithms
still requires interactive

¢ Surface discontinuities are not
well preserved due to footprint
sizes

* Multipath and vertical profile
strikes may be misleading

¢ No data is available for water

stereo editing and can surfaces
be labor intensive, thus | ® Does not penetrate in rain
increases the cost of data or fog

extraction.

In photogrammetry, high quality and a high-resolution camera can yield
DEMs with horizontal (x-y) accuracies in the range of 1 cm (0.4 in) and ele-
vation (z) accuracies in the range of 2 to 3 cm (0.8 to 1.2 in), making them
ideal for use in construction planning, hydrology, route alignment, and pre-
cise volumetric analysis (Westoby et al., 2012). While taking high-resolution
images with a camera mounted on UAV, it is important to have an angular
separation not exceeding 30 degrees between the images (considering the
camera’s position during the capture) and a minimum of 60-80% overlap-
ping images for efficient construction of the 3D surface. The location and
number of GCPs strongly influence the accuracy of the 3D model used to
georeference the model, the flight altitude, the inclination of the camera
axis, the image network geometry, image matching performance, surface
texture and lighting conditions.

The DEM can be generated either from LiDAR 3D data or photogram-
metry images. High-resolution imagery from UAV can be processed through
software, such as Agisoft PhotoScan or Pix4D to obtain DEMs. Dataset
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fusion of RGB images obtained from UAVs and elevation information pro-
vides a more holistic representation for the construction of accurate maps
for planning purposes. Various sources of data using different techniques
and methods used to generate DEM at different resolutions are given in
Table 5.3. Limitations of each method have also been explained. It is clear
from this table that no method is perfect for creating a DEM, but the data
and approach would entirely depend on the application for which DEM will
be used.

TABLE 5.3 Various Sources, Techniques, Methods and Limitations for Generating DEM

(Lakshmi and Yarrakula, 2018).

Methods Data Interpolations | Availability Limitations
Formats | Methods
Ground surveys | Ground Triangular Expensive and Not suitable
elevation | Irregular time-consuming for large areas.
point Network (TIN) | to collect data GPS does not
to interpolate for large areas. provide reliable
Suitable for small | height under the
areas only. canopy. Problem
with TIN
interpolations.
Airborne Contours | Kriging Require aerial Problem with
photogrammetric | and photography and | vegetation and
surveys with measured skilled operators. measurement
manual points frequency.
interpretation
Airborne Using Kriging Require aerial Problem with
photogrammetric | correlated photography. vegetation
surveys using points and non-
automatic ground points
interpretation with medium
method frequency
resolution.
Existing Primarily | Kriging Readily available Problem with
topographic contours and can be done vegetation and
map data relatively cheap. measurement
frequency.
Added errors
with digitization.
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Methods Data Interpolations | Availability Limitations
Formats | Methods
Airborne laser Point data | Inverse Low cost. High- Problems may
scanning Distance resolution DEM, occur with steep
Weights DSM and DTM slopes and heavy
are the products. vegetated areas.
Automated Point data | Use correlation | Can do at a Problem with
stereoscopic for surface fraction of costs in | clouds, non-
based satellite points and Photogrammetry. | ground points
imagery filtering is Resolution is much | and vegetation
required. lower. 30m SRTM | with medium
DEM is freely frequency
available. resolution.
Radar based Raster None Cost is lower than | Problems with
satellite imagery | DEM Photogrammetry. | vegetation and
High resolution is | steep slopes.
possible but lower
than LiDAR. 30
m SRTM DEM is
freely available.
High resolution Contour Available at the Requires a
satellite data interpolation cheaper cost. cloud-free view
Higher-resolution | to generate a
DEM is possible. | good quality and
Some data are high-resolution
available free DEM.
of cost.
LiDAR based Point Kriging Provide high- Suffers from
satellite imagery | values: resolution DEM an inability to
LAS with good accuracy. | penetrate in the
format or Low cost than dense canopy.
ASCII photogrammetric | Difficult to
methods. Cover interpret and
large area. process large

datasets.
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5.3.2.2 Digital Surface Model (DSM) Creation

A DSM represents the elevations of the natural surfaces and built features
above the Earth’s surface. In a LIDAR system, pulses of light travel to the
ground, bounce off their target and return to the sensor to give a variable
distance to the Earth. The LiDAR delivers a massive point cloud of varying
elevation values from natural terrain features on the Earth’s surface, includ-
ing the top of buildings, bridges, towers, tree canopy, power lines, etc. A
DSM, therefore, represents the height of various objects present on the
ground (Figure 5.1b). The DSM generates a dense point cloud by matching
features across multiple image pairs (Manousakis et al., 2016). The DSM
is especially useful in 3D modeling, smart city planning, telecommunica-
tions, aviation and forestry, archeology, hydrology, engineering or agriculture
(Al-Najjar et al., 2019).

(a) (b)
FIGURE 5.1 (a) DEM from LiDAR data (b) DSM of terrain [See Plate 3 for Color].

Photogrammetry UAV also allows the production of DSMs with a high
spatial resolution. There are several steps to be performed before using
UAV images to create a DSM, as shown in Figure 5.2. The DSM can also
be considered an additional feature with remote sensing images, which can
improve the classification results by image segmentation.

Nex and Remondino (2014) presented the details of time taken in
each activity of a UAV-based field campaign considering the automation
in automated tie point extraction and DSM generation, as shown in Table
5.4. It is seen that a high percentage of time is spent on image acquisition,
image orientation, GCPs measurements, and DSM generation, in partic-
ular, if direct georeferencing cannot be performed. However, the time
required for the feature extraction would depend on the types of feature
to be extracted.
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UAV image processing

g

The algorithm utilizes the log file from the UAV autopilot to provide
initial estimates for the position and orientation of each image

g

Apply aerial triangulation process in which the algorithm
re-establishes the true positions and orientations of the images

0

A bundle-block adjustment uses automated tie points to optimize
the photo positions and orientations by generating a high number
of redundant observations.

Generate a DTM and a DSM
1

Orthorectify the images to remove the distortions

4

Combine the individual images into a seamless mosaic of the
area at the desired resolution

FIGURE 5.2 Steps for orthophoto generation (Shakhatreh et al., 2018).

TABLE 5.4 Time Efforts in Each Activity of Photogrammetry UAV.

Activity Time Required (%)
Flight planning 5
Image acquisition 20

GCPs field measurements 15

Image triangulation 15
DSM generation 25
Orthomosaic 10
Feature extraction 10

5.3.2.3 Digital Terrain Model (DTM) Creation

The DTM is a grid of 3D points (x, y, z) that does not consider objects above
the ground. The density of the grid in a DTM varies dependent upon the
terrain, which is stored in digital form. It is a vector data set composed of
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regularly spaced points and natural features, such as ridges and breaklines.
The DTM represents distinctive terrain features much better because of
its 3D breaklines and regularly spaced 3D mass points. The DTMs are nor-
mally derived from DSM by digitally filtering vegetation, building or other
man-made features. The DTM is considered to be a more useful product
than a DSM, because the high-frequency noise associated with vegetation
cover is removed. The DTM can be used to model water flow, documenta-
tion, transportation system planning or geological applications.

There are several steps to be performed before using UAV images to
create a DTM, as shown in Figure 5.2. The UAV-based methodologies have
benefited from recent advances in the structure from motion (SfM) approach,
which, much like traditional photogrammetry, utilizes image overlap from
multiple perspectives of the collected images to identify key points and gen-
erate an accurate point cloud model the surface (Kaminsky et al., 2009).
Once georeferenced, SfM point clouds can be filtered and interpolated to
create highly accurate, site-specific DTMs and/or DSMs upon which image
mosaics are georectified (Westoby et al., 2012).

5.3.2.4 Orthophotos Creation

Orthophotos are common products of photogrammetric applications, as
they combine geometry and photorealism in order to provide a metric visu-
alization of the area. The quality of orthophotos depends on image reso-
lution, camera calibration and orientation accuracy, and DTM accuracy
(Kraus, 2007). Orthophotos, thus generated from high-quality UAV images,
show great details which can be used for area, distance and other planimet-
ric measurements (Hugenholtz et al., 2016). In addition, the applications of
Google Earth-Google Maps, Bing Maps, etc., have increased the demand
for orthophotos. The DSMs and orthophotos are also used for object detec-
tion or quantification of topographic changes.

Orthomosaic maps are generated from a large number of image dataset
collected using a UVAs camera. An aerial orthophoto mosaic can be created
following the standard photogrammetric procedure that consists of (i) image
orientation, (ii) re-projection with a DTM, and (iii) image mosaicking. Image
orientation is carried out from a set of GCPs and tie points using collinearity
equations (bundle block adjustment). An orthophoto map is created by the
vertical parallel projection of a surface and consists of the geometric accu-
racy of an image’s map and visual characteristics. These image datasets are
then processed for georeferencing and mosaicing into a single image layer.
The UAV photogrammetric data processing workflow to create a DSM,
DTM and an orthophoto is shown in six steps in Figure 5.2.
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First, the algorithm utilizes the log file from the UAV autopilot to pro-
vide initial estimates for the position and orientation of each image. The
algorithm then applies an aerial triangulation process in which the algorithm
re-establishes the true positions and orientations of the images from an
aerial mission. During this process, the algorithm generates a large num-
ber of automated tie points for conjugate points identified across multiple
images. A bundle block adjustment then uses these automated tie points to
optimize the photo positions and orientations by generating a high number
of redundant observations, which are used to derive an efficient solution
through a rigorous least-squares adjustment (Benasse et al., 2017). To pro-
vide an independent check on the accuracy of the adjustment, the algorithm
includes a number of check points. Thereafter, the oriented images are used
to create a DSM, which provides a detailed representation of the terrain
surface, including the heights of objects, such as towers, trees, bridges and
buildings.

The images taken from the UAV are processed with a SfM and multi-
view stereo (MVS) approaches. These approaches allow the geometric con-
straints of camera position, orientation and GCPs from many overlapping
images to be solved simultaneously. Computations are performed to gener-
ate the DSM and orthophotos.

Figure 5.3a shows the original image collected by UAV photogramme-
try, and its orthophoto is shown in Figure 5.3b. The orthophotos can be used
to create 3D models of the area. After combining these datasets, a virtual 3D
dynamic model is generated, which can be visualized for forest, mountains,
heritage monuments, temples, palaces, archeological sites, statues, etc. The
DSM and orthophoto generation have been accomplished by SfM methods
which combine photogrammetry and computer vision methods (Westoby
et al., 2012).

FIGURE 5.3 (a) Image, and (b) Orthophoto of an area.
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5.3.2.5 Multi-View Stereopsis (MVS) Approach

The UAV photogrammetry using MVS, known as UAV-MVS, is a technique
that combines photogrammetry and computer vision. It is becoming increas-
ingly popular for 3D reconstruction surveys (Harwin, 2015). If the positions
and orientations of the UAV cameras are known, the UAV-MVS algorithm
can reconstruct the 3D structure of a scene by using multiple-view images.
One of the most representative methods was proposed by Furukawa and
Herndndez (2015).

This method estimates the 3D coordinates of the initial points by match-
ing the difference of corner points between different images, followed by
patch expansion, point filtering, and other processing (Qu et al., 2018). The
patch-based matching method is used to match other pixels between the
multi-images. Thereafter, a dense point data cloud and mesh data cloud can
be obtained. Using the concept of Furukawa and Hernandez (2015), Koci
et al. (2017) have proposed several 3D reconstruction algorithms which are
based on depth-map fusion. These algorithms can obtain reconstruction
results with an even higher density and accuracy.

The method proposed by Shen (2013) is one of the best approaches.
The important difference between this method and the method used by
Furukawa and Herndndez (2015) is that it uses the position and orientation
information of the cameras as well as the coordinates of the sparse feature
points generated from the structure calculation. The estimated depth-maps
are obtained from the mesh data generated by the sparse feature points.
After depth-map refinement and depth-map fusion, a dense 3D point data
cloud can be obtained. This method can easily and rapidly obtain a dense
point cloud. An implementation of this method can be found in the open-
source software openMVS (Shen, 2013).

5.3.2.6 Structure from Motion (SfM) Approach

The dominant photogrammetry technique adopted to derive 3D point clouds
from the sequence of overlapping UAV images is StM (Turner et al., 2012).
The SfM is a photogrammetric technique that is based on two principles: (i)
the binocular vision and (ii) the changing vision of an object that is moving
or observed from a moving point. The 3D model now can be computed from
overlapping images without the need for pre-requisite information on cam-
era location and orientation, camera calibration and/or surveyed reference
points in the scene.

The SfM differs from the traditional photogrammetry mainly in three
aspects: (a) features can be automatically identified and matched in images
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at differing scales, viewing angles and orientations, which is of particular
benefit when small unstable platforms are considered for image collection;
(b) the equations used in the algorithm can be solved without information
of camera positions or GCPs, although both can be added and used; and (c)
camera calibration parameters can be automatically solved or refined during
the process. Thus, the SfM can automatically deliver photogrammetric mod-
els without requiring rigorous homogeneity in overlapping images, camera
positions, and calibrations.

The general 3D reconstruction algorithm without a priori position and
orientation information can be roughly divided into two steps (Dellaert
et al., 2000). The first step involves recovering the 3D structure of the scene
and the camera motion from the images. This is generally referred to as
the SfM problem. The second step involves obtaining the 3D topography of
the scene by generating a dense point data cloud or mesh data cloud from
multiple images. This is generally referred to as the MVS problem (Harwin,
2015). The entire process can thus be referred to as SEM-MVS (Iglhaut et al.,
2019). Figure 5.4 depicts a schematic workflow of the SIM-MVS process.

Images Feature detection
e

| Points and descriptors |

Keypoint correspondence

and filtering

SIFT
or similar

<
Bundle adjustment Sparse point cloud

JImage and camera parameters |

N Z

Matched keypoints
GCPs | ypoins |

camera
position

Image clustering
SfM

Multi view stereo matching

Image clusters

| Dense point cloud |

MVS

E] Main steps Auxiliary input/output
.Procedures |:| Main input/output

FIGURE 5.4 Workflow of the SfM-MVS process (Iglhaut etal., 2019).
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The SEM-MVS process starts with the automatic extraction of keypoints
(i.e., points or sets of pixels with distinctive contrast or texture) in the images.
The keypoints are identified in all images and then tied (matched) across
images where they appear. The Scale Invariant Feature Transform and its
variations are the most common algorithms for keypoint identification and
matching in SfM. Given a sufficient number of images and keypoint matches,
StM performs bundle adjustments (Jiang and Jiang, 2017) to simultaneously
compute the camera positions and parameters and a sparse 3D point cloud
of the scene (consisting of the position of keypoints matched in different
images). The outputs of SfM are then scaled and georeferenced based on
GCPs and/or data from navigation devices from the camera or its platform.
The camera positions and parameters obtained from SfM are then applied
to generate a densified point cloud using MVS algorithm. Prior to the MVS
densification and for computational efficiency or even viability, images are
clustered based on their locations. In this way, the dense point cloud of each
cluster (i.e., group of images) is computed separately.

The SfM techniques have revolutionized 3D topographic surveys in
many fields, such as physical geography, map landslides and assess glacier
movement. The orthophotos and DSM/DTM can be utilized for topographic
map creation and updation. Using SfM, it is possible to acquire images of
entire buildings, including the roof and other parts inaccessible to the scan-
ner (Micheletti et al., 2015). In addition, 3D modeling of cultural heritage
sites has led to scientific and cost-effective documentation and archiving
(Wueet al., 2018). However, the SfM algorithm has limitation in many appli-
cations because of the time-consuming calculation (Fonstad et al., 2013). In
many applications, the SfM algorithm has higher requirements of comput-
ing speed and accuracy.

There are several improved SfM methods, such as the incremental SfM,
hierarchical SfM, and global SfM. The incremental SfM is the most popu-
lar strategy for the reconstruction of unordered images using feature point
matching between images, and bundle adjustment. As the resolution and
number of images increase, the number of matching points and parame-
ters optimized by bundle adjustment will increase dramatically. This results
in a significant increase in the algorithm’s computational complexity and
will make it difficult to use it in many applications (Turner et al., 2012).
Micheletti et al. (2015) highlighted the potential of StM applications in geo-
morphological research and suggested freely available SfM tools to process
high-resolution topographic and terrain data acquired through a smartphone.
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5.3.2.7 Visualization Approaches

Data visualization is the use of human natural skills to enhance data process-
ing and organization efficiency (Ham et al., 2016). It refers to techniques
used to communicate relationships of the data with images. With the rise
of big data, it is important to interpret increasingly larger batches of data.
Machine learning makes it easier to conduct analyses, such as predictive
analysis, which can then serve as helpful visualizations to present. Data visu-
alization is going to change the way we work with data, as they are going to
be expected to respond to issues more rapidly. Geospatial or spatial data vis-
ualizations relate to real-life physical locations, overlaying familiar maps with
different data points. These data visualizations are commonly used to display
spatial and temporal trends and patterns and can be most useful for proper
planning. Many software, such as R language, ggplot2, Tableau, FineReport,
Power BI, etc., are used for data visualization (Zollhofer et al., 2018).

The UAV-based computer vision includes mechanical vision, optical
recognition, and comprehension of images. In computer vision, the UAVs
act as a mobile sensor; 3-dimensionally scanning the environment (Pflanz
et al., 2018). A flight system uses various onboard sensors to collect infor-
mation from the area around it which can be used to detect the defects,
control layers and objects, inspect shapes and sizes, examine surfaces, assess
the condition of objects, check and evaluate inventories, and many more. A
UAV can also collect visible information and automate to process it. Image
handling and processing systems have shown considerable improvement and
provided the opportunity for increasing interest in the use of UAVs in many
sectors. Such large interest in the use of UAVs has grown because of the
improvements in technology and the increasing demand for timely and accu-
rate information to cope up with the changing environment.

UAVs are revolutionizing the applications by data collection in terms
of ease, accuracy, and cost. The emerging technologies, such as AR, VR,
AL 3D modeling, and IoT, can further enhance the information and results
(Sharma and Garg, 2019) drawn from UAV’s data (Qu et al., 2018). There
is a synergy between these technologies, which complement each other
when coupled with UAV to derive a meaningful output from the data. For
example, images from a camera mounted on a UAV can be feed over the
Internet to a VR headset in real-time to offer an enhanced experience to
the users. In the long run, UAV computer vision will assure quality in many
business areas.
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5.3.3 Image Processing Approaches

Image processing methods can be used to process the multi-images for clas-
sification, detection, and objects retrieval. The movement of autonomous
UAV is mostly based on self-monitoring and self-targeting on the basis of
real-time object detection and classification techniques. Vision cameras can
help in the detection process of objects and persons. Thermal IR cameras
can also be used to detect the heat profile to locate pipeline leakage, forest
fire etc. The UAVs can be integrated with thermal and vision cameras for
target detection.

In search and rescue operations, image processing can be done either
at the GCS for post target identification or at the UAV itself, using onboard
processors with real-time image processing capabilities (Shakhatreh et al.,
2018). The image post-processing approaches using 3D point clouds, DTMs,
and orthomosaics can be used to analyze a large number of images with
higher accuracy (Harwin, 2015). Artificial intelligence (Al) is being used in
image processing to find accurate information in the image and extract the
desired information.

Visockiene et al. (2014) compared two popular photogrammetic soft-
ware, Pix4D Mapper (Switzerland) and PhotoMod (Russia) software, in a
study to process the UAV images. The Pix4D Mapper is specialized for UAV
images processing, while PhotoMod is designed for common photogramme-
try processing. Orthomosaic may be saved into the following formats: BMP,
DGN, IMG, GeoTIFF, JPEG, NITF, PCIDSK, PNG, TIFF. Table 5.5
presents a comparison of this two software (PhotoMod and Pix4D Mapper)
with regard to performing various photogrammetric steps.

TABLE 5.5 Comparison of Features of Two Popular Software.

Photogrammetric Steps PhotoMod Pix4D Mapper
Images deployment at the world | No Automatically
map

Photo camera calibration No Yes

Images correction depending Automatically Automatically
on photo cameras lens

disorientations

Image orientation: (interior (Manually, Semi- Automatically
orientation, relative orientation, | automatically,

triangulation) Automatically)
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Photogrammetric Steps PhotoMod Pix4D Mapper

Orthomosaic generation Semi-automatically by Automatically
Mosaic module

Terrain model (DTM) creation Semi-automatically by Automatically
DTM module

Topographic map creation and Manually by Stereo Draw | Manually

updation module

5.3.3.1 Data mining approaches

Today’s digital world is surrounded by big data forecasted to grow 40% per
year into the next decade. Data mining is defined as the process of applying
specific algorithms for extracting patterns and new knowledge from large
banks of data (Austin, 2010). Today’s UAVs are small, simple and economi-
cal to operate, allowing survey data to be collected in a continuous stream
throughout the flight and instantly uploaded to a server for near real-time
analysis. All this data also creates noise which requires powerful tools or
techniques to mine useful data. Relying on techniques from the intersection
of database management, statistics and machine learning, data mining tech-
niques can process and draw conclusions from a vast amount of information
(Sharma and Garg, 2019).

The UAVs create massive amounts of data during the survey of land-
scapes, habitations, forests etc., that need to be managed, stored and ana-
lyzed efficiently. The data streams collected on board UAV sensors, such as
ultraviolet, infrared and thermal imaging cameras, hyperspectral sensors and
LiDAR scanners, may be required to integrate with other collateral data and
information for complete analysis (Fahlstrom and Gleason, 2012). In many
applications, the surveyed data are required to be uploaded instantly to the
cloud, processed, and then downloaded to both mobile devices of the users
and to a central computer in the office. So a high-performance analysis of
the database becomes very important.

Data mining allows users to look beyond simple factual information and
consider the consequences of each decision in a wider context. It can high-
light implicit, previously unknown and potentially useful knowledge from
large data sets (Sowmya and Subramani, 2018). For example, if localized
adverse weather occurs, data mining will identify similar weather patterns
from previous years’ data, and predict how market prices of agricultural pro-
duce will change. It is expected that in future, information and knowledge
that can be drawn (mined) from big data will be one of the greatest assets
available to users.
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5.3.3.2 Fuzzy Logic Approaches

Fuzzy logic was proposed by Zadeh in 1965 as a way to more accurately
capture the real-world. It is a form of first-order logic that can determine the
value of a statement as being true or false in the form of a number between
0 and 1, where true is 1, and false is 0. In fuzzy logic applications, a number
of fuzzy sets and linguistic variables are defined (Sabo and Cohen, 2012). Its
control can deal effectively with highly non-linear systems over conventional
control methods. Modularity and adaptability are the key cornerstones of
fuzzy logic control.

Fuzzy logic has benefits of adaptability to uncertainty, near-optimal
results, ability to compute online, etc. It allows the user to capture much
more information about the environment in a more efficient manner. Fuzzy
logic excels in circumstances where the environment is continually chang-
ing, and incomplete information is available. In recent times, due to the
advantages of fuzzy logic systems, they are also being used in expert systems
(Garcia-Aunon, et al., 2017). The fuzzy logic approach can lead to lower
development costs, superior features, and better end-product performance.

Landing a UAV on a moving platform is a very difficult problem sci-
entifically and from an engineering perspective. Fuzzy logic provides the
solution to a challenging environment when the UAV tries to land on a
moving platform, such as a delivery van or a warship pitching in high seas
(Sabo, and Cohen, 2012). The UAV has to land within a designated area
with a small margin of error. Similarly, fuzzy logic helps the UAV make good
navigational decisions amid a sea of statistical noise called “genetic-fuzzy”
because the system evolves over time and continuously discards the lesser
solutions. Compared to other state-of-the-art adaptive thinking and deep
learning techniques, genetic fuzzy is scalable, adaptable, and very robust
(Ross, 2010). The reduced failure rate is a distinguishing attribute of fuzzy
logic.

The benefits of fuzzy logic combined with other intelligent control
techniques, like genetic algorithms, artificial potential fields, and neural
networks, are the real-time computations, and therefore can effectively be
used for path planning of UAVs. In addition to artificial potential fields
as an intelligent control method, fuzzy logic has shown excellent results
for path tracking and collision avoidance for both mobile robots and UAVs
(Hui et al., 2006). Compared with other path planning methods, the fuzzy
logic control gets good results, and it can be obtained online with any type
of environment. When introducing stationary obstacles and exploiting
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information about these obstacles (i.e., distance and angle), path tracking
of UAVs using fuzzy logic has shown promising results (Pérez-Rastelli and
Santos, 2015).

Fuzzy logic, based on multi-valued logic, provides a unique method for
encoding knowledge about continuous variables. Juan et al. (2018) proposed
four methods to carry out the path planning: attraction, fuzzy logic, adap-
tive-network-based fuzzy inference system, and a particle swarm optimiza-
tion algorithm. All of them calculated the location of the waypoints to be
followed by the UAVs to minimize the distance and the risk exposed to the
people.

As fuzzy logic offers several advantages in a challenging environment
which is continually changing and where the information available is incom-
plete, the fuzzy logic controller can be used for motion planning of UAV,
as shown in Figure 5.5. Four inputs into the system are (Sabo and Cohen,
2012) (i) distance from the UAV to the obstacle, (ii) angle between the UAV
and the obstacle, (iii) the distance to the target, and (iv) the error between
the current heading angle of the UAV and the angle of the target in rela-
tion to the inertial reference frame. Fuzzy logic manipulates the input using
heuristic knowledge and typically converts them to outputs in three stages:
fuzzification, decision-making logic, and defuzzification. Fuzzification will
take analog inputs and converts them to a continuous value between 0 and
1 based on their degree of membership in each function. A knowledge base
is then used to form a set of rules relating to the inputs and outputs in the
form of if-then statements. The outputs are finally converted back to crisp
numbers using a defuzzification method.

Fuzzy logic controller

Knowledge base

1

1

1

i
Fuzzification Defuzzification| |
interface interface |
1

1

1

1

1

1

Inputs Outputs

System

L>{Decision making Iogic}—T

Sensors

FIGURE 5.5 Fuzzy logic control system.
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5.3.3.3 Machine Learning Approaches

Machine learning is about learning from data. Machine learning techniques
can be applied to images captured by UAVs. The first step of machine learn-
ing is data cleansing, which includes cleansing up the image and/or textual-
based data and making the data manageable. This step sometimes might
include reducing the number of variables associated with a record. The next
step is selecting the right algorithm, which includes getting acquainted with
the application in hand. Machine learning uses three popular algorithms
in remote sensing (Ma et al., 2017): (i) random forest; (ii) support vector
machine (SVM); and (iii) artificial neural network (ANN). In some scenar-
ios, where there are multiple features but limited records, the SVM algo-
rithm might work better. If there are a lot of records but less features, ANN
might yield better prediction/classification accuracy. Machine learning has
also played an important role to perform automatic land classification from
remote sensing images (Gibril et al., 2018).

Normally, several algorithms are applied on a dataset, and the one
that works best is selected. Bur in machine learning, a combination of
multiple algorithms can also be employed, which is referred to as ensem-
ble, to achieve higher accuracy of the results (Wang and Wang, 2019).
Similarly, multiple ensembles may be applied on a dataset in order to
select the best ensemble. It is practical to choose a subset of algorithms
based on the problem and then narrow down the algorithm that per-
forms best.

A simple block diagram to use a machine learning algorithm is shown
in Figure 5.6. The first challenge in machine learning is that the training
segment of the dataset, should have an unbiased representation of the whole
dataset, and should not be too small as compared to the testing segment of
the dataset. From the input data, the system would attempt to extract data,
so-called “feature extraction,” to reduce more resources. After finishing this
process, the acquired model is compared with the accurate model to ensure
the selection of the most suitable model. If the acquired model is suitable,
it must be kept to predict or test data accuracy with other data sets. This
step is called cross-validation. The second challenge is overfitting, which can
happen when the dataset used for algorithm training is also used to evaluate
the model (Duro et al., 2012). This will result in very high prediction/classi-
fication accuracy. However, if a simple modification is performed, then the
prediction/classification accuracy may reduce.
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FIGURE 5.6 A block diagram to use a machine learning algorithm.

Machine learning algorithms can be simply classified as (i) supervised,
(ii) unsupervised, and (iii) reinforcement learning. The supervised learn-
ing algorithms utilize known models and enable the estimation of unknown
parameters. They can also be utilized in higher-layer applications, such as
estimating the mobile users” locations and behaviors, which can help the
UAV operators enhance their services” quality. The unsupervised learning
algorithms utilize the input data itself in a heuristic manner. They can be
used for heterogeneous base station clustering in wireless networks and in
fault/intrusion detections. The reinforcement learning algorithms utilize the
dynamic iterative learning and decision-making process. They can be used
for estimating the mobile users” decision making under unknown scenarios
(Jiang et al., 2017).

The techniques used for image analysis and classification are gener-
ally either object-based or pixel-based techniques. Both have been inte-
grated into different machine learning models for semi-automated feature
extraction (Duro et al., 2012). A number of object-based and pixel-based
semi-automated approaches have already been developed for mass move-
ment detection, using different machine learning models (Tsourdos et al.,
2011). According to Shakhatreh et al. (2018), five machine learning steps can
be utilized by UAV remote sensing, which includes (i) gathering data from
various sources, (ii) cleansing data to have homogeneity, (iii) selecting the
right machine learning algorithm, (iv) gaining insights from the results, and
(v) data visualization of results.
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Bejiga et al. (2017) proposed machine learning techniques applied to
images captured by UAVs equipped with vision cameras to help in search
and rescue operations, as shown in Figure 5.7. In their study, a pre-trained
Convolutional Neural Network (CNN) with trained linear SVM is used to
determine the exact image/video frame in which a lost person is detected.
Search and rescue operations employing machine learning technology may
face many challenges. As UAVs are battery-powered, so there is a significant
limitation on their onboard processing capability. Protection against adver-
sarial attacks on the employed machine learning techniques poses another
important challenge (Shakhatreh et al., 2018).

l ! Feature extraction
=
=\ processing > =) )Forward>| X

Frame captured

Present

Absent

Pre-trained
CNN

FIGURE 5.7 Use of UAVs with machine learning technology (Bejiga et al., 2017).

5.3.3.4 Deep Learning Approaches

Over the last decade, deep learning models, and in particular CNNs, have
been successfully used for the classification and segmentation of remotely
sensed imagery for a broad range of object detection applications (Hui et al.,
2006). The CNNs are mostly supervised machine learning in which masses
of labeled sample patches are used to feed learnable filters to minimize the
applied loss function (Mazumdar and Padhi, 2011). The performance of
these approaches is strongly dependent on their network architecture, the
sample patches selected for input, and on graphics processing unit (GPU)
speed (Kim and Bhattacharya, 2007). While CNNs have shown superior
capabilities for extracting the features from remote sensing images, only a
few studies have been carried out to date using CNN. Deep learning tech-
niques are also least used because of the limitations of onboard processing
capabilities and power resources on UAVs. Therefore, there is a need to
design and implement onboard, low power, and efficient deep learning solu-
tions using UAVs (Carrio et al., 2017).
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Al-Najjar et al. (2019) used UAV data to produce an RGB orthomo-
saic photo and a DSM of the study area. The workflow and the procedure
are shown in Figure 5.8. A deep learning classifier (CNN) was used to ana-
lyze two different datasets to map the existing land cover classes into bare
land, buildings, dense vegetation (trees), grassland, paved roads, shadows,
and water bodies. The CNN was trained using only the RGB image. Then,
the RGB image and the DSM data were fused to study the effectiveness of
a combined dataset. The two networks were trained to assess whether the
fusion of RGB and DSM would yield superior results. This study compared
the capability of CNN to accurately classify UAV images of lower resolution
with very-high-resolution aerial photos and found promising results with the
fusion of datasets.
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RGB Image 17 D — 3 L Model Grassland
: | ode m Paved Road
- 0 o o Shadow
4 % = \Water
2 @ \ |_°|3
T | 2 / mm I Output
IS n Labels
Image Fused
DSM Patches Features

FIGURE 5.8 Flowchart of the proposed CNN based classification model (Al-Najjar et al., 2019)
[See Plate 4 for Color].

Figure 5.9 shows the CNN based classification of the above two datasets.
The overall accuracy of land cover classification into seven classes increased
in RGB data from 96.5% (without DSM) to 99.1% in RGB plus DSM fused
image. A similar improvement in the average accuracy was observed from
93.3% (without DSM) to 98.9% when considering the DSM data. Thus, the
classification that did not include the DSM feature had a lower performance
than the fused datasets using the testing & training datasets.
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FIGURE 5.9 Classification map produced by the CNN based on the two datasets: (a) RGB only dataset
and (b) RGB + DSM dataset (Al-Najjar et al., 2019) [See Plate 5 for Color].

5.3.4 Cloud Computing Approaches

Cloud computing is defined as a computing service from anywhere, anytime,
using any computing device through the Internet (Sharma and Garg, 2019).
It is provided through a type of parallel and distributed system on virtual
inter-connected computers, which can be dynamically provisioned and pre-
sented as one or more unified computing resources based on “service level
agreements” established between the service provider and the users (Paloz-
Sanchez et al., 2017). Cloud computing technology does not require servers,
hardware and software in the offices, as the processes are carried out else-
where over the Internet. All of this occurs in a dynamic and scalable way, on-
demand. In addition, the resources required can be increased or decreased
according to the operation needs. Compared to traditional computing, cloud
computing provides systematic information that directly impacts the final
recipient of the process in terms of effectiveness and analysis process. It also
provides decision support for an activity.

In this approach, the data captured by UAV sensors is automatically sent
to the cloud computing servers, where it is immediately processed with the
power of the servers and cloud processing. The processed data is analyzed
and optimized so that the results can be shared automatically. For example,
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multispectral imaging technology can help with land management, crop fer-
tilization or early detection of biotic stress, monitor irrigation by identifying
areas where water stress is suspected to estimate crop yields and explore
agronomic indices (Saura et al., 2019).

Some companies now also offer UAV mapping and processing software
that can carry out real-time image processing on their servers, such as Drone
Deploy, Drone Mapper, and Airware. Outsourcing the computing work to
process several UAV images would not only shorten the long processing time
required by sophisticated photogrammetry software, but also it can provide
quick output while the survey team is still in the field. The disadvantage is
that the secrecy of the data may be lost while sharing for outsourcing. Using
these services requires access to mobile data or the Internet, which may not
be available in remote areas or during disasters events. Some services, such
as Drone Deploy, require the purchase of a separate unit that is mounted on
the UAV to function for the transfer of data.

5.3.5 UAV Photogrammetry Software

The camera on UAV takes a large number of photographs which are stitched
together using specialized photogrammetry software to create the 3D
images. The photogrammetry software is required to process the images into
maps and 3D models. The typical output from photogrammetry UAVs soft-
ware includes orthomosaic images/map layers (Google maps, Mapbox, etc.),
3D point clouds, meshed 3D models, DEM, DSM, DTM, NDVI images
and classified outputs. There are many photogrammetry software for creat-
ing 3D maps and models, which would require a lot of computer processing
power for a large dataset.

Aicardi et al. (2016) carried out a detailed study and compared the
results of different photogrammetric software packages. This type of com-
parison is very beneficial to understand the capability of software to be able
to best handle UAV images with reference to the point density of the model
for 3D visualization. Table 5.6 presents a summary of the number of mil-
lions of points created using 190 UAV images in each software. The acquired
data is processed using the SfM approach implemented in different software
tools: Agisoft Photoscan Professional, Pix4D, 3Df Zephyr, SURE, MicMac,
VisualSfM, and ContextCapture (Federman et al., 2017). This software are
commercial and proprietary solutions, except MicMac and VisualSfM, which
are open-source software. It is observed from the table that the Context
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Capture software obtains the denser cloud (19 million points). The other
software allows extracting dense clouds (between around 4-7 million points),
except for 3Df Zephyr and VisualSfM where the obtained point clouds are
<1 million points.

TABLE 5.6 Cloud Points Created Using Various Software (Aicardi et al., 2016).

Photoscan |Pix4D |3Df MicMac | SURE | Context | Visual

Professional Zephyr Capture |SfM
Millions | 3.5 44 <1 4 7.5 19 <1
of cloud
points

The use of open-source software is another possibility for post-processing
for aerial imagery. Some of these include MapKnitter from Public Lab,
OpenDroneMap, MicMac, VisualSfM, OSM Bundler, Microsoft Photosynth,
Photosynth Toolkit, My3DScanner PhotoTourism and AutoDesk 123D
Catch (Bartos et al., 2014). The Microsoft’s Image Composite Editor may
be a good choice for panoramic image stitching, although it does not create
geometrically corrected orthophotos. Such open-source and free software
packages can be more difficult to use, as they may have fewer features than
commercial software, but they are nonetheless powerful enough to achieve
useful results. The Flight Riot software (http://www.flightriot.com) provides
a comprehensive overview of open-source mapping software and associ-
ated techniques, with instructions on the proper use and selection of cam-
eras, UAV platforms, and processing software. Processing big bunches of
high-definition aerial imagery can be slow and require a powerful computer
Pprocessor.

Sometimes low-quality image processing software is required in the field
just to check that an adequate number of images with overlaps have been
taken, thereafter a higher quality model is created from software in the office.
Additional care is taken to avoid systematic errors created by the processing
software for applications requiring precision (Rothermal et al., 2012). For
instance, the combination of radial lens distortion and many images taken
from near-parallel directions can introduce an effect called “doming,” which
makes a flat surface into a dome.

Some of the UAV photogrammetry mapping software is given in
Table 5.7 and briefly explained below. The readers can get more details of
software from its respective Website.
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TABLE 5.7 The UAV Photogrammetric Software.

S. No. | UAV Photogrammetry Link
Software
1 Agisoft PhotoScan hittps:/fwww.agisoft.com/features/

photogrammetry software

professional-edition/

2 Agisoft Metashape 3D software https:/fwww.agisoft.com/
3 AutoDesk ReCap https:/fwww.autodesk.com/recap/
photogrammetry software introducing-recap-photo/
4 AutoDesk 3D mapping software | https://www.autodesk.com/
solutions/3d-mapping-software
5 Bentley Context Capture hittps:/fwww.acute3d.com/
contextcapture/
6 3DF Zephyr Photogrammetry hittps:/fwww.3dflow.net/3df-
software zephyr-feature-comparison/
7 DroneDeploy https:/fwww.dronedeploy.com/
product/platform/
8 DroneDeploy 3D mapping hittps:/fwww.dronezon.com/drone-
mobile app reviews/drone-deploy-app- review-
with-tutorials-pricing-contact-
details/
9 ESRI Drone2Map for ArcGIS hitps:/fwww.esri.com/en-us/arcgis/
products/drone2map/overview
10 Maps Made Easy orthophoto and | https:/www.mapsmadeeasy.com/
3D models software guide
11 MicMac open-source software https:/fwww.micmac.ensg.eu
12 Open Drone Map hitps:/lwww.opendronemap.org/
photogrammetry software
13 Pix4D Mapper photogrammetry | hitps://www.pixdd.com/product/
software pixddmapper-photogrammetry-
software
14 Precision Mapper 3D map https:/fwww.precisionhawk.com/
software precisionmapper
15 SimActive Correlator3D software | hitps://www.simactive.com/
16 SURE software hittp:/hvww.nframes.com
17 VisualSfM open-source software | hitp./www.ccwu.mefvsfm/
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5.3.5.1 Agisoft PhotoScan Photogrammetry Software

The Agisoft LLC, a Russian-based research company, was founded in 2006,
focusing on computer vision technology. With time, Agisoft LL.C has gained
expertise in image processing algorithms with digital photogrammetry tech-
niques setting the direction for the development of applied tools. Agisoft
PhotoScan software performs photogrammetric processing of digital images
and generates 3D spatial data. It is also widely used in GIS applications,
cultural heritage documentation and visual effects production, and indi-
rect measurements of objects at various scales. The professional version of
Agisoft PhotoScan has the features for photogrammetric triangulation, edit-
ing and classification of dense point cloud, export of DSM/DTM and geo-
referenced orthomosaic, 3D model generation and texturing, 4D modeling
for dynamic scenes, measurement of distances, areas, volumes, customize
processing workflow with Python scripts, multispectral imagery processing,
stitching panorama stitching and network processing.

5.3.5.2 Agisoft Metashape 3D Software

The Agisoft Metashape is a standalone software product that performs pho-
togrammetric processing of digital images and generates 3D spatial data.
It is useful for (i) aerial triangulation for dense point cloud and orthomo-
saic generation, (ii) creation of accurate DEMs for volume calculation in
mining & quarrying, (iii) precision agriculture and customizable vegetation
index calculation using panchromatic, multispectral and thermal imagers,
(iv) archeology & documentation, (v) aerial and oblique imagery support for
cultural heritage preservation, and (vi) game & video design models.

5.3.5.3 AutoDesk ReCap Photogrammetry Software

The ReCap (stands for Reality Capture) is AutoDesk’s software for creat-
ing 3D models from photographs or laser scans. It is used to create point
cloud or mesh ready for CAD and Building Information Modeling (BIM)
tools. About 1,000 images can be processed on the cloud and then integrated
into AutoDesk products, like AutoCAD Civil 3D and InfraWorks, for further
design.

5.3.5.4 AutoDesk 3D Mapping Software

The AutoDesk has a vast range of products for creating 3D maps using UAVs
or ground-based system. The 3D mapping products include (i) AutoCAD
professional design software for 2D and 3D CAD, (ii) REVIT- a BIM soft-

ware to plan, design, construct, and manage buildings and infrastructure,
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(iii) AutoCAD Civil 3D for civil engineering design and construction, and
(iv) AutoCAD Map 3D which is a model-based mapping software with
access to CAD and GIS data.

5.3.5.5 ContextCapture Software

The Bentley’s ContextCapture, which is the evolution of the previous
Acute3D, can quickly produce the 3D models derived from photographs
and/or point clouds. It can create highly detailed 3D meshes to provide
precise real-world context for design and construction. Hybrid processing
in ContextCapture enables the creation of engineering-ready meshes that
incorporate the versatility and convenience of high-resolution photography
supplemented, where needed, by additional accuracy of point clouds from
laser scanning. It can use up to 300 gigapixels of photos and/or 3 billion
points from a laser scanner, resulting in fine details, sharp edges, and high
geometric accuracy 3D models. It reduces processing time with the ability to
run two ContextCapture instances in parallel on a single project.

The ContextCapture Editor enables fast and easy manipulation of
meshes at any scale as well as the generation of cross-sections, extraction of
ground and breaklines, and production of orthophotos. These data can be
integrated with GIS and engineering data to enable the intuitive search, nav-
igation, visualization, and animation of information within the visual context
of mesh to quickly and efficiently support the design process.

5.3.5.6 3DF Zephyr Photogrammetry Software

The 3DFlown, also known as 3DF Zephyr, is a complete photogramme-
try software package produced by the Italian company 3Dflow. It is a per-
fect tool to capture reality automatically and reconstructs 3D models from
photos. It has a user-friendly interface and the capability to export in many
common 3D formats. It has tools for laser scan support, point cloud/mesh
support, statistical analysis, orthophoto and orthomosaic, contour lines gen-
eration, DEM and multispectral viewer. It can even generate high definition
videos without the need for external tools.

5.3.5.7 DroneDeploy Enterprise 3D Map Software

It is the leading cloud software platform for drone mapping and 3D mod-
eling. DroneDeploy can be used to create accurate, high-resolution maps,
reports and 3D models, as well as real-time 2D live maps for analysis. One
of the interesting features of DroneDeploy is the thermal live map which
allows visualizing the temperature range variability and generating thermal
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maps over large areas. DroneDeploy can be extended with an ecosystem of
industry-leading tools and customized services. It can be used to install apps
for construction, inspection, compliance, agriculture and more. For other
details, see Chapter 3.

The DroneDeploy Enterprise Mapping software is a fully featured aerial
information platform that allows managing several UAVs, with each UAV
creating a 3D photogrammetry map. The processing of all the data into 3D
maps takes place in the cloud, making it available to teams to collaborate and
analyze the data.

5.3.5.8 DroneDeploy Mobile App

The DroneDeploy mobile app can be used to fly drone to make interactive
3D maps and models. It is very easy to use with both beginners and profes-
sionals. It is the best 3D mapping apps to produce orthomosaic, volumetric
computation, 3D mapping and agricultural surveying. It provides a special-
ized solution for the agriculture sector. The software works with most of the
latest drones, such as Phantom 3, Phantom 4, Inspire 1 and 2, Mavic Pro,
Matrice 100, 200 and 600 models.

For autonomous flight, the app is used for auto-flight and camera set-
tings, automated pre-flight safety checks, auto-takeoff, flight and landing,
live stream FPV, smart auto-exposure adjustments, disable auto-flight and
resume control with a single tap, multi-flight mission support and starting
waypoint selection for continued missions, offline flight capabilities, and
custom parameters (altitude, front and side image overlap, camera settings).
In-field data analysis can explore interactive maps, measure distance, area
and volume, analyze elevation and NDVI, share maps, annotations and
messages.

5.3.5.9 ESRI Drone2Map for ArcGIS Photogrammetry Software

The ESRI Drone2Map photogrammetry software turns the drone into an
enterprise GIS productivity tool, allowing creating orthomosaics, and 3D
meshes. It works with the ArcGIS products; ArcGIS Online, ArcGIS Pro,
and ArcGIS Enterprise. It streamlines the creation of professional imagery
products from UAV captured still imagery for visualization and analysis in
ArcGIS.

It performs in-field image processing to verify the coverage and qual-
ity of imagery collection. The Drone2Map streamlines the ground control
workflow by using Collector for ArcGIS to capture high-accuracy points
that are ready for integration into Drone2Map for the ArcGIS project. It
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automates image processing routine and produces contours and 3D prod-
ucts (DSM) that can be used further for analysis and visualization. It can be
used to visualize imagery from multiple points of view. The software can be
used to create base-maps, perform image analysis and measure features. 3D
point clouds enable an analysis of natural and built-up features, including
volumetric measurements, change detection, lines of sight and obstructions.

5.3.5.10 Maps Made Easy for 3D Maps

The Maps Made Easy processes the aerial images taken from any platform
into orthophoto maps and 3D models. It stitches the photos into 3D maps
using its own 3D photogrammetry software. It combines multiple looks of
an area to create a 3D model from which accurate orthophoto maps are pro-
duced. The textured 3D model can be downloaded and previewed online.
Its web-based volume measurements make measuring and tracking stockpile
volumes quick and easy. It creates and stitches NDVI images. Multiple geo-
referenced visits to the same mapping site can be combined and arranged
to view history for every point on the map. This feature is especially useful
for construction monitoring, agriculture, pipeline documentation and solar
array inspection. It provides full online processing of data. Any map created
on this site can easily be embedded in your own website or blog. The service
of the imagery is backed by the Maps Made Easy reliable servers and gives a
better control over the map.

5.3.5.11 MicMac Software

The MicMac has been developed at the National Institute of Geographic
and Forestry Information (IGN), France, since 2003. It is a free open-source
photogrammetric suite that can be used in a variety of 3D reconstruction
scenarios. One of MicMac strengths is its high degree of versatility. It can
be used in various fields: cartography, environment, industry, forestry, herit-
age, and archeology, to create 3D models and ortho-imagery. The software is
suitable for every type of objects at any scale. The tools can be used for the
georeferencing of the end products in the local/global/absolute coordinates
system. Some complementary tools open the fields of metrology and site
surveying.

5.3.5.12 OpenDroneMap Photogrammetry Software

The OpenDroneMap is an open-source toolkit for processing aerial imagery.
For other details, see Chapter 3.
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5.3.5.13 Pix4D Mapper Photogrammetry Software

The Pix4D, from the well-known Swiss software house, is especially dedi-
cated to process the UAV images. It is used to generate highly precise, geo-
referenced 2D maps & 3D models and professional maps from images. The
3D maps are customizable and complement a wide range of applications and
software. The software is used for creating various outputs in large number
of output formats, which include contour lines, DSM and DTM, 3D tex-
tured model, orthomosaic, volume calculation, assess reflectance based on
the pixel value in multispectral or thermal imagery, create NDVI, aggregate
and visualize the values derived from index maps.

5.3.5.14 Precision Mapper & Viewer Photogrammetry Software

The PrecisionMapper works online to automatically process the aerial images
into 2D or 3D products. It features a continuously expanding library of on-
demand analysis tools and makes sharing or collaborating very easy. The
software can be used to (i) collect aerial data with UAV, (ii) upload data and
process 2D or 3D products, (iii) manage, collaborate, and share data, and (iv)
analyze data with a library of on-demand analysis tools for creating orthomo-
saics and 3D models, crop health analysis, and volume measurement.
PrecisionViewer is a desktop software that allows users to easily view
flight path coverage, add GCPs, and attach flight logs and flight bounds to

sSurveys.

5.3.5.15 SimActive Correlator3D™ Software

The SimActive is the developer of Correlator3D™ software. The
Correlator3D™ software is an end-to-end photogrammetry solution for
the generation of high quality geospatial data from UAVs, including satellite
and aerial imagery. SimActive first introduced the aerial triangulation and
DSM generation engines in the industry, enabling multiple-fold increase in
processing speed. It also produces DTM, point clouds, orthomosaics, 3D
models, and vectorized 3D features. The Correlator3D™ ensures matchless
processing speed to support the rapid production of large datasets being
powered by GPU technology and multicore CPUs.

5.3.5.16 SURE Photogrammetry Software

The SURE photogrammetry software is developed by nFrames GmbH, a
Germany based company, for 3D reconstruction from images with unique
performance and flexibility. The SURE software transforms imagery from
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aerial cameras, multi-head oblique systems, UAV cameras as well as most
consumer-grade terrestrial cameras into 2.5D or 3D data, such as point
clouds, photo-realistic textured meshes and true orthophotos in a stream-
lined full automatic integrated process with image processing techniques.
It has multiple interfaces and modular (SURE Aerial, SURE Aerial Mesh
Add-on, and SURE Editor) design for quality production. The software
accepts many different image and orientation files (Rothermal et al., 2012).

5.3.5.17 VisualSM

5.3.6

The VisualSfM is a GUI application for 3D reconstruction using SfM. It
is open-source which runs very fast by exploiting multicore parallelism in
feature detection, feature matching and bundle adjustment. In addition,
VisualSfM (64-bit) provides the interfaces to run with several additional
tools, including SURE software for dense reconstruction.

LiDAR UAVs Software

For LiDAR and photogrammetry mapping, the UAV can be programmed to
ﬂy over an area autonomously, using waypoint navigation. Various software
and tools are available, either open-source or commercially, for process-
ing the LiDAR point cloud data collected by UAVs. These are presented in
Table 5.8. For further details about this software, readers are advised to go
through the respective website.

TABLE 5.8 Various Software and Tools Available for Processing the LiDAR Point Cloud Data.

Software Basic Functions Link
AutoCAD MAP | Creates DEM from LiDAR data. | http://www.autodesk.com/
3D It uses the indexing method on the | products/autocad-map-

point cloud data, which make it 3d/features/all/gallery-
easy to load and perform analysis | view

on it.
BCAL LiDAR | Open-source tools used for http://beal. geology.isu.
tools processing, analyzing and edu/Envitools.html

visualizing LiDAR data. Written in
IDL programming language and
intended to be used as an add-

on in the ENVI remote sensing
software.

(continued)
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Software Basic Functions Link
Bentley Points | A stand online software to process | http://www.bentley.com/
tools V8i point cloud data. It creates point | en-US/Promo/Pointools/
clouds quickly for distribution and | pointools.htm?Pskid=CT_
reuse. PRT _POINTOOLS_B
CloudCompare | Open-source software for http:/hwvww.
processing point cloud data. Can | cloudcompare.org
build TIN and raster surfaces and
then generate a DEM and DSM.
Computree Open-source platform dedicated | hitp://computree.onf.
to LiDAR data processing. fr/Plang=en
Dielmo3D For LiDAR data processing. hittp://applied-
products and geosolutions.github.io/
lidar2dems lidar2dems/
FME Feature Manipulation Engine https:/hvww.safe.com/
(FME) has some tools for the data-types/lidar-point-
LiDAR point cloud data. cloud/
FullAnalyze For handling, visualizing and http://code.google.com/p/
processing LIDAR data. Sullanalyze/
FugroViewer | A freeware designed for use hittp:/hvww.fugroviewer.
with LiDAR and other raster- com/
and vector-based geospatial
datasets, including data from
photogrammetry.
Fusion/LDV Free software which allows 3-D http://forsys.cfr.
terrain and canopy surface models | washington.edu/fusion/
and LiDAR data to be fused Sfusionlatest.html
with 2-D imagery (e.g., ortho-
photographs, topographic maps,
satellite imagery, GIS shapefiles).
Global Mapper | The LiDAR module provides http:/hvww.
numerous advanced LiDAR bluemarblegeo.com/
processing tools, including products/global-mapper-
automatic point cloud lidar-download.php
classification, feature extraction,
cross-sectional viewing and
editing, dramatically faster surface
generation, and much more.
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Software Basic Functions Link
GRASS GIS Open-source for LiDAR data Open-source https://
processing. grasswiki.osgeo.org/wiki/
LIDAR
LAS tool Used for processing small number | hitp://rapidlasso.
of points. com/LAStools/ and
http:/hvww.cs.unc.
edu/~ isenburg/lastools/
LiDAR Analyst | An extension for ESRI ArcGIS, it | http://www.vls-inc.com/
is used for feature extraction from | login/downloads/LIDAR_
airborne LiDAR data, allowing Analyst_v5_1_2_ArcGIS.
geospatial analysts to automatically | zip
extract 3D objects, such as bare
earth, trees or buildings.
LiDAR360 Contains tools for generating http://greenvalleyintl.com/
DEM, DSM, editing DEM, and | product/lidar360/
other spatial products.
LiForest Manipulates LiDAR point cloud | http://www.liforest.com/
and extract useful information,
especially for forest studies,
forest metrics, regression models,
individual tree segmentation, and
point cloud segmentation.
Lizardtech— It compresses the LIDAR data http:/hvww lizardtech.
LiDAR which reduces 25% of the total com/products/lidar/
Compression size (in Mr SID format) while
tool retaining every return.
MCC-LiDAR | A free software in C++ application | http://sourceforge.net/
for processing LiDAR data in projects/meclidar/

forested environment.

Merrick’s Mars

Free viewing application which

hittp:/hvww.merrick.com/

Viewer supports basic LIDAR data index.php/geospatial/
navigation and 3D visualization. services-gss/mars-
software
Point Cloud Used for making your own tools http://pointclouds.org
Library and workflow.

(continued)
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Software Basic Functions Link

Points2 Tool used for generation of DEMs | https://cloud.sdsc.

Grid Utility from LiDAR point cloud data. edu:443/v1/AUTH _open
(WinP2G) topography/ww w/files%

2Fp2g%2FGEON-points2
grid-Utility-Setup-v1_3.

exe

Quick Terrain

Free software for visualizing point

http://appliedimagery.

Reader clouds and pre-built DEMs in a com/download
fast and intuitive way.

RIEGL It is an IPad application to http:/howw.rieg].

RIALITY - visualize points cloud acquired com/media-events/

IPAD App through RIEGL laser scanners. multimedia/3d-app/
It shows the true 3D color of the
point cloud.

Saga GIS Modules available for points http:/hvww.saga-gis.org
cloud.

SPDLib Open-source software for http:/lwww.spdlib.org/
processing LiDAR data. doku.php

Terrascan, Used for LIDAR data processing | www.terrasolid.fi

Terra match software.

and Terra

Modeler

VCG Library | Used for making your own tools | hitp://vcg.isti.cnr.it/vcglib/
and workflow.

libLAS Used for making your own tools https:/fwww.liblas.org/
and workflow. start.html

The software simplifies the flight planning, processing and analysis of
UAV data to provide actionable intelligence to service providers so that
inputs can be optimized and better decisions can be made with reduced
cost. A good UAV software must include the automation of UAV flight plans,
augmented view, georectification of images and 2D/3D models generation.
Table 5.9 presents a comparison of various UAV software along with their
primary uses. The information given in the table may help the users decide
about the selection of a software.
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TABLE 5.9 Comparison of UAV Data Processing Software (Singhal et al., 2018).

Software

Uses

Pros

Cons

Aero Points

Provides accurate

Automatic data

Lack of functions,

GCPs for UAV survey. | upload, fast and like NDVI maps,
easy to setup 3D models creation
Agisoft Generation of Cost-effective Compare to Pix4D
PhotoScan | 3D models and all-in-one software | it is clunky and with
photogrammetric suite with a full less functionality.
processing range of image One license for one
sensors, including | computer only.
NIR, RGB, thermal
and multispectral.
Drone Creates accurate, More suited Surface detail
Deploy high-resolution to agricultural for buildings
maps, reports, and applications and is somewhat
3D models, as well compatible with disappointing as
as real-time 2D live third-party UAV compared to more
maps for analysis. hardware and specialized solutions
accessories from Agisoft and
Pix4D.
Drone Imports flight logto | Compliance and Not capable to make
Logbook fill automatically, view | custom reporting, DEMs and DTMs
GPS trace and replay | mission planning &
it in 3D. operations calendar
Drone Ortho-mosaicing, Freely available Limited to
Mapper DEM, and robust for download and | processing of 150
Rapid processing algorithm | testing on a limited | images for an area
data set
Drone Full functionality and | Can be used up to | Does not have self-
Mapper allows input of up to | 1000 georectified calibration facility
Rapid 1000 geotagged JPEG | images and can
Expert images of 12 MP produce X8, X4 or
format or greater. X2 DEM
Field Agent | Replacement of I10S Mobile device | Limited

Sentera’s AgVault,
allows to scout crops,
capturing health and
vegetation index data
in near real-time.

enabled automated
flight with
unlimited NDVI
images

functionality for a
mobile-free version,
but pay USD 25
per month for full
functionality

(continued)
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Software | Uses Pros Cons
Live NDVI | Video technology-live | Provides NDVI Compatible only
stream NDVIvideo |video in real-time | with Sentera
at the fields edge while drone is still | Double 4K sensor
in air
Pospac UAV | Direct georeferencing | Maximum accuracy | Compatible with
and post-processing | and efficiency with | APX-15 L-UAV
software compatible UAV
Pix4D Plans UAV flight, Photo camera self- | Topographic maps
creates orthomosaics, | calibration, and can be created only
point clouds and automatic DTM manually.
professional 3D generation
models
Photo Mod | Provides all High performance, | Does not have
photogrammetric simplified user- the camera self-
products, like friendly interface calibration facility,
DEM, DSM, 2D and automation of | unlike Pix4D
and 3D vectors, and | photogrammetric
orthomosaics operations
Sensefly UAV flight planning | Connects wirelessly | Very advanced
eMotion and data management | to UAVs, finger software but no
swipe flight real-time NDVI
planning and full processing.
3D environment,
multi-flight mission
support
Sense fly Complete aerial Precise geodata Does not
Survey 360 | mapping system provides accurate provide fully 3D
point cloud and environment
surface model
outputs in lesser
time
Virtual Use for 3D Flood simulation Not responsible for
Surveyor visualization capability, fast reliability, accuracy
photogrammetry, simulation and and suitability of
virtual surveying, interoperable with | information.
flight planning and CAD environment,
civil designing can process huge
amount of data files
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5.4 SUMMARY

Having images and spatial data is not the same as having a map, and there-
fore the collected imagery/data can be processed through software to gener-
ate a map. Good software will stitch together and georectify the UAV images
quickly for their further uses. Proper georeferencing of UAV collected
images is traditionally based on highly accurate GCPs and DTM of the area.
In a large number of overlapping photographs, common GCPs are identi-
fied using an image matching algorithm to create a mosaic. The 3D model
of an object is built up from the images acquired during the UAV survey (Xu
et al., 2014). Increasing levels of autonomy in both flight software and post-
processing software allows the creation of 3D maps quickly with less direct
human intervention and without having GCPs.

Technology keeps on changing with time. A large number of processing
software is used for UAV mapping, and the demand is changing as applica-
tions of UAVs are growing. This software is regularly updated and improved
upon, as the demand for UAV mapping and the market for photogrammetry
software are expanding. The Pix4D and Agisoft PhotoScan are considered
the preferred choice for processing and analyzing UAV aerial images, with
relatively simple user interfaces. However, this photogrammetry software is
expensive and require considerable processing power to operate. Choosing a
software package is highly dependent on the funds available, the processing
power available, and the goals defined.

REVIEW QUESTIONS

Q.1. Discuss various data products that can be collected with UAVs.
Q.2. Explain the role of GCPs. How do you get GCPs for processing UAV

images?
Q.3. Discuss the georeferencing process of UAV images.

Q.4. Differentiate between a DEM, DTM and DSM. What are the differ-
ent methods to collect elevation data?

Q.5. What is an ortho-image? What is its use? Explain the general proce-
dure with a flow diagram to generate ortho-images.
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Q.6.

Q.7.

Q.8.

Q.9.

Q.10.

Write the short notes on (i) MVS approach, (ii) SfM approach, and
(iii) visualization approach.

What is data mining? Describe the data mining approaches to be used
with UAV images.

Describe in brief the function and working of (i) Fuzzy logic
approaches, (ii) Machine learning approaches, (iii) Deep learning
approaches, and (iv) Cloud computing approaches to be used with
UAV data.

Discuss the salient features of two popular UAV-based photogram-
metric software.

Describe the main characteristics of two popular UAV-based LiDAR
software.



CHAPTER

REecuLATORY Systems For UAV's

6.1

INTRODUCTION

Aviation rules emerged in the 20" century. The Chicago Convention (also
known as the International Civil Aviation Convention) was signed in 1944
and established the International Civil Aviation Organization (ICAO),
the specialized agency of the United Nations (UN), which is responsible
for coordinating and regulating international air travel (ICAO, 2011). The
Federal Aviation Administration (FAA) of the US granted authority to use
the first UAV in the US national airspace in 1990 (FAA, 2010).

A UAV may be navigated by remote control or by an onboard com-
puter that provides it a degree of autonomy (Dempsey, 2015). The degree
to which a UAV can be autonomous for an application is a matter of debate.
Civilian and commercial UAVs could be used for various purposes, including
surveillance around malls or monitoring and control of road traffic, domestic
policing, oil, gas, mineral exploration, and the delivery of goods. The UAVs
can be flown in a park as a hobby for pleasure or used by a photographer to
take stunning photographs. Additional uses might include crop monitoring
and spraying, fire services, and forestry surveillance.

There is no doubt that UAVs are a game-changing technology in terms
of security and privacy and have become a growing societal threat in recent
years. The UAV, which was considered earlier an immature technology, has
now started drawing policymakers and administrators” attention. With terror-
ism on the rise and the growing use of UAVs in society, these could become
prime vehicles for terrorists and criminals. These devices can not only be
used to crash into densely populated areas, injuring and killing people but
also to harvest the information to aid criminals and terrorists in cyber/digital
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6.2

crimes that could range from theft of personal bank details to the loss of
highly sensitive military recon footage (Andrews, 2020).

Right policies are essential for UAV technologies to develop and revo-
lutionize the world. The UAV regulations vary widely from country to coun-
try or may not even exist in some country. The regulations vary from users
to users, depending on where in the world they’re using the technology
(Floreano and Wood, 2015). Countries, worldwide, are working to integrate
UAVs into their national airspace program. Regulatory bodies are working
with government agencies, industries, and institutions to streamline the pol-
icies (Stocker et al., 2017). Flexible rules/policies have been made by the
United States, Europe, and China, the three largest potential markets in the
world for commercial UAVs.

With the recent increase in UAVs in space, adequate measures are
required to be taken to properly regulate and carry out safety measures
with the movement of UAV’s operation (Andrews, 2020). This process will
require the coordination and involvement of academia, industry, govern-
ment agencies, like the Regulatory authority and Department of Defense,
local authorities, and private sectors in order to successfully implement an
efficient and robust UAV system for safe commercial operations (Finn and
Wright 2012). The socio-economic impact of UAVs will require not only
creating reliable products through scientific and technological advances but
also developing a regulatory framework that will enable public and private
entities to operate in safety, privacy, and security.

ISSUES OF CONCERN FOR UAVs

There are several important issues to be considered while flying UAVs in
an area/region for data/information gathering. Several issues are common
throughout the globe, while flying regulations may vary from country to
country (Dalamagkidis et al., 2012). Earlier, there were many restrictions
that limited the use of UAVs. Still, now, operations BVLOS and at night
are being considered, and unmanned traffic management is being tested
in urban environments (Gajdamowicz et al., 2017). The growing number
of incidents has highlighted the need to detect and disable UAVs that are
maliciously used.

The UAVs are available in different shapes and sizes, having different
ethical problems associated with them. There are some serious ethical and
legal issues, in contrast to UAVSs™ benefits in gathering information. The
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ethical and legal issues (Finn and Wright 2012) about gathering geograph-
ical data by UAVs can be divided into four main areas: regulations, privacy,
safety, and noise (Dempsey, 2015). The UAV should also avoid the restricted
areas (i.e., airports, protected areas, or urban areas). Safety can be improved
through compliance with operational rules, mass limitations, and other
guidelines. With UAVs being allowed for commercial use, an entire industry
has emerged, enabling businesses to enhance safety and delivery standards
(Floreano and Wood, 2015).

There is very dense air traffic in the sky, and therefore it calls for the
proper regulation of flying UAVs. Additionally, national laws and social con-
cerns related to privacy and security are to be considered to adopt the UAV
technology and its full utilization. It has also created new UAV research
and development avenue for academia and industry focused on anti-drone
methods. For example, commercial drones provide optimal physical attack
or smuggling infrastructure due to their flight range, size, speed, and carry-
ing capabilities.

Table 6.1 lists some of the threats anticipated from the UAVs.
The anti-drone market is expected to reach US$1.85 billion by 2024
(Reportlinker, 2018).

TABLE 6.1 Threats Mapped to Types of UAVs (Nassi et al., 2019).

UAVs Privacy Physical Crime Cyberattacks
Video Carrying Attacks
Streaming | Surveillance
Equipment
Nano | Yes — Targeted Targeting —
assassination | homes for
burglaries
Micro | Yes 3D mapping Carrying Smuggling —
using radio radioactive | goods into
transceiver. sand prison yards
MITM attacks
against cellular
networks.
Tracking a person
according to his/
her device.

(continued)
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UAVs Privacy Physical Crime Cyberattacks
Video Carrying Attacks
Streaming | Surveillance
Equipment
Mini Yes Yes Carrying Hijacking Establishing a
a bomb. radio covert channel.
Colliding controlled
with an devices.
airplane Smuggling
goods
between
countries
Swarm | Yes Yes Multiple Cyber —
casualty warfare
incidents

6.2.1

Some major issues of concern for uses of USVs, almost common to all
countries, are briefly discussed below.

Air Traffic Control

Integration of UAVs into the airspace is a critical issue, which has been dis-
cussed in depth by Dalamagkidis et al. (2012). It has two parts: about aviation
issues and regulations about social issues. Air traffic control is an essential
condition for coordinating the large fleets of UAVs, where regulators do not
permit large-scale UAV delivery missions (Business Insider, 2017). A UAV
can determine, through GPS, if it is flying in “No-fly zone.”

Amazon has designed an airspace model for the safe integration of UAV
systems, as shown in Figure 6.1 (Kimchi, 2015). In this proposed model,
the low-speed localized traffic (200 {t/61 m) will be reserved for (i) terminal
non-transit operations, such as surveying, videography, and inspection and
(ii) operations for lesser-equipped UAVs, for example, ones without sophis-
ticated sense-and-avoid technology. The high-speed transit (400 {t/122 m)
will be reserved for well-equipped UAVs as determined by the relevant per-
formance standards and rules. The “No-fly zone” (500 {t/152m) will serve as
a restricted area where UAV operators will not be allowed to fly, except in
emergencies. Finally, the pre-defined low-risk locations will include areas,
like the designated academy of model aeronautics airfields, where altitude
and equipage restrictions in these locations will be established in advance by
aviation authorities.
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FIGURE 6.1 Amazon airspace model for the safe integration of UAV systems (Kimchi, 2015).

6.2.2 Wi-Fi/Bluetooth Security Issues

Some UAVs can be controlled by smart devices through Wi-Fi. Compared
with the use of a remote control, there is no doubt that the use of a smart
terminal brings much convenience. However, Wi-Fi brings security risks
as well. Attackers can attach a small computer, such as Raspberry Pi to a
UAV, fly it over places where they wouldn’t normally be able or allowed to
enter, and then use Wi-Fi, bluetooth, or RFID for vulnerability and hijack-
ing information. The UAVs equipped with a radio transceiver could be used
to hijack bluetooth mice. In addition, any other bluetooth-connected devices
could be accessed, such as computers, from which attackers could obtain
key information and figure out users’ login credentials (Dempsey, 2015).
The UAVs equipped with radio transceivers can be used for (i) locating and
tracking people across a city by extracting unencrypted information from the
lower layers of the “open systems interconnection” model of radio protocols
(e.g., Wi-Fi and bluetooth) that reveal the “media access control” addresses
of their device’s owners (e.g., smartphones, smart watches), (ii) 3D through-
wall imaging with UAVs, and (iii) performing a “man-in-the-middle” attack
on telephony by downgrading 4G to 2G (Nassi et al., 2019).

Cyber-security could be another big concern. The potential harm from
the cyber-security threats can be amplified when a malicious operator is
able to operate a swarm of UAVs simultaneously to perform the task, turn-
ing a targeted cyber-attack against an organization into cyber warfare and a
targeted assassination into a massive terror attack (Nassi et al., 2019).
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6.2.3

The UAVs can be hacked, which could have serious consequences on
the safety of the system and the perception of public safety (Dalamagkidis
et al., 2012). These UAVs can now be used to hack servers, spy on networks,
extract data, and block communications. Corporate networks can be heavily
affected by the malicious use of UAVs, so companies need to have sound
security measures in place to prevent unwanted access and protect them-
selves from cyber warfare attacks. Some attacks aim to steal information
through security holes of communication links, while others aim to spoof
sensors, such as GPS spoofing. In addition, the security and storage of the
data collected by these systems are of concern as it could have additional
consequences related to the privacy debate if compromised (Richard et al.,
2014). To improve security of UAV, it is also equipped with extra sensors,
such as infrared detectors, ultrasonic detectors, and vision sensors to avoid
obstacles. Since the information obtained by these sensors will change the
behavior of a UAV, it can be seen that these sensors have a strong influence
on security (Dempsey, 2015).

Privacy Issues

The right to privacy is a civic right that is applicable to all citizens. Despite
the promising applications of UAVs, there are several concerns regarding
privacy, public safety, security, collision avoidance, and data protection. The
biggest concern related to ethical and legal issues of UAVs is about the pri-
vacy. The UAVs have become a threat to privacy since they can be used as
spying devices. Private UAV operators are invading the privacy of beachgo-
ers and private property owners. There has always been a concern about the
invasion of privacy, in particular private property, whether it is gathered by
high-resolution satellite images, airplanes, or UAVs (Vattapparamban et al.,
2016). The operations of low altitude flying UAV, mandated by the regulat-
ing authority, can also be noisy and, therefore, may adversely affect birds,
wildlife, and local populations.

The DJI has detected a “third-party plug-in” (called JPush) for the
Android platform’s applications, collecting personal information by updat-
ing the application. The D]JI believes that the available “plug-in” may also
breach privacy. The JPush is accused of collecting the app names installed
on the user’s Android device and sending the entire information to the JPush
server (Zhi et al., 2020).
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6.2.4 Moral and Ethical Issues

Currently, the moral and ethical issues are far from being resolved. The ethi-
cal issues emerge as the result of how a UAV is used by a user in contrast
with how those who experience the UAV could have been used by the users
(Richard et al., 2104). Unless UAVs are fully autonomous, it can be assumed
that the actions of UAVs are subject to ethical evaluation based upon (i) the
actions of the person controlling the UAV, (ii) the intentions of that person,
and (iii) the consequences produced by the UAV. Ultimately, it is the person
who is controlling the UAV that is subject to moral evaluation.

There is an increasing ethical violation in military operations, and UAV
operators need to be trained to respond in such ethical situations (Finn
and Wright, 2012). It is claimed that autonomous systems would lead to an
increase in ethical behavior in the battlefield. For defense uses, moral and
ethical issues are similar to the issues of using long-range precision weapons.
As UAVs can cause significant human life losses on the ground in combat
zones, these systems are required to adapt the current ethical implications,
and the operators or decision makers must be held responsible for both
intentional and unintentional damages created by these systems. It should
consider moral uncertainties to establish ethical standards as guidelines for
behavior.

Among the most prominent concerns raised are the threat of civilian
casualties, adherence to the principles of international humanitarian law,
and the potential for overuse. The ethical concerns raised by the capabilities
of UAVs can be mitigated with relative ease, first and foremost, by adapt-
ing protocols to reinforce the principles of international humanitarian law
(Andrews, 2020). Ethically, there is a fear that UAVs will take away lots
of jobs; create more unemployment and under-employment; drive down
wages; and generally move us one step further away from being a caring
society. Therefore, there is a need to develop ethical guidelines to set the
boundaries about UAVs’ proper and improper use.

6.2.5 Safety Issues

Since UAVs are flown with a low attitude, safety is also a primary concern.
The regulations must prohibit flying UAVs near populated areas or over
people for safety reasons. A common practice to prevent UAVs from caus-
ing harm to manned aircraft and infrastructure is to enforce “No-fly zones”
around airports and sensitive areas (Urekwitz et al., 2016). For example,
the famous Gatwick Airport, United Kingdom, stopped 1,000 flights from
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December 19 to 21, 2018, which affected the travel plans of around 140,000
people when a drone was sighted over the airport.

In many countries, these regulations mandate that the UAV operator be
in constant visual contact with the device. Several tech-savy companies and
research institutes have proposed obstacle avoidance solutions for UAVs.
The UAV threat to our physical safety ranges from accidental harm through
miscalculations to targeted attacks. Accidental harm could be the legitimate
owner losing the control, a hacker losing the control, or a hardware or soft-
ware malfunction within the device (Helnarska et al., 2018). A UAV crashing
out of the sky and hitting the humans may cause significant damage, and the
bigger the UAV, the greater the damage.

UAVs pose an unacceptable risk to jetliners. The heavy Li-Ion batteries
in UAVs could puncture the skin of an aircraft wing or smash the blades in an
engine. As soon as Amazon announced that it was planning to start deliver-
ing packages to consumers by automated drones, there was a concern about
the drones colliding in mid-air; crashing into buildings; and creating havoc
in aviation (Business Insider, 2017).

6.2.6 Legal Issues

Legal issues related to civilian use of UAVs include data protection, copy-
right law, and private property concepts (Demir et al., 2015). Data protec-
tion focuses on the rules to prohibit the acquisition of personal information
by UAVs. In most countries, there are no regulations prohibiting the use
of UAVs for image capturing. Copyright laws regulate capturing images of
people in public and private areas. Although there are several regulations
available in some countries, there is still a need to develop more comprehen-
sive regulations. Private property rights prevent capturing images of private
properties under defined conditions. In many countries, this issue is under
the regulation of personal rights.

To minimize the risks of UAV-triggered incidents or accidents, an
increasing number of national and international authorities have introduced
legal provisions that mandate “Go,” “No go,” or “How to go” statements that
either allow, prohibit or restrict flight operations. Such regulations signifi-
cantly impact how, where, and when data can be captured and the diffusion
of the technology within a national context (Stocker et al., 2017). The biggest
barrier to the adoption of UAVs in gathering geographic information is that
while hobbyists are free to fly UAVs, several commercial UAV activities are
currently not legal.
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6.3 AVIATION REGULATIONS

The history of UAV regulations dates back to manned aviation and the emer-
gence of airplanes during World War II. In 1944, the international com-
munity established the first globally acknowledged aviation principles- the
Chicago Convention (FAA, 2016). After years of technological research and
innovation, UAVs developed into a commercially workable system in 2000s.
In 2006, the ICAO identified and declared the need for international har-
monized principles of the civil uses of UAVs (ICAO, 2015). At this time,
five countries had already established and enacted the UAV regulations. The
United Kingdom and Australia were the first nations that promulgated regu-
lations in 2002. Several countries then followed, and from 2012 onwards, the
trend changed. An increasing number of countries established national UAV
regulations between 2012 and 2016, and more than 80% of the 65 countries
with national regulations enacted them.

In general, six main criteria are often considered when developing UAV
regulations, as given in Table 6.2 (Stocker et al., 2017). These criteria are
important from the operation point of view of UAVs.

TABLE 6.2 Six Main Criteria while Developing UAV Regulations.

S.No. | Criteria Details

1. Applicability Pertains to determining the scope (considering
type, weight, and role of UAVs) where UAV
regulations are applied.

2. Operational limitations Related to restrictions on the locations of
UAVs.

3. Administrative procedures Specific legal procedures could be needed to
operate a UAV.

4, Technical requirements Includes communications, control, and
mechanical capabilities of UAVs.

5. Human resource requirements | Qualification of pilots.

6. Implementation of ethical Related to privacy protection.

constraints

Aviation regulations determine the rules and minimum flight require-
ments for a UAV to be used for a specific purpose. Regulatory issues are
important limiting factors for the deployment of UAVs, including commu-
nication systems. The UAV regulations are being continuously developed to
control the safe operations of UAV, considering various factors, such as UAV
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type, altitude, and speed. A comparative analysis of 19 national UAV regula-
tions is given in Stocker et al. (2017).

Table 6.3 presents the characteristics of the regulatory framework in

force in 16 countries in 2019 (Faraz, 2020). However, many countries have
yet to develop regulations to ensure a legal environment for safe operations
of UAVs. Since these regulations keep on changing with time, the users are
advised to go through the latest regulations prevailing at that time from their
official website.

TABLE 6.3 The Characteristics of the Regulatory Framework in 16 Countries.

Territory | Possibility | License | Training | Insurance Possibility | License
of Required | Required | Required to Perform | Required
Commercial | to Fly for Pilots | for BVLOS for
Flights in Order | Commercial | Flights BVLOS

to Obtain | Flights Flights
Licenses

Poland v v v v

United v v v v

Kingdom

China v v v v v x

Canada v v x v v x

Germany v v v v x x

India v v v v x x

France v v v x v x

South v v v x v x

Africa

Indonesia v v v v x x

Australia 4 v v v x x

Brazil v v x x x

Mexico v v v x x x

United v v x x x x

States

Japan v x x x x x

Russia x x x x

x x x x x

Argentina
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The FAA Regulations

For maintaining the safety of UAVs and the public, the FAA in the United
States has developed rules to regulate the use of small UAVs (FAA, 2016).
In response to broad interest in the United States, the FAA initiated a
registration program of small UAVs in December 2015 with certain regu-
lations. These regulations in the United States imposed by the FAA have
created a debate over how extensively UAVs should be used in the national
airspace system. The FAA approved the civil use of UAVs in the United
States, provided they are flown at a defined altitude (US Department of
Transportation, 2013). For example, the FAA operational rules require small
UAVs that weigh more than 0.55 Ibs (250 g) and below 55 Ibs (25 kg) to be
registered in their system.

The FAA regulations are broadly organized into two categories: pre-
scriptive regulations and performance-based regulations. The prescriptive
regulations define what should not be done, whereas the performance-based
regulations indicate what must be attained. Almost 20% of FAA regulations
are performance-based regulations (FAA, 2016). These small UAVs require
flying less than 400 feet (122 m) without obstacles in their vicinity. The
operators maintain a line of sight with the operated UAV at all times. For
small UAVs, the minimum flight visibility, as observed from the location
of the control station, should not be <3 miles (4.8 km) (US Department of
Transportation, 2013).

The FAA regulations allow the operations of UAVs only during daylight
and during half-light if the UAV is equipped with anti-collision lights (FAA,
2016). The rapid development of commercial UAVs and potential benefits
motivated the FAA to define a road map for the gradual integration of civil
UAVs in the national airspace system that can fly beyond the operator’s line
of sight by 2028 (Shakhatreh et al., 2018). These regulations also initiate
height and speed constraints and other operational limits. The ground speed
of a small UAV may not exceed 100 mphh or 160 kmph. Although, there is
a process through which users can apply to have some of these restrictions
waived off (NCLS, 2016).

Other FAA regulations include that UAVs are not to be operated over
or close to the public infrastructure (e.g., stadiums) or critical infrastructure
as they may pose a danger to the public. The critical infrastructure includes
petroleum refineries, chemical manufacturing facilities, pipelines, wastewa-
ter treatment facilities, power generation stations, electric utilities, chemical
or rubber manufacturing facilities, and other similar facilities. For critical
infrastructure, legislation has been developed to protect such infrastructure
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6.3.2

from UAV operators (FAA, 2016). The regulations should prohibit flights
over unprotected people on the ground who are not directly participating in
the UAV operation. They also require UAVs not to fly within 5 miles from
an airport without permission from the airport and the control tower; thus,
avoiding the endangerment of people and aircraft.

UAVs can be employed for public use, provided they are flown at a cer-
tain height. In Figure 6.2, the FAA categorizes the airspace for small UAVs
in accordance with the FAA regulations (FAA, 2016). The FAA pays a lot of
attention to Class A—all US airspace from 18,000 to 60,000 feet where com-
mercial planes fly. This is followed by the airspaces around airports, called
Class B (big airports), C, and D (smaller cities). Class G (700-1,200 feet), an
unregulated airspace, is allocated to use UAVs for civilian use.

Upper Limit Underfined Class E

FL 600
18,000 MSL

14,500 MSL

S
Needs waiver Fenissiiiney
above 400 ft.
1,200 AGL 1,200 AGL 1,200 AGL CLASSE
. - ; Surface A
=3 700 AGL 700 AGL f{ =
CLASS G CLASS G CLASS G| | Artraffic
8 1 authorization
A A 400AGL A 400AGL & 400AGL ; e
AGL Above ground level Class E surface ext;r;sion

FL Flight level
MSL Mean sea level

FIGURE 6.2 The FAA airspace classification (FAA, 2016).

In violation of the FAA regulations, owners of UAVs can face civil and
criminal penalties. The FAA has also provided a smartphone application,
“Know Before You Fly” (B4UFLY), which gives UAVs™ users important
information about the limitations that are location specific. The “Know
Before You Fly” campaign by the FAA aims to educate the public about UAV
safety and responsibilities (Shakhatreh et al., 2018). The FAA also enforces
its regulations along with Law Enforcement Agencies to deter, detect, inves-
tigate, and stop unauthorized and unsafe UAV operations (Vattapparamban
etal., 2016).

The European Union (EU) Regulations

In the EU, regulations are developed by the European Aviation Safety
Agency (EASA) (EASA, 2017). These act as prototype regulations that are to
be adapted by the member states to their nations. The regulations regulate
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the operation of UAVs within the Single European Sky (SES) airspace (SES,
2017). They do not regulate other operations related to the police, army,
or firefighting. The prototype regulations do not introduce changes to the
Standardized European Rules of the Air (SERA, 2017). As per EU regula-
tions, the operator of a UAV shall be registered with the competent authority
(AA, 2017) and is responsible for the safe operation of the system. The oper-
ator would comply with the EASA requirements and any other applicable
regulations (i.e., security, privacy, data protection, environmental protection,
and insurance). The UAV shall display the unique identification mark. The
competent authorities may designate zones or airspace areas where UAV
operations are restricted (Floreano and Wood, 2015).

The operation of large civilian drones (>150 kg) in the EU mem-
ber states is regulated by EU laws and monitored by the EASA. Smaller
drones are largely unregulated at the EU level and are regulated by the
individual EU member states (European Commission, 2014). Some coun-
tries, including Belgium, Czech Republic, France, Ireland, Italy, Sweden,
Germany, Switzerland, and the United Kingdom, have national regulations
for unmanned aircraft, although these regulations differ between these
countries.

In Belgium, the Federal Public Service Mobility & Transport and the
corresponding ministry (i.e., BCAA) is the key regulator for safe UAV flights.
Its main tasks are to authorize UAV flights with respect to Belgian Drone
Law, organize theoretical drone exams, and issue pilot and drone licenses.
The flexible and efficient regulations are proving to be a key contributor to
the growth of the drone ecosystem in Belgium (Culus et al., 2018).

In France, the Directorate General of Civil Aviation is the regulatory
body for UAVs. For “category A” UAVs (<25 kg), no prior authorization is
required. The UAVs weighing less than 2 kg will have a ceiling of 50 m of
maximum working height and 200 m of maximum working distance (UAV
Coach, 2020). Autonomous UAVs cannot weigh >1 kg. Protection device/
mechanism (e.g., parachute, emergency landing feature) should be avail-
able. An annual declaration of fitness to fly would be required for operators
of UAVs weighing >25 kg (category B). The UAVs of 150 kg or more are
subject to EU regulations, and their flight and use conditions are authorized
on a case-by-case basis. The regulations allow UAVs to operate BVLOS and
near cities under specific conditions (DHL, 2017). The operator should have
a license with 100 h of flying experience and 20 h of UAV training for flying
out of the line of sight. Cargo weight for commercial delivery UAVs are
capped at 500 g. It is restricted to fly within 4 km from airport, heliport, or
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aerodrome, as well as in populated areas including events, concerts, festivals
and firework shows, and sensitive airspace, including nuclear power plants,
military courses, hospitals, prison, historical monuments, and national parks.
The UAVs can fly within 150 m above the ground (Helnarska et al., 2018).

In Israel, the country uses its civil aviation laws, including licensing, reg-
istration, and operational requirements, to regulate UAVs. Under the Civil
Aviation Authority of Israel rules, UAVs cannot be flown in populated areas
below 5,000 feet, except during take-off and landing or with prior approval.
In the absence of prior approval, the rules also disallow the simultaneous
remote operation of more than one UAV by the same operator from the
same remote pilot station (Padmanabhan, 2017).

Poland currently excludes UAVs weighing <25 kg from registration
requirements. For UAVs >25 kg, a permit to fly is required; however, oper-
ational restrictions may be applicable (LOC, 2019).

Switzerland allows autonomous operation of UAVs within the line of
sight as long as the operator can regain control (Swiss Federal Office of Civil
Aviation, 2014).

Swedish regulations establish several categories based on the weight and
usage of UAVs. The UAVs used for commercial and research purposes and
those flown outside the operator’s sight generally require licenses from the
Swedish Transport Agency.

The UK allows the operation of UAVs of <20 kg within the line of sight
over congested areas with approval from the UK Civil Aviation Authority. For
UAVs between 20-150 kg, operators of these UAVs are therefore required,
among other things, to obtain a certificate of airworthiness, have a permit to
fly, and have a licensed flight crew. Some common rules, such as flying in the
line of sight and flying 50 m away from a person, would apply. For all com-
mercial uses of UAVs, permission would be required prior to their operation
(UK Civil Aviation Authority, 2012). In spring 2018, the UK government
released a new set of regulations to increase the overall UAV safety while
ensuring that Britain remains at the forefront of drone technology devel-
opment. These measures also seek to expand their use with businesses and
infrastructure, as given below (Patterson, 2018).

1. Drones over 250 gm will have to be formally registered.

2. Drone pilots will have to clear a safety awareness test before they are

allowed to fly.

3. The police will have powers to ground drones if suspected of criminal
activity or unsafe flying. Drone pilots will present their registration doc-
uments if required by the police.
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4. Drone pilots will have to use apps to ensure their planned flights are
safe and legal. Restricted areas will be easier for pilots to view, such as
schools and military bases.

5. Drones may be completely banned from flying near airports at a height
above 400 ft.

6. Use of geofencing is essential, which would help pilots comply with the
guidelines.

In 2013, the European Commission defined a road map (EASA, 2017) to
integrate remotely operated aircraft in the European aviation system using a
staged approach, whose aims, timeline, and research priorities are similar to
those defined in the US road map. However, the first stage of the European
road map consists of extending European regulations for large UAVs to those
below 150 kg by adapting national regulations, which may result in more
liberal regulations than those in the United States (European Commission,
2014). Furthermore, the European Commission explicitly aims to improve
UAVs’ public perception and promote widespread use of these technologies
for public and commercial uses.

The EU has classified the UAVs into three main categories; open, spe-
cific, and certified category, as below (Gonzilez-Jorge et al., 2017; Tsouros
et al., 2019):

6.3.2.1 Open Category

Operations in this category do not require authorization or a pilot license.
This category is limited to operations in VLOS, up to 120 m height, and
performed with UAVs compliant with some technical requirements defined.
Safety is ensured through compliance with operational rules, mass limita-
tions (25 kg maximum), and product safety requirements. Operation is
allowed only during daylight hours, having a maximum range of 500 m.

6.3.2.2 Specific Category

This is the second level of operations, which covers operations that are
not compliant to the restrictions of the open category, and are considered
“medium risk” operations. Operators must perform a risk assessment (using
a standardized method) and define mitigation measures. Operations involv-
ing UAVs of more than 25 kg or not operated in VLOS will typically fall
under this category. The technical requirements for this category depend on
the specific authorized operation.
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6.3.2.3 Certified Category

6.3.3

This category is considered “high risk,” including operations involving large
UAVs in controlled airspace. Rules applicable to this category will be the
same as for manned aviation.

The International Civil Aviation Organization (ICAO)

Regulatory impact is currently one of the most important factors affecting
the adoption of UAV-based solutions by business and government officials.
In recent years, the UAV regulations have changed from being treated as a
niche hobby to becoming part of regular aviation operations to a point where
national authorities have started developing special regulatory frameworks
to address the most urgent issues. UAV regulations’ elements are mainly
focused on increasing the platforms’ reliability, underlining the need for
safety certifications for each platform, and ensuring public safety. As techni-
cal developments and safety standards govern them, rules and certifications
are given equal weightages while flying UAVs (Nex and Remondino, 2014).

At the global level, the ICAO, a specialized agency of the United Nations
(UN), prepares the standards and recommends national and international
air navigation practices to ensure safe and orderly growth (ICAO, 2015).
The ICAO has prepared a document to provide a fundamental international
regulatory framework with supporting procedures for air navigation services
and guidance material to outline routine operations of UAV throughout the
world (Demir et al., 2105). In addition, there are also several national regu-
lations aiming to ensure safe operations of different UAV types in individual
national airspaces. The UAV regulations vary between different countries
and types of geographical areas (e.g., urban or rural). Table 6.4 lists import-
ant regulations to fly UAVs in some countries. Since these regulations keep
on changing with time, the users are advised to go through the latest regula-
tions prevailing from their official website.

TABLE 6.4 Important Regulations for the Deployment of UAVs.

Country Maximum Minimum Minimum Distance
Altitude (m) Distance to to Airport (km)
People (m)
United States 122 8 (25 feet) 8.0
Australia 120 30 5.5
South Africa 46 50 10.0
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Country Maximum Minimum Minimum Distance
Altitude (m) Distance to to Airport (km)
People (m)
United 122 50 5.0
Kingdom
Chile 130 36 2.0

The international community started to define the security criteria for
UAVs some years ago. In particular, North Atlantic Treaty Organization and
EuroControl in 1999 started to prepare regulations for UAV platforms and
flights, but they could not lead to a common and international standard,
especially for civilian applications (ICAO, 2011). The commercialization
of new UAV systems has pushed several national and international associ-
ations to analyze the operational safety of UAVs (Demir et al., 2015). The
first country to implement all necessary sets of regulations was Poland in
2013 (Helnarska et al., 2018). With the combined efforts of the civilian avi-
ation authorities, the UAV community, and insurance companies, Poland
allowed both VLOS and BVLOS operations of commercial UAVs in a secure
and user-friendly way. It is observed that many countries have one or more
authorities involved in the UAV regulations that operate independently. In
Table 6.5, a schematic summary of the already existing regulations in several
countries is presented.

TABLE 6.5 Regulations for UAV Use in Several Countries (Nex and Remondino, 2014).

Country Civil Use of UAV (Laws and Regulations)

Australia CASA Circular, July 2002 (CASA, 2002)

Belgium Certification Specification, Rev. 00, 24.01.07

Canada Approach to the Classification of Unmanned Aircraft, 19.10.10

Denmark Regulations on Unmanned Aircraft not Weighing More Than
25 kg, Edition 3, 09.01.04

France Decree Concerning the Design of Civil Aircraft Fly Without

Anyone on Board, August 2010
Great Britain CAP 722, 06.04.10 u. Joint Doctrine 2/11, 30.3.11

Norway Operation of Unmanned Aircraft in Norway, 29.06.09
Sweden Flying with UAVs in Airspace Involving Civil Aviation Activity,
25.03.03

Switzerland Verordnung des UVEK iiber Luftfahrtzeuge Besonderer
Kategorien, 01.04.11

(continued)
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6.3.4

Country Civil Use of UAV (Laws and Regulations)
Czech Republic | Czech Aviation Regulation L2—Rules of the Air, 25.08.11

United States UAS Certification Status, 18.08.08; Fact Sheet-Unmanned
Aircraft Systems, 15.7.10 and NJO7210.766, 28.3.11, 8.2.12
and FAA Bill

UAVs currently have different safety levels according to their dimen-
sion, weight, and onboard technology. For this reason, the rules applicable
to each UAV could not be the same for all the platforms and categories. For
example, in the United States, safety is defined according to its use (public
or civic), while in some European countries, it is according to the weight, as
this parameter is directly connected to the damage they can make in case of
a crash (Helnarska et al., 2018). Other restrictions are defined in terms of
minimum and maximum altitude, maximum payload, area to be surveyed,
GCS-vehicle connection (i.e., visual or radio), etc.

Regulations on operator and pilot licensing are in their infancy stage
in many countries. The indirect control of an operator from the GCS may
lead to increased accidents due to human errors. For this reason, in several
countries, UAV operators need some basic qualifications, training, and certi-
fication. Several universities and organizations offer programs on UAV pilot
certification (Stocker et al., 2017).

Australia

Australia’s national aviation authority is the Civil Aviation Safety Authority
(CASA). Newly adopted rules in Australia generally exempt commercial
flights of UAV weighing <2 kg from having a remote pilot’s license or oper-
ator’s certificate. Operating UAV weighing between 2-25 kg will similarly
be exempted if flown over a person’s own land for certain purposes and in
compliance with standard operating conditions. Operating UAV weighing
between 25 and 150 kg under similar conditions will require a remote pilot’s
license (LOC, 2019). Operators of large UAVs, as well as smaller UAVs for
other non-recreational purposes, will be required to obtain a remote pilot’s
license and operator’s certificate. Large UAVs must also obtain airworthiness
certifications.

In Australia, safety rules are to be followed when a UAV is flown for
recreational use (CASA, 2002). According to the CASA regulations, the main
safety rules that apply for recreational flying include (UAV Coach, 2020): (i)
daytime flying only, (ii) flying in the visual line of sight, (iii) flying not closer
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than 30 m from other people, or in populous areas, (iv) in control airspace,
its height must not exceed 120 m, (v) it should be kept 5.5 km away from
airfield, aerodromes, and helicopter landing sites, and (vi) not to be flown in
prohibited or restricted areas without permission.

Canada

In Canada, the national aviation authority is Transport Canada Civil Aviation
(TCCA). There is a need to have a special flight operations certificate for
UAV in Canada, depending upon whether the UAV is used for recreational
or non-recreational purposes, and its weight. If the UAV weight is <1 kg
and is used for recreational and not for profit-making purposes, permission
from the aviation authority is not required, but the operator has to follow
strict safety conditions (Transport Canada, 2017). The UAV weighs between
1 and 25 kg must be registered with the aviation authority (Terra Times,
2019). However, the users of UAV weighing 35 kg or more (irrespective of
the purpose) will require a flight certificate (LOC, 2019). After receiving the
certificate, the operation of the UAV will be subject to the rules defined by
the TCCA.

Depending on the intended use of the system, different rules will apply
(Demir et al., 2015), but the restrictions may include locations, time of day,
and other operating and safety parameters. The UAV can be flown below
122 m (400 feet) in the air, away from bystanders, at a minimum distance of
30 m for basic operations as well as <5.6 km from airports or <1.9 km from
heliports. The UAV cannot fly at the site of emergency operations or adver-
tised events, outdoor concerts, and parades.

China

In December 2015, the Civil Aviation Administration of China (CAAC)
published UAV operation provisions to regulate the operation of UAVs.
Since June 2017, any UAV weighing 250 g (0.55 pounds) or more must be
registered with the CAAC. In China, all UAVs <7 kg are permitted to be
flown, but in the case, they weigh between 7 and 116 kg (empty weight) or
150 kg (gross take-off weight) and airspeed of not greater than 100 kmph,
a license and UAV certification from the CAAC is required (LOC, 2019).
Flying beyond the visual line of sight and above 120 m is not permitted. It is
prohibited to fly in densely populated areas, around airports, military instal-
lations, or other sensitive areas, such as police checkpoints or sub-stations.
All UAVs are subject to China’s “No-fly zones.” There are further regulations
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6.3.9

in China that divide UAVs into seven categories according to their weights
(Terra Times, 2019).

Germany

The Federal Aviation Office is the regulatory body in Germany. An indi-
vidual license plate is required to identify the operator for UAVs weighing
>0.5 kg. Flights >100 m height and BVLOS are prohibited (UAV Coach,
2020). In order to operate a UAV of >5 kg, the owner must obtain specific
flight authorization from the concerned authority. For UAVs not more than 5
kg and without a combustion engine, an authorization to fly may be granted
for a period of two years (LOC, 2019). Flights of UAVs weighing >25 kg are
not allowed unless authorized by the regional state authorities. Commercial
UAV operators are required to obtain a license after passing a test demon-
strating the aeronautical skills and knowledge regarding the aviation laws
(Terra Times, 2019). It is prohibited to fly within 1.5 km of airfield, above
prison, military installations, the crowd of people, sense of accidents, disas-
ter areas, and other sensitive areas affecting national security. Other “No-fly
zones” include industrial facilities, power plants and power transmission net-
works, federal roads, and railroads.

Hong Kong

The regulatory body in Hong Kong is called the Hong Kong Civil Aviation
Department (HKCAD). The UAVs <7 kg (without fuel) for recreational pur-
poses can be classified as model aircraft flying, and therefore no permission
is required (UAV Coach, 2020). If flying for commercial purposes and/or if
flying a UAV that weighs >7 kg (15.4 lbs), permission is required from the
HKCAD. The maximum working height of UAV is 300 feet which are flown
in daylight only, having VLOS at all times (Stécker et al., 207). Evidence of
pilot competency is required when taking permission to operate UAVs. The
UAV should not be flown within 5 km of any aerodrome, 50 m of any person,
vessel, vehicle or structure not under the control of the operator, except that
during take-off and landing, and 30 m of any person other than the operator.

Israel

In Israel, the operation of all drones is looked after the aviation national
authority, the Israeli Civil Aviation Authority (CAAI). All drones are gener-
ally subject to extensive regulation, regardless of their weight or type of use
(LOC, 2019). Two permits are needed to fly drones: one from the CAAI and
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the second from the ministry of communication. Commercial drone opera-
tions in Israel require a license. Drone pilots must maintain a full line of
sight with their drones while flying. Drones cannot fly above 50 m (164 feet)
from the ground and in “No-fly zones.” It cannot fly within 2 km (1.2 miles)
of any airport or airfield and within 250 m (820 feet) of people and buildings
(UAV Coach, 2020).

6.3.10 Japan

6.3.11

The Japan Civil Aviation Bureau is the aviation authority in Japan. Japanese
law exempts UAVs that weigh 200 gm or less from the licensing, as conditions
given in the Aviation Act (AA, 2017). In case of commercial flying of UAVs,
the CASA is to be notified, and a certificate is obtained. A different set of
rules exist that is specific for the two categories of commercial flying; under
2 kg and over 2 kg. The Ministry of Land, Infrastructure, Transport, and
Tourism in Japan has the authority to restrict the flying of UAVs above 150 m
(492 feet) of ground level near airports or above densely inhabited areas for
safety purposes. According to the Aviation Act and without the exception of
approval, the UAV should (UAV Coach, 2020): (i) fly in day time only, (ii) fly
in the visual line of sight, (iii) fly not closer than 30 m from other people, or
in populated areas, (iv) not exceed 150 m height in control airspace, (v) be
kept 9 km away from airfield, aerodromes, and helicopter landing sites, (vi)
not fly within 30 m (=100 feet) of people or private property, (vii) not fly over
crowds or sites where large groups of people are gathered, such as concerts
or sports events, (viii) not carry specified dangerous items, and (ix) not drop
objects while in flight, either intentionally or accidentally.

New Zealand

The Civil Aviation Authority of New Zealand (CAANZ), the aviation author-
ity of New Zealand, differentiates among UAVs based on their weight. The
UAVs weighing between 15 and 25 kg may not be operated unless UAV pilots
ensure that their UAVs are safe to operate before flying, and also approval is
taken (LOC, 2019). Such UAVs must be operated in compliance with a list
of operating limits enumerated by the law. The operation of UAVs that weigh
>25 kg, and the operation of any size UAV outside of the operating limits,
requires an operator’s certificate from the CAANZ.

The UAV pilots must maintain a direct visual line of sight with their UAV
at all times, and should not fly >120 m (394 feet) above ground level (UAV
Coach, 2020). The UAV pilots must have knowledge of airspace restrictions
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that apply in the area where they are operating. The UAV must not be flown
within 4 km (2.5 miles) of any aerodrome, and near military operating areas
or restricted areas. To fly in controlled airspace, pilots must obtain an air
traffic control clearance issued by Airways. Pilots must at all times take all
practicable steps to minimize hazards to persons, property, and other air-
craft. The UAVs must fly only in daylight and give way to all manned aircraft.
The UAV cannot be flown closer to marine life. No aircraft will operate at an
altitude of <600 m (2,000 feet) above mean sea level and closer than 150 m
(500 feet) horizontally from a point directly above any marine mammal.

Russia

The State Civil Aviation Authority of Russia (SCAA) is the national aviation
authority in Russia. All UAVs weighing more than 250 gm (0.55 lbs) must be
registered, while weighing <250 gm can be used without registration. The
UAVs can fly only during the day with clear weather and visibility. The pilots
will maintain a direct VLOS and will not fly over people or congested areas.
Flying over sensitive areas, such as military installations, Moscow Kremlin,
and Red Square are not permitted.

South Africa

South Africa’s national aviation authority, the South African Civil Aviation
Authority (SACAA), permits the use of what are known as Class 1 and Class
2 UAVs (LOC, 2019), which are further divided into private, commercial,
corporate, and non-profit operations. The technical and operational require-
ments that apply to UAVs in South Africa differ based on their operation.
For instance, a private operation may only be conducted using a Class 1A
UAV (<1.5 kg weight) or Class-1B UAV (<7 kg weight). Private operations
are exempted from the need to obtain approval, certification of registration,
and UAV’s operator certificate (AA, 2017).

The UAVs weighing >7 kg (15.4 lbs) may not be flown. Pilots must fly
in daylight hours only and maintain a visual line of sight with their UAVs at
all times while in flight. The UAVs are not permitted to fly within 10 km
(6 miles) to an airport without special permission from the SACAA (UAV
Coach, 2020). The UAVs may not be flown within 50 m (164 feet) of peo-
ple or private property (without permission from the property owner). The
level of restrictions applicable to a UAV operation is also related to the
complexity of the operation. Additional restrictions apply to operations in
controlled airspace and the BVLOS.
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6.3.14 Ukraine

6.3.15

The national aviation authority is the State Aviation Administration of
Ukraine. In Ukraine all aircrafts, including UAVs, that are owned by a legal
entity incorporated in Ukraine or by a resident in Ukraine, or rented or leased
by a Ukrainian operator from the non-resident owner, must be registered.
The UAVs having a take-off weight <2 kg that is used for entertainment and
sports activities are exempted (LOC, 2019). The UAVs weighing >2 kg must
register and obtain a permit, but UAVs <2 kg do not require a permit (AA,
2017). Regardless of weight, UAVs should not fly over roads, central streets
of cities and villages, industrial zones, train stations and railroads, seaports,
fuel storages, prisons, places of crashes and emergencies, in the territories of
anti-terrorist activities, and above objects of defense and other government
and military organizations.

The pilot must not be >500 m away from the UAV and should not con-
trol more than one UAV at a time. It can be flown in the daytime only, and
not above 50 m height, with a maximum flight speed of 160 kmph. Beyond
50 m height, it requires a permit. The UAV cannot be flown within 5 km
from the borders of airport, and within 30 m of an individual, within 50 m
of a group of <12 persons, or within 150 m of a group of >12 persons (UAV
Coach, 2020).

India

In India, all aerial vehicles, manned or unmanned, are governed by the
Directorate General of Civil Aviation (DGCA), under the Ministry of Civil
Aviation (MoCA). The DGCA, in a public notification in October 2014,
mentioned that due to safety and security issues, and because the ICAO
has not issued its standards and recommended practices for drones/UAVs
yet, civilian uses of drones/UAVs are banned until further notice. However,
regulations must be in place for UAV/drone-based services to continue to
thrive and grow.

In October 2017, the DGCA issued the draft guidelines on UAVs
through the circular, “Requirements for Operation of Civil Remotely
Piloted Aircraft System (RPAS)” (DGCA, 2018). The intent was to have a
regulatory framework to encourage the commercial uses of drones/UAVs in
areas from industrial monitoring to disaster management. The draft policy
is under review with different ministries in the government and is expected
to be formalized with further detailing by 2025 (FICCI Report, 2018). The
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policy would provide the existing UAV users the momentum to expand their
scope of activities.

On August 27, 2018, India achieved a major milestone by releasing
“Requirements for Operation of Civil Remotely Piloted Aircraft,” also known
as India’s Drone Policy 1.0. The policy, which is applicable from December
2018, lifts the blanket ban on UAV-related activity and authorizes the use
of drones/UAVs for commercial purposes. The current draft policy (2018)
classifies UAVs into segments, as nano (<250 g), micro (250 g-2 kg), mini
(2-25 kg), small (25-150 kg), and large (>150 kg) (FICCI Report, 2018). The
micro and mini classifications cover a wide range of toys and mini drones, as
this is a low-risk category. All drones except those in the nano category must
be registered and issued a unique identification number (UIN). In India, the
rules are fairly stringent, but once this policy comes into full effect, drones/
UAVs are expected to be widely used in the country.

In September 2018, the MoCA legalized commercial flying drones under
the Digital Sky rules. As per rules, the DGCA will grant a UIN to either an
Indian citizen or a company, or a body corporate (DGCA, 2018). All drone
operators will register their drones and take permission to fly for each flight
through India’s Digital Sky portal (http://digitalsky.dgca.gov.in). Before
every flight, drone pilots must take permission to fly via a mobile app called
“No Permission-No Take-off” (NPNT). A permit is required for commercial
drone operations (except nano category flown below 50 feet and micro cate-
gory flown below 200 feet). The owner/operator will be held responsible for
the UAVS’ safe custody, security, and access control. All UAVs can be flown
by trained operators only. Drone pilots must maintain a VLOS at all times
while flying. Drones cannot be flown more than 400 feet vertically, and in
areas specified as “no-fly zones,” which include areas near airports, interna-
tional borders, secretariat complex in states, strategic locations, and military
installations.

The DGCA released the draft note for Drone Regulations 2.0 in 2019,
which had proposed regulations for the operation of drones in public spaces,
particularly the ones implemented at a commercial scale. Other salient fea-
tures are (Barik, 2019):

Drone corridors: Creating space in the sky with dynamic red, yellow
and green zones. For example, a 5 km radius around airports and areas
around Rashtrapati Bhavan will be a red zone. There will be plenty of
green zones, and some yellow zones.

Drone service providers: For registering, licensing, and regulation for
flying drones
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Drone ports: To enable drone corridors for different types of drones, and
to operate drones BVLOS with payloads, and to enable automation of
flight, each operational drone has to be registered.

Automatic air traffic management: Bi-modal control will ensure that
both the Digital Sky Service Providers and air traffic management have
control of the drone

Drone Directorate: To set up a Drone Directorate under the DGCA.

On January 13, 2020, the MoCA, through a public notice, directed drone
operators to register their drones on the Digital Sky portal by January 31.
The MoCA has registered 19,553 UAVs/drones till March 2020 since it was
made mandatory for operators to register. However, this did not give rights
to operators to fly drones in India without permission. The latest guidelines
of 2019 with regards to drones may allow certain businesses and organi-
zations to train pilots for these unmanned aerial drones. At present, the
guidelines allow only 34 flight training organizations to provide training
and certification of drone pilots in India. It is expected that government
may allow airlines, state, and central government agencies, universities, and
drone manufacturers to train pilots for drones.

Drones startups in India are weighed down by high costs and compliance
regulations, which have negatively impacted investor confidence, though the
interest remains high. According to global market intelligence and advisory
firm BIS Research (2018), the Indian drone market is expected to be valued
at US$885.7 million by 2021, while the global opportunity is estimated to
touch US$21.47 billion by 2021.

Table 6.6 presents a comparison of salient features of India’s draft policy
with policies existing in the United States and China (FICCI Report, 2018).
As seen in the table, the market regulations in both United States and China
are conducive toward leveraging the UAV applications to maximize the ben-
efits to organizations. For example, more area can be scanned in a shorter
flight by allowing higher altitude flights. Further, organizations can carry out
their operations for a longer duration with the desired payloads, if heavier
payloads are allowed without much restriction. The Indian policy 2018 pro-
poses that the operator shall submit a flight plan and obtain necessary clear-
ances for operations at or above 200 ft AGL in uncontrolled airspace. The
drawback in the policy is that a 60 m AGL ceiling may restrict many appli-
cations for UAVs in India, for example, in power and utilities, transmission
towers have a height of up to 350 feet, whereas other countries also have
adopted a limit of 400 feet AGL as a threshold value (FICCI Report, 2018).
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TABLE 6.6 Salient Features of India’s Draft Policy with Policies Existing in United States and China
(FICCI Report, 2018).

India’s RPA Policy

US’s Small UAV
Policy

China’s UAV Policy

of simulated flight
training

— No-fly zone awareness

— Safe recovery
mechanisms

— Not applicable for
nano and micro

category RPAs

airman certificate
with a small

UAV rating or
under the direct
supervision of a
person who holds
a certificate

Applicability | All RPAs Only small drones | For small drones weighing
for now weighing under between 1.5 and 150 kg
55 Ibs (including (including attached systems,
attached systems, payloads and cargo) and
payloads and cargo) | calibrated air speed not
greater than 100 km/h
Categorization | Based on Maximum Based on MTOW Based on MTOW
Take-off Weight
(MTOW)
Security or DGCA should be License holder is Manufacturer and owner
Safety Aspect | informed prior to sale or | required to cancel | to register through CAAC’s
disposing of the RPA or | registration through | online portal to obtain
in case of damage the FAA’s online license. Account holder
registration system | is required to cancel
in case of sale, loss | registration through the
or transfer of UAV | CAAC registration system
in case of sale, loss, damage,
discarded, stolen or transfer
of UAV
Training — Minimum age — Minimum age — Minimum age
requirement requirement-18 years requirement- 16 requirement-16 years
for remote — Practical training years (14 years with adult
pilots with a proportion — Remote pilot supervision)

— Practical and theoretical
knowledge training

— Safety operation skill
assessment method

— Training on aircraft
aerodynamics and flight
principles

— Training on aviation
regulations and flight
around the airport-No-fly
Zone awareness

— Universal emergency
operation procedures

— Training on UAV system
features and components

— Not applicable for drones
weighing less than 1.5 kg
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India’s RPA Policy

US’s Small UAV

China’s UAV Policy

Policy
Requirements | — Nano and micro — Maximum — Maximum altitude of
for the RPA operative up altitude of 400 120 m (~400 feet) above
operation of to 50 feet and 200 feet above ground | ground level or higher

RPA

feet respectively
above ground level
exempted from filing
the flight plan and
obtaining Air Defense
clearance

— Only during daylight
(between sunrise and
sunset)

— All RPA operations to
be day operations and
within VLOS only

— Minimum ground
visibility of 5 km

— No RPA shall be
flown from a mobile
platform

— RPA shall not
discharge or drop
objects unless
specially cleared via
Unmanned Aircraft
Operator Permit.

— Only nano RPA
exempted from
informing local
police authority
prior to commencing
operations

— No specifications yet
on the speed of the
RPA

level or higher
(only if it remains
within 400 feet of
a structure)

— Operations
in class G
airspace allowed
without any air
traffic control
permissions

— Daylight only
operations/
civil twilight (30
minutes before
sunrise and 20
minutes after
sunset)

— With the visual
line of sight only
of the remote
pilot in command/
visual observer

— Minimum
weather visibility
of 3 miles from
the control station

— No operation
from a moving
vehicle unless the
operations are
over a sparsely
populated area

— Not faster than
100 miles per
hour

— Real-time online systems
to record flight data
and prevent flight into
prohibited areas

— UAV flying within visual
line of sight must be
operated in the daytime

— UAV flying BVLOS is not
restricted with operating
times, but a certain
regulatory framework for
addressing emergencies
applies to such flights

— Both UAV flying within
VLOS and BVLOS must
give way to manned
aircraft

— Air speed not greater than
100 km per hour

— UAV operators to buy
insurance for UAV
covering liability for third

parties on the ground

(continued)
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India’s RPA Policy US’s Small UAV | China’s UAV Policy
Policy

Enforcement | Cancellation of FAA may impose The CAAC will impose

action operator permit if the civil sanctions in limitations with respect
performance is no instances of fraud to the use of UAVs and
longer acceptable or if | and falsification for | punishment by regulatory
there is a breach of the | matters within its authorities in accordance
compliance that may jurisdiction with relevant regulations
attract penalties

Flying UAVs safely in India would require further R&D in a market-ori-
ented environment if civilian uses of UAVs are permitted. The Government
of India is considering broadening UAVs™ classification and making the
regulations less stringent to exploit the potential of UAVs. Companies are
preparing themselves to adopt the UAVs-based solutions much faster and
provide the training to pilots. Legislators need to assess the impact of UAV
technology on other existing legal frameworks, such as IPR, security and
privacy, and make suitable amendments in regulations accordingly (FICCI
Report, 2018). Properly framed regulations on civilian UAVs in India will
lead to developing several new applications, as UAVs are expected to stay in
the market for a longer time. The drones/UAVs are expected to transform
various operations in India by their innovative applications.

From UAVs, the main harms identified are; malfunction, mid-air col-
lisions, and consequent damages to people & property on the ground. To
address these harms, the UAV regulations focus upon three key aspects
(Stocker et al., 2017): (i) targeting the regulated use of airspace by UAVs, (ii)
imposing operational limitations, and (iii) tackling the administrative proce-
dures of flight permissions, pilot licenses, and data collection authorization.
Since the early 2000s, several countries have gradually established national
legal frameworks for UAVs. Although all UAV regulations aim at one com-
mon goal, minimizing the risks for other airspace users and for both people
& property on the ground yet a distinct heterogeneity of regulations exists
worldwide. However, common issues, such as mandatory platform registra-
tion, obligatory insurance coverage, and standard pilot licensing procedures,
indicate trends toward mature UAV regulations.

The past, present, and future trends of UAV regulations can be linked
with developments in the law, the market, or information, as shown in
Figure 6.3 (Stocker et al., 2017). Presently, legal frameworks are the driv-
ing force that regulates the use of UAVs worldwide. However, due to the




6.4

REGULATORY SysTEMS FOR UAVs ¢ 253

growing UAV market, it is expected that the market mechanism will soon
gain the most importance. Furthermore, information and education as
enabling tools for public acceptance as well as integration of UAVs into soci-
ety are expected to receive increased attention. Political will and clear-cut
laws are also important to further develop UAV technology. Although UAV
regulations are in place in about one-third of all countries (Jeanneret and
Rambaldi, 2016), gaps and lack of capacity can be seen in both enforcement
and implementation.
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FIGURE 6.3 Past, present, and future developments with respect to regulatory laws, market, and
information (Stocker et al., 2017).

SUMMARY

The UAV regulations are under development/revision in several coun-
tries worldwide to propose some technical specifications and areas where
these devices can be used (e.g., over urban settlements), with an increasing
range of applications. Currently, the lack of precise rule frameworks and
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the time-consumed for taking flight permissions are considered the biggest
limitations for UAV applications (Uerkwitz et al., 2016). To resolve potential
regulatory hurdles, interested stakeholders as a partner with global bodies,
such as ICAO, help shape transnational guidelines that could trickle down
to individual countries. Advocacy in specific target countries may also be
needed to speed up the adoption of favorable regulations that support the
implementation of UAV solutions. The capabilities of UAVs will expand over
the next few years, and society and law enforcement need to be aware of the
threats this technology could deliver (Vattapparamban et al., 2016).

Perhaps, worldwide the biggest single problem is that UAVs are not suf-
ficiently regulated. In many countries, a single agency has not yet claimed
overall authority to deliver the regulations necessary to use UAVs in a safe
manner. Law enforcement agencies and aviation regulators are increasingly
concerned about the risks posed by UAVs/drones to society (Terra Times,
2019). As with the internet and cyber-security, UAVs’ positive and negative
uses are two sides of the same coin, and as such, we cannot have one with-
out the other. Despite technical and regulatory hurdles, many scientific and
engineering communities have also delved into UAV technology develop-
ment or incorporated UAVs/drones into their respective fields.

REVIEW QUESTIONS

Q.1. Discuss various issues of concern while flying UAVs for data collection
in reference to flying regulations.

Q.2. Why do you think that strict regulations are essentially needed for
flying the UAVs? Are there any disadvantages also due to these strict
regulations?

Q.3. Discuss six main criteria while developing the UAVs regulations.

Q.4. Write a short note on the (i) FAA regulations, (ii) European Union
regulations, and (iii) the ICAO regulations for flying UAVs.

Q.5. Explain the common features among the regulations of various coun-
tries globally. Which country has more liberal regulations?



CHAPTER

VARIOUS AppLiCATIONS OF UAV's

71

INTRODUCTION

Originally, UAVs were developed and used for military applications, such as
reconnaissance and surveillance (Garg, 2019). From this perspective, the
focus has primarily been related to their use in military operations (Blom,
2011). Therefore the UAV technology is much more advanced in the military
sector than in other sectors. Before World War 11, radio-controlled aircraft
were used by the British military for target practice. During World War II,
US and German militaries used such aircraft to fly into heavily fortified tar-
gets. Outside the military sector, UAVs have been used for decades by public
entities, such as police and fire departments.

In the early 2000s, the public began to show greater interest in UAV
technologies due to their reduction in costs and high-resolution images/data
availability. Any application that could utilize a highly mobile data collection
or communication platform could conceivably incorporate UAVs as a pri-
mary data collection component. In particular, UAVs have begun to emerge
as an essential data collection tool for applications involving natural hazards
(e.g., earthquakes and landslides) or snow-covered mountains where site
accessibility can be challenging, and the need to collect the latest data is
urgent. In such applications, UAV-based photogrammetry provides advan-
tages over other remote sensing platforms such as satellites (Colomina and
Molina 2014). Satellites are limited by temporal resolution, cloud coverage,
and spatial resolution, whereas the UAVs, can be deployed on-demand, and
flight parameters can be adjusted to acquire the desired image resolution
and perspective.
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7.2

More recently, the commercial sector has explored UAVs for their busi-
nesses (Boucher, 2015). Many UAVs originally developed for military pur-
poses are now being used for various civilian applications (Watts et al., 2012).
For example, UAVs are used now in journalism, videography, search and
rescue, disaster response, asset protection, wildlife monitoring, healthcare,
and agriculture. Over the last decade, UAVs and other robotic systems have
shown great potential in a wide variety of applications, such as environmen-
tal pollution assessment and monitoring, fire-fighting management, border
security monitoring, fisheries, forest, logistics, oceanography, and communi-
cation relays (Jeanneret and Rambaldi, 2016). They are being used in many
civilian applications due to their ease of deployment, low maintenance cost,
high mobility, ability to hover for a long duration, and the possibility to reach
difficult or impossible places (Crommelinck et al., 2017).

There are three broad uses for UAVs: (i) to reach beyond cameras, (ii)
to reveal new information by collating data from multiple sensors, and (iii)
to transport materials. To date, the main applications of UAVs globally have
been in the first two categories, as relatively inexpensive UAV-based cam-
eras have been replaced with other forms of aerial imaging. Imaging flights
have been successfully carried out in humanitarian missions, including sur-
veillance, natural disasters, and vector research for malaria. The use of UAVs
to transport materials has also begun. Militaries have created a suite of UAV
systems with large-scale transportation capabilities, and commercial entities
are investing heavily in drone/UAV delivery services. Business Insider (2017)
predicts the total global shipments to reach 2.4 million in 2023, increasing
at a 66.8% CAGR. The UAV/drone growth is expected to occur across the
four main segments of the enterprise industry: agriculture, construction and
mining, insurance, and media and telecommunications.

OVERVIEW OF UAVS/DRONES APPLICATIONS

The UAVs can perform both outdoor and indoor missions in challenging
environments. These UAVs are equipped with various sensors and cam-
eras for doing intelligence, surveillance, and reconnaissance missions. The
applications of UAV/drones can be categorized based on the type of mis-
sions (military/civil), type of the flight zones (outdoor/indoor), and type of
the environments (underwater/on the water/ground/air/space). Figure 7.1
presents a flowchart showing different types of drones/UAVs (Hassanalian
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and Abdelkefi, 2017). It is expected that drones/UAVs may have more than
200 applications in the future according to their types.

Type of applications

A Y
|Fligh[ zone |~0| Mission |0|Environment |
Y Y

|Outdoor | | Indoor | |Underwater || Water || Ground | | Air || Space |
\ A - -
| Missile launching drones |<_ Military Civil ->| Video/Photography ->| Inspections

Disaster response ->| Maritime
->| Meteorology

| |
| |
| |
| Environment & Climate |}»|  Agriculture |
| |
| |
| |

| Bomb-dropping drones |<- "l
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FIGURE 7.1 Applications of Drones/UAVs (Hassanalian and Abdelkefi, 2017).

Industries ranging from agriculture to entertainment and media are also
taking full benefits of the UAVs/drones they offer. Figure 7.2 shows various
industries adopting commercial UAVs and the market they control. It is seen
that one of the most rapidly growing sectors is infrastructure development
which includes construction.

Mining Infrastructure
3.4% 35.5%
Telecommunlcatlon
5%

Insurance ’

53%\/°

Media
6.9%

Security

8.2% £ ’
Transbort

10.2%

FIGURE 7.2 Various industries adopting the commercial UAVs/Drones (Patterson, 2018).
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The UAVs carry photographic sensor types for data collection, such as
RGB cameras, multispectral cameras, hyperspectral imaging, and thermal
imaging sensors. In addition, biological sensors may be used in civil and
environmental engineering fields to identify specific airborne contaminants
or pathogens. These sensors are categorically similar to gas and radiation
detection because they require contact between the sensor and the target.
Magnetometers can probe beneath the ground surface useful for geotech-
nical infrastructure systems, such as pipelines, levees, earth dams, landfills,
and sub-surface hazard detection.

Figure 7.3 presents the maturity level of common UAV applications and
associated technology. Some applications, such as goods delivery, are still
early, whereas many applications areas have reached maturity level, such as
border patrol.

Early Stage | Middle Stage | Late Stage

Applications

Aerial photography

Border patrol

Construction and real
estate images and
monitoring

Emergency management

Infrastructure monitoring

Mail and small package
delivery

Film-making and other
media uses

Oil and gas exploration

Precision agriculture

Public safety

Weather forecasting and
meteorological research

Wildlife and

environmental monitoring
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Early Stage | Middle Stage | Late Stage

TECHNOLOGY

Advanced manufacturing
techniques

Batteries and other power

Communication systems

Detect, sense, avoid
capabilities

GPS

Lightweight structures

MiCI’OpI‘OCGSSOI‘S

Motors

Engines

Sensors

FIGURE 7.3 Maturity levels of applications and technology of UAV/Drone (Uerkwitz, 2016).

Automated UAVs can contribute to a wide range of applications, such
as oil & gas facilities, security, surveillance, emergency response, and infra-
structure inspection. UAVs can perform applications in sea ports, such as
surveying and mapping, port monitoring, and traffic control. Automated
UAVs can be utilized in stockpile management, tailings dams, inspections,
and more in mining operations. The UAVs allow mining companies to obtain
precise volumetric data of excavations. Energy and infrastructure companies
are able to survey pipelines, roads, and cables exhaustively. Humanitarian
organizations could immediately assess and adapt aid efforts in continuously
changing refugee camps (Tasevski, 2018). Coordinated teams of autono-
mous UAVs (i.e., swarm) will enable missions that last longer than the flight
time of a single UAV by allowing some UAVs to leave the team for battery
replacement temporarily.

Leveraging other emerging technologies, such as AR, VR, AI, 3D mod-
eling, and IoT can enhance the output from the UAV data. There is a natural
synergy between these technologies, which complement each other when
coupled with UAV data (FICCI Report, 2018). Table 7.1 illustrates some
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of the potential applications of these technologies when coupled with UAVs
across five key industries; power and utility, agriculture, highways, mining,
and railways.

TABLE 7.1 Potential Applications of UAV Across Five Key Industries (FICCI Report, 2018).

Applications

Various uses

Power and Real-time Remotely Automatically | Creating 3D Transferring
utility information |inspecting a | detecting models of information
overlaid tower from corrosion on the site from from UAV to
on an AR the top using |equipment on |the UAV a handheld
headset when | UAV and a towers using a | data before device through
scanning gas | VR headset | UAV feed construction IoT
pipes through begins to
UAVs optimize
layouts
Agriculture Enhanced Videos and Automatically | Planning Collecting
video output |images identifying for contour information
augmented captured insects and trenches and | from
with through UAVs | crop using estimating the |sensors and
information | can be used |NDVIand Al |scope of work |communicating
about crop for training from a UAV through a 3D | with UAV
health farmers feed model created |remote
overlaid on a from UAV feed |operating
UAV feed center
Highways Information | Remote Automatically | UAV-based Real-time
for engineers | virtual tour monitoring information visibility
on-site of bridge the progress to create 3D to remote
highlighting | construction | by calculating | models to engineers to
areas site for higher |length of the | estimate the assess road
identified for | management |road created |scope of work |conditions
maintenance | through UAV |through a UAV | while building | through a UAV
through UAVs | feed video a tunnel feed
Mining Using 3D 3D models UAVs and AT | Using 3D UAVs can
modeling and | created with | can help detect| models created | act as first
AR; engineers | the help of if workers on | through responders to
can run UAV feeds ground are UAV data for | an accident site
simulations can be used | complying with | planning blast | and transmit
for blasts to | by engineers |regulations, in a mine real-time
view through | to access such as information to
AR headsets |and monitor |wearing hard rescue agencies
to identify sections of hats etc.
risks the mine
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Applications

Various uses

Railways Site engineers | Managers in | Images 3D models UAVs can
can use AR railways can | and videos prepared transmit
headsets to remotely visit | captured through UAV | information
consume a site through |from a UAV can help through
information | VR and can be used engineers Internet in
captured by | inspect the by algorithm | determine case of an
UAVs, such as | site from the |to find the the volume accident and
broken bolts |information |number of of excavation | can help
etc. captured by | sleepers laid required to be |rescue teams

UAVs on track cut to construct | to plan the best
a railway line | discourse

Emerging Augmented | Virtual Artificial 3D Modeling: | Internet

Technologies | Reality: Reality: Intelligence: |Creating a of Things:
AR is used VR is used Intelligence is | digital model | Network of
to present to present demonstrated | of the object in | connected
enhanced completely by machines a 3D system by | devices; robots,
natural immersive that perceive | mathematically | device and
environments | digital and learn representing instruments,
overlaid environments | from Big data points embedded
with digital or situations | data to mimic |and rendering |with sensors to
information |to offer and improve  [themina3D |communicate
to offer perceptually |upon human | space with other
perceptually | enriched cognitive objects to
enriched experiences | functions, such exchange
experiences |in a digital as learning data and
which can environment |and problem information
be digitally solving over the
manipulated. Internet

Problem Enhanced Virtual Human Digital model, |Real-time

classes experience, experience, perception, volumetric interaction,
remote remote classification, | estimation, visibility, and
accessibility, |accessibility, |and prediction |and remote gathering
and improved | and improved visibility information
productivity | productivity

Industry IKEA Audi Technology Lafarge Holcim | GE company

examples company company is giants, such company is is using IoT to
used AR to using VR as Google using 3D monitor and
showcase to allow and Tesla are | models for collect data
consumers customers to | building self | blast planning | on its aircraft
how furniture | experience driving cars and computing | engines
would look in | new car using Al inventory
their homes |interiors volumes
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Aircraft present a compromise between satellites and UAVs, providing
higher-resolution imagery than a satellite and covering much larger areas
than UAVs. Due to battery life or regulatory restrictions on BVLOS oper-
ations, most UAVs have a comparatively shorter range. Average prices per
area for all three technologies are presented in Figure 7.4. The prices are
comparable between the two (aircraft and UAVs), but while UAVs can
achieve that rate on just a few hectares, the high hourly price of aerial pho-
tography means those rates can only be performed on large projects. In the
United States, some companies are providing services as little as US$ 0.73/
acre to US$ 1.80/acre (DronaApps, 2018). For an area, it is unlikely that
UAVs will compete with airplanes and satellites until their endurance has
been drastically improved. But for smaller projects, high starting prices for
aircraft and satellites can make UAVs an attractive option. The real advan-
tage of UAVs lies not in their price per area but their ability to fly close to the
ground so they can achieve few centimeters resolutions and capture imagery
at oblique angles, which the other two technologies can’t.

4200

3675 T UAV
3260 —
2625 ______________..---"' Aircraft

Euro 2100 o s e e e o e s s e s s —+ Satellite
1575 | "

1050

525

]

5 ha Area (ha) 50ha

FIGURE 7.4 Cost for satellite, aircraft, and UAV-based mapping (DroneApps, 2019).

The UAVs are cost-effective and a good alternative to human-crewed
helicopters. The UAV teams permit rescue organizations to deploy dedicated
communication networks for ground operators quickly. Telecommunication
companies can also leverage UAV networks to supplement or replace points
of service temporarily. These days, drones are being used to create spectac-
ular lighting effects in concerts, such as the super bowl by artists, Lady Gaga,
or sports broadcasting (Ayranci, 2017). In the future, police will use drones
for search and rescue missions and also track down criminals. Various police
drones would serve different tasks, such as Drug Sniffing Drones (Turkmen

and Kuloglu, 2018).
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VARIOUS APPLICATIONS

7.3.1

7.3.2

Various applications of UAV technology are enumerated below.

Surveying and Mapping

For land surveying and mapping, UAVs offer high-quality output and remark-
able locational accuracy. It offers an efficient supplement method to tradi-
tional survey methods, such as the total station and GPS survey (Garg, 2019).
Surveying and mapping professionals routinely face difficult and often dan-
gerous terrain for mapping. The UAVs provide the advantage of data collec-
tion in such environment/terrain with safety and security. Autonomous UAVs
would allow surveyors and mappers to collect high-resolution aerial data and
take precise measurements, thus saving time, money, and human resources.
Eliminating the logistics of UAV operations, UAV can provide scheduled
and on-demand aerial data collection and premium processing and analytics
capabilities to support critical processes, such as stockpile volume measure-
ments, terrain mapping, site planning, and more (Tatum and Liu, 2017).

Equipped with appropriate sensors and camera technologies, UAVs pro-
vide an economic platform for obtaining topographical data. Using photo-
graphic systems and high-resolution images, overlapping photos taken by
the UAVs are put together in a mosaic that can be used for topographic
mapping. The UAVs equipped with thermal imaging can be used to discover
energy leaks by conducting building envelope surveys. Combining photo-
grammetry with LiDAR technology allows the production of ortho-photos,
point clouds, DEMs to assist 3D building models, contour maps, volumetric
calculations, and various other products (Garg, 2019).

RGB cameras on UAVs are dominantly used in mapping applications
(Jordan et al. 2018). Due to the excellent spatial resolution of products from
UAVs, they are an excellent choice for cadastral mapping (Crommelinck et
al., 2017). However, many other types of sensors, including hyperspectral
imaging and thermal imaging (Nishar et al., 2016), also play a role in civil
engineering for multi-scale data collection. They can save considerable time,
money, and human resources.

Industrial Applications

It is the most popular category for UAVs applications. Automated UAVs
have emerged as incredibly powerful and versatile tools capable of hav-
ing a wide range of industrial applications. In addition, the near real-time
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data gathering and analyzing capabilities make automated UAVs valuable
for several industry sectors. Industries are increasingly using UAVs/drones
to optimize industrial processes and improve their operational efficiencies
(Uerkwitz et al., 2016).

The UAV’s maneuverability makes it possible to inspect difficult or dan-
gerous areas for humans to access. Such sites can provide valuable visual sur-
veillance, assisting engineers in ascertaining structural integrity or general
safety (Lee and Choi, 2016). Remote stretches of natural gas and petroleum
pipelines are the best examples, as UAVs can travel and collect data faster
than any human. They provide value addition by significantly reducing the
costs. These data can be stored in the cloud or uploaded to facility man-
agement software to alert the technicians to maintenance issues, thereby
increasing efficiency and accountability.

Many industrial inspections have involved ladders, ropes, and rigs to
scale large machinery and towers, oversee processes and locate bottlenecks.
These processes pose a great risk to managers and require shutting down of
machinery, which may cause significant financial losses (Shakhatreh et al.,
2018). An automated UAV platform can eliminate the logistics of its oper-
ations, providing on-demand aerial data and faster processing and analyt-
ics capabilities (Katukam, 2015). The UAVs can help managers with critical
and ongoing industrial inspections in the following ways (Shakhatreh et al.,
2018):

= Enable more efficient, cost-effective, and safe inspection.
Offer managers a professional tool for viewing difficult-to-access areas.
Provide non-disruptive technology that does not require ceasing opera-
tions.

= Positioning of the UAV at the required spot to get high-resolution and
panoramic images for detailed topographic models, and 3D models for
various purposes.

Some of the industrial applications where UAVs can potentially be used
are discussed below.

7.3.2.1 Construction sector

The use of UAVs in construction has already led to many changes in the way
buildings are made. The UAVs are changing the way construction companies
do business, helping them coordinate teams more efficiently, track progress
more regularly, and complete projects faster and economically. Scanning
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the sites with UAVs and add-on equipment, such as infrared, geo-locating,
and thermal sensors, assist in mapping construction sites and modeling con-
struction projects (Jones, 2019). Technology advances in recent years have
resulted in the design of UAVs that are more reliable, less expensive, and
easier to control. Such platforms enable construction companies to measure
work progress in real-time. Using UAVs, construction owners are able to see
what is happening on the site from the comfort of their offices.

The application of UAVs in construction management is developing in
the construction industry (Greenwood et al., 2019). The UAVs can do much
more than produce high-definition images. The real estate industry has
begun to take advantage of UAVs to conduct aerial surveys and mapping of
planned developments. The development of 3D models at construction sites
over time to monitor the progress has been the most common application of
UAVs in construction management. Construction companies have primarily
been using UAVs to provide real-time reconnaissance of their sites to pro-
vide high-definition video and still images for publicity and documentation
of progress (Intelligence, 2018).

Construction management is best achieved through creating a Building
Information Model (BIM). The BIM collects all data and any other info
needed throughout a construction project from start to finish. It’s the entire
database of information for a project. With the proper information, a con-
struction firm can build a 3D model of a project using BIM, which can
significantly streamline the preparation and ongoing monitor the project
progress, and reduce costs (Vacanasa et al., 2015). The UAVs linked with
BIM can potentially improve construction productivity by monitoring the
construction process and material delivery, and equipment usage (Fan and
Saadeghvaziri, 2019).

Construction monitoring can be achieved by using UAVs/drones to cre-
ate 3D models and compare this model to BIM models, as shown in Figure
7.5. The UAV takes images of the project site, which are sent to the cloud
and incorporated into BIM software to create 3D images. The 3D images
are overlaid on the original CAD designs to look for problems and inconsis-
tencies. As the model is created, the team members constantly refine and
adjust their portions according to project specifications and change design
to ensure the model is as accurate as possible before the project physically
starts. As the project moves forward, construction
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FIGURE 7.5 Overall concept of using drones in BIM to monitor the construction (Anwar et al., 2018).

engineers and managers can locate the mistakes quickly, such as pipes or
trenches that were not dug correctly (Anwar et al., 2018). Identifying these
inconsistencies upfront saves money and timeline setbacks, offering advan-
tages for both contractors and their clients.

The UAV-based photogrammetric images with the LiDAR data can
create 3D building models, contour maps, volumetric analysis, and various
other products. The UAVs equipped with thermal imaging can be used to
discover energy leaks by conducting building envelope surveys. The UAVs
and GPS are being used with pre-determined waypoints to capture images
from the same aerial perspective over time to monitor the actual construc-
tion progress against the planned progress. Routes are pre-programmed so
that the UAV can follow pre-determined routes independently (Puri, 2015).
Route planning software would allow UAVs to follow specific routes, speeds,
altitudes, and targets to capture images. Aerial images produced by UAVs
can be taken daily to plan the placement of stored materials, the flow of
workers and vehicles in and around the site, and to identify potential issues
with installed construction or the constructability of planned installations.

The UAVs have also been explored as safety inspection tools at con-
struction sites. Images and video captured by UAVs can cover a larger area
of the site in the shortest time which can be valuable information of the
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site conditions where accidents usually occur. Security of construction sites
can also be enhanced using UAVs integrated into the security alarm sys-
tem. A UAV could dock on a rooftop station, and when required, the UAV
is deployed to maneuver above the construction site to capture real-time
video (Heys, 2019). A high-definition camera at a low altitude could have
the capability to identify small individual objects within its view, and the
video could be streamed to a smartphone or other real-time device. The
UAV could also be automatically programmed to conduct periodic security
sweeps and returning to the rooftop station automatically.

In the construction industry, UAVs provide easy access to large or diffi-
cult sites and complex or tall structures (Patterson, 2018). Specifically, the
UAVs have impacted the construction industry by:

Enabling better construction site monitoring,

Quick inspection of the buildings,

Monitoring on-site activities,

Reduction in or elimination of equipment downtime,
Higher precision and accuracy,

Increase in safety,

Reduction in regulatory demands for health and safety check-ups,

® N 0 » DR

Reduction of time in data collection,

9. Security surveillance,
10. Detailed site analysis,
11. Computing the stockpile volume and material types for inventory,
12. Computing the length, width, and elevation for roads and structures,
13. Computing overburden to plan for an efficient removal,

14. Providing thermal images that can help examine pipelines, solar panels,
power grids, and roofs for leaks, overheating, failure, and proper insula-
tion, and

15. Photo documentation of before and after inspection.

The use of UAVs in various construction activities can result in cost-sav-
ing, as shown in Figure 7.6 (PwC, 2018a). The maximum saving is observed

in accurate measurements as well as activities where improved communica-
tion and collaboration is required.
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FIGURE 7.6 Advantages of using UAVs in construction (PwC, 2018a).

Innovative technologies, such as wireless sensor networks, and IoT
are expected to help in better construction and safety management.
Incorporating UAVs at construction sites introduces additional safety con-
cerns, such as personnel distraction and increased collision risk with equip-
ment or personnel. Future application of UAVs in the construction industry
may include (Tatum and Liu, 2017): automated employee check-in/check-
out, automated safety checks, scanning RFID tags on materials in laydown
areas for inventory, material delivery, parts delivery, remote job walks, pre-
view views from a building prior to construction, thermal scanning of utili-
ty-scale photo-voltaic (PV) plants, and interior missions. In the coming years,
the construction industry is expected to adopt more expanding innovations.
Construction is one of the world’s biggest industries, worth about US$ 8.5
trillion a year. The Goldman Sachs report estimated in January 2017 that
the businesses will invest US$ 13 billion in commercial drones by 2020, with
more than US$ 11 billion in the construction industry alone (PwC, 2018a).

7.3.2.2 Oil and gas sector

The UAVs open up new opportunities in industries, such as mining, sea
ports, oil & gas, and other large industries (Klochkov and Nikitova, 2008).
Some of these applications include inspection of critical linear infrastruc-
tures, such as oil and gas pipelines, water pipelines, or electrical transmission
lines (Silvangi, 2016), and inspection of wind turbine blades with higher-
resolution imaging. The UAVs offer managers a professional tool for viewing
difficult-to-access areas, giving them a safer and more cost-efficient way of
gaining greater insight into operation-critical processes. The UAV can be
autonomously deployed and landed, with pre-defined missions and appli-
cations to collect aerial data, which the system analyzes, providing a clear
picture of sites.
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Pipelines represent an infrastructure component of the oil and gas indus-
try with significant failure. Monitoring pipelines over a large spatial range is
critical and can be too costly to assess the optimum performance (Jawhar et
al., 2014). The UAV provides the solution to eliminate the need for logis-
tics involved and provide reliable, on-demand aerial data, processing, and
analytics capabilities while simplifying the inspection processes (Katukam,
2015). Automated gas inspection can be a significant safety feature to indus-
trial facilities, such as chemical plants, refineries, and manufacturing sites
(Culus et al., 2018).

Several oil-field companies word-wide are making use of UAVs to pro-
vide customers with a value-added service. For example, British Petroleum
(BP), a multinational oil and gas company, routinely uses UAVs to patrol
their Alaskan oil field, the first authorized commercial UAV operation in
the United States. Their UAVs will be used to monitor specific maintenance
activities on roads, oil pipelines, and other infrastructure in northern Alaska’s
vast and potentially dangerous artic environment. Figure 7.7 shows the uti-
lization of UAVs in oilfields.

FIGURE 7.7 The UAVs for oil fields monitoring (Heutger and Kiickelhaus, 2014).

7.3.2.3 Power sector

The UAVs can be utilized for high voltage inspection of the power transmis-
sion lines (Figure 7.8). They can be deployed to detect, inspect and diagnose
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the defects in power line infrastructure (Miller, 2016). Multiple images and
data from UAVs can be processed to identify the locations of trees and build-
ings near the power lines and calculate the distance between trees, buildings,
and power lines. A thermal IR camera can be employed for bad conductivity
detection in the power lines (Jones, 2015). Jordan et al. (2018) provided a
contextual review of UAV-based inspection of power facilities and structures.

FIGURE 7.8 The UAV operations of power lines.

Thermal imaging can be used to inspect inaccessible buildings, electric
power lines (Heutger and Kiickelhaus, 2014), PV systems, fire-fighting, and
law enforcement. Thermographic inspection from the UAV can be particu-
larly useful for monitoring different industrial facilities (Figure 7.9).

FIGURE 7.9 Thermal operations to evaluate energy efficiency [See Plate 6 for Color].
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7.3.2.4 Mining sector

7.3.3

The UAVs are very useful in the mining industry, as their maneuverability is
an asset that contributes to better work environments for workers (Katukam,
2015). Mining operators who previously chartered planes or helicopters to
conduct inspections can now deploy UAVs (Figure 7.10) to collect informa-
tion in far-flung or hazardous zones, bringing added safety and efficiency
to site surveys, mapping, stockpile inventory management, road condition
monitoring, and blast planning (Lee and Choi, 2015). The UAVs are being
used to inspect mining plants, accurately manage tailings dams and view
hard-to-reach structures, such as rooftops, towers, and conveyors (Lee and
Choi, 2016).

FIGURE 7.10 Use of UAV in mining activities.

The UAV generates a dense point cloud of a quarry which makes it
easy to frequently monitor the progress at a much higher speed and level
of safety. Using RTK technology and/or GCPs, highly accurate results are
achieved. Additionally, an initial calibration of permanent GCPs will help
all recurring flights to reference the aerial data correctly. The use of a UAV
leads to an 80% reduction in on-site time, and thus a saving up to 90% is
possible by streamlining the overall process in mining activities.

Inspection and Monitoring

The UAV can be useful as a low-cost tool for visual inspection and moni-
toring infrastructure systems (Greenwood et al., 2019). As structures are
subject to deterioration due to increasing loads, weather conditions, and
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aging processes, UAVs offer a unique opportunity for their monitoring.
Conventional inspections are based on time-consuming visual investigations,
require technical experts, and are therefore expensive. Expert team on the
ground (walking or using ground-based vehicles) can be challenged by dif-
ficult terrain, physical obstacles, or dangerous site conditions. Wind turbine
inspections have traditionally been accomplished through the use of binocu-
lars or by technicians that are required to climb to great heights. The intro-
duction of UAVs has provided a much safer option for these inspections with
higher resolution than that offered by binoculars (Tatum and Liu, 2017).

The UAV-based aerial data aids in visual inspection for monitoring the
critical infrastructure (Shakhatreh et al., 2018), or in some cases completely
replace the field-based procedure. The UAV usually eliminates the need to
work with scaffolds, cranes, or helicopters during the production or con-
struction of high objects. It provides a more efficient, cost-effective, and
safe inspection process that gives better, closer monitoring and control while
business operations may continue as usual. As a result, UAVs offer an eco-
nomic advantage, including reducing costs associated with personnel, travel,
and site logistics.

Construction and infrastructure inspection using UAVs, equipped with
onboard cameras and sensors, can efficiently employ image processing tech-
niques. Thermal images using IR sensors from a UAV can be used for bridge
deck inspection and geothermal field mapping. The LiDAR is the most pop-
ular non-imaging sensor used to develop a 3D mapping of infrastructure sys-
tem (Nagai et al., 2009). Combining RGB images with 3D point cloud data
produces images that are valuable for analyzing various infrastructure system
components. The use of image processing techniques allows for monitoring
and assessing the construction projects, as well as performing inspection
of the infrastructure, such as work progress monitoring, an inspection of
bridges, railtrack, highways, irrigation structures monitoring, detection of
construction damage, and surfaces degradation (Ham et al., 2016).

Figure 7.11 presents an example that demonstrates the complexities
involved in the process of UAV-based structural health monitoring (SHM)
and to achieve improved performance. The two main parameters in the
proposed model are environmental complexity and task complexity used to
evaluate the operational scenario of a UAV (Vidyadharan et al., 2017). The
environment complexity is further sub-divided based on the meteorologi-
cal conditions and the infrastructure types for which UAV will be collect-
ing the data. The meteorological conditions will be based on factors, such
as temperature, precipitation, wind speeds, and humidity, surrounding the
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infrastructure type where the UAV will operate. The weather conditions are
incorporated as important attributes contributing to the infrastructure type’s
complexity.

Environmental complexity Task complexity
Cooling Wind Multicopters
towers| |Culverts| [Silos [T ][(Quad ][ Hex ][ oct ]
A A A ) A A )
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FIGURE 7.11 The SHM model representing the composition of the environment and task complexities
(Vidyadharan et al., 2017).

The task complexity is sub-divided into data acquisition type and vehicle
type. A combined analysis of each of these parameters can be used to under-
stand the effect of operational scenarios on the UAV while performing SHM
tasks. The data acquisition types from UAVs are broadly divided into three
different categories: images (2D), 3D models (stereo-photogrammetry), and
non-destructive evaluation (NDE). The cameras attached to the UAV will
collect the 2D images analyzed to create 3D models. The NDE data acquisi-
tion types vary in levels of difficulty. They are selected based on tasks that a
UAV may perform to collect information regarding the health of a structure
and whether or not the UAV can process data.

Sankarasrinivasan et al. (2015) presented an integrated data acquisi-
tion and image processing platform mounted on UAV for crack detection
in infrastructure, as shown in Figure 7.12. It was proposed to be used for
the inspection of infrastructures for real-time SHM. In this framework,
real-time image and data will be sent to the GCS, processed there using an
image processing unit to facilitate the diagnosis and inspection process. They
combined hue-saturation-value thresholding and Hat Transform technique
and used for cracks detection on the concrete surfaces. The method com-
bines the output obtained through two filters, resulting in enhanced cracks
to achieve good accuracy.
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FIGURE 7.12 Proposed approach for crack detection in concrete surfaces

(Sankarasrinivasan et al., 2015).

In Table 7.2, Greenwood et al. (2019) presented examples of infrastruc-
ture in which UAV-based inspection and data collection are carried out. For
each category, the relative risk, consequences of a UAV malfunction, and the
likelihood of undesirable human interaction while investigating the different
types of infrastructure have been rated. These are relative ratings meant to
allow users to make a general comparison between the examples, but fac-
tors, such as current usage (e.g., highway), will increase further risk. For
bridge inspection, a camera or LiDAR system mounted on top of the UAV
will be useful for inspecting structural components on the underside of the
bridge. Close-range (i.e., within a few meters) inspection and flight around
or under-complicated 3D structures emphasize the need for collision avoid-
ance systems. Satellite-free navigation is essential for operations at indoor or
underground facilities, such as tunnels.

TABLE 7.2 Infrastructure-specific Considerations for Data Collection and Inspection (Greenwood et al., 2019).

Roads Moderate | Moderate High Multirotor, | Sub-surface Camera,
fixed-wing | sensing LiDAR, IR
Bridges High High High Multirotor | Collision Camera,
avoidance, LiDAR, IR
precision
positioning,
vertical camera
Levees and Moderate | Moderate Low Multirotor, | Sub-surface Camera,
dams fixed-wing | sensing LiDAR, IR,
SaR
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Landfills Low Low Low Multirotor, | Sub-surface Camera,
fixed-wing | sensing LiDAR, IR,
Gas, SaR
Power lines High Very high Low Multirotor | Collision Camera,
avoidance, LiDAR, IR
precision
positioning
Pipelines Low Low Low Multirotor, Long-range Camera,
fixed-wing | communication | LIDAR, IR
Tunnels High Low Moderate | Multirotor | Collision Camera,
avoidance, LiDAR, IR
satellite-free
navigation,
vertical camera,
sub-surface
sensing
Rail/roads Low Low Low Multirotor, | Long-range Camera,
fixed-wing | communication | LIDAR, IR,
SaR
Irrigation High High Moderate | Multirotor, | Sample Camera,
systems fixed-wing | collection LiDAR,
IR, Gas

The net market value of the deployment of UAVs in support of inspec-

tion of construction and infrastructure is about 45% of the total UAV mar-
ket. So there is a growing interest in UAV uses in large construction projects
monitoring (Liu et al., 2014) and inspection of power lines, gas pipelines,
and GSM towers infrastructure (Jones, 2015).

7.3.3.1 Bridges

Bridge inspection is the most widely approached topic for UAV integra-
tion in infrastructure monitoring. Brooks et al. (2014) used UAVs for bridge
inspections by including thermal images. Gillins et al. (2016) also demon-
strated bridge inspection with a low-cost UAV. Eschmann and Wundsam
(2017) developed a multisensory UAV bridge inspection platform with three
sensors; long-wavelength IR, optical camera, and LiDAR. Each sensor
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performed different tasks, which are then fused to create a complete 3D
visualization. Surfaces and deformation can be recorded using the LiDAR
and images from the optical camera to overlay model textures and monitor
the cracks. In contrast, IR cameras can detect moisture around the cracks
(Culus et al., 2018).

From the above studies, it is evident that bridge inspection has been
implemented using UAVs, but there are some general limitations. It is still
challenging to acquire high-resolution images of the most obscure or dif-
ficult to reach locations, such as fasteners (Sankarasrinivasan et al., 2015).
Future work into obstacle avoidance and localization within the spatial chal-
lenges of bridges will help alleviate the limitations.

7.3.3.2 Dams

7.3.4

A dam is a multi-hazard vulnerable structure severely affected by earth-
quakes, flooding, and terrain stability. In recent years, dam safety has acquired
increasing attention because of the high number of accidents and failures
of dams. Due to the large size and limited accessibility of dams, UAVs are
extremely advantageous for visual investigation of dams and retention walls
(Hallermann et al., 2015). The use of the UAV images for inspection and
re-creation of the geometry of dams can substantially improve monitoring
and survey operations (Ridolfi et al., 2017). Data acquired during the UAV
survey can be used to construct a 3D model for its vulnerability studies.
Hallermann et al. (2015) presented a methodology for inspecting the old
structures, combining conventional inspection measurements with modern
photogrammetric computer vision methods for 3D modeling and automatic
post-flight damage detection.

Forestry

Among many UAV fields, forestry has diverse uses ranging from forest cover
assessment to species classification and real-time forest fire monitoring.
Several studies, carried out in various parts of the world, indicate that UAVs
have ample potential to assess forest resources (Tomastik et al., 2019). UAVs
in the forestry sector supplement the existing methods of remote sensing
satellite images to fill the gap of information and improve the quality of for-
est information (Figure 7.13). It provides accurate, flexible, and cost-effec-
tive techniques in forestry (Banu et al., 2016). The UAVs with visible and IR
sensors can help to monitor forest health and to map forest diseases
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FIGURE 7.13 Forest monitoring from UAV.

and pest infestation. Berie and Buruda (2018) found that UAVs can predict
canopy height and above-ground biomass at the same level of precision as
the LiDAR systems.

The UAVs have the potential for post-fire recovery monitoring and for-
est protection. They have generated information about the vegetation con-
dition, water stress, and risk indices before a fire happens. UAVs with GPS
and ultra-high-resolution digital cameras can provide images with precise
location information. Due to frequent forest fire and loss of revenues, there
is a perceived need for accurate, demand-based, and cost-effective forest
resources and forest fire monitoring tools in developing countries (Berie and
Buruda, 2018). The UAVs have been increasingly used as surveillance tools
for wildfire detection and monitoring, especially in difficult topographic set-
tings (Cruz et al., 2016; Zhao et al., 2018). During the fire incidence, visible
and IR sensors based UAVs are required for fire detection & monitoring and
real-time behavior of forest fire, such as the location and shape of the fire
front, rate of spread, and fire flame height (Banu et al., 2016).

The UAVs make it possible to carry out non-destructive and accurate
measurements of many attributes of trees (forests) (Berie and Buruda,
2018). The UAVs can also support participatory forest management efforts,
particularly useful in developing countries. It can serve as a means of eval-
uating the impacts of intervention and as a planning tool for new forestry
projects. These applications of UAVs are expected to enhance communi-
ty-based forest management (CBFM) schemes in the tropics, as external
funding is provided there to the poor living communities (Paneque-Galvez
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et al., 2014). The CBFM program will result in less greenhouse gas emission
because of reduced deforestation and degradation and ensure sustainable
forest resources management.

Paneque-Gilvez et al. (2014) assessed the feasibility of using small, low-
cost UAVs in CBFM programs. The key advantages according to techni-
cal issues (e.g., sensing capabilities, UAV operation and maintenance skills,
image analysis, monitoring capabilities, potential to enhance and ease of
CBFM), social issues (implications for people in communities), and envi-
ronmental issues (implications for the local environment) and their relative
importance to communities, partner organizations and end-users, are pre-

sented in Table 7.3.

TABLE 7.3 Relative Assessment of Advantages and Disadvantages Expected with a UAV-assisted CBFM
(Paneque-G:lvezetal., 2014)

areas

(a) Advantages Community Partner End-user
organization

Extremely high-spatial-resolution | High High High

Potential for high temporal High to medium | High High

resolution

Insensitivity to cloud cover Medium to low | High High

Potential for three-dimensional Low High to medium | High

UAV image generation

Potential to ease CBFM and High High to medium | Low

making it more attractive

Shallow learning curve of UAV High High Low

users

Relatively low price of UAV Medium to low | High High

imagery

High cost-effectiveness within the | Medium to low | High Medium to low

context of CBFM

Data acquisition decentralization | High High to medium | Medium to low

Enhanced monitoring of illegal High High to medium | Medium to low

activities

Access to otherwise inaccessible | High Medium to low | Low

Potential environmental benefits

High to medium

Medium to low

Medium to low
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(a) Advantages

Community

Partner
organization

End-user

Potential social and institutional High Medium to low | Medium to low
strengthening of communities

Control of data acquisition and High High to medium | Low
ownership would lie with the

community

(b) Disadvantages

Small payload Low Medium to low | High to medium
Low spectral resolution Low Medium to low | High

Poor geometric and radiometric Low Medium to low | High
performance

Low software automation Low Medium to low | High

Sensitivity to atmospheric
conditions

Medium to low

High to medium

High to medium

Short flight endurance High to medium | High High

Possibility of collisions High High Low

Potential problems for repairs and | High High Low
maintenance

Dependence on external High High Medium to low
assistance and funding

Ambiguous or cumber some High High High

regulatory environments for flying

small UAVs

Safety & security issues High High High to medium
Debatable relevance for Medium to low | High Low
community conservation and

socio-economic development

Potential social impacts High High Medium to low
Ethical issues High High High to medium

The UAV-based technology can also be used to enhance the Decision
Support System (DSS) for forest management. As it is growing, the technol-
ogy can be used to study forest dynamics, stand species composition, distur-
bances, and other attributes of forests (Banu et al., 2016).
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7.3.5 Agriculture

Agriculture is another important sector where UAVs are completely chang-
ing the way agricultural operations are carried out. The UAVs have become
the main-stream of the farming community. This non-destructive method
allows for quicker, simpler, and more accurate assessment than traditional
surveying methods. The UAVs can be efficiently used (Figure 7.14) for small
crop fields at low altitudes with higher precision and low cost than traditional
human-crewed aircraft. High-resolution images can be utilized in Precision
Agriculture (PA) for crop management and monitoring, weed detection, irri-
gation scheduling, disease detection, pesticide spraying, and gathering data
from ground sensors (moisture, soil properties, etc.) (Huang et al., 2013;
Pflanz et al., 2018; Garg et al., 2020). The UAVs can provide precise and real-
time data about specific locations required for crop management. The UAVs
can be customized for different farming applications to provide a cost-effec-
tive monitoring platform without requiring an expert operator (Shamshiri et
al., 2018).

FIGURE 7.14 The UAV in crop and weed mapping.

Figure 7.15 presents the steps involved in using the UAVs for various
agricultural activities. There are five major steps involving data collection to
data modeling, data analysis through image processing, and GIS software. It
also involves the creation of 3D maps and NDVI maps for analysis.
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FIGURE 7.15 General procedure involved with a UAV platform for agricultural applications
(Shamshiri et al., 2018).

Agriculture professionals can get valuable information for crops with
specially designed sensors to (i) monitor nutrients, moisture levels, and over-
all vigor, (ii) identify and measure crop disease, pest problems, weeds, and
water stress, (iii) estimate yields, (iv) characterize soil and vegetative cover,
and (v) use data for predictive analysis. This information can help assess and
prevent crop damage by routine monitoring and early detection. The UAVs
can assist farmers throughout the crop cycle by (Tsouros et al., 2019):

= Producing precise maps for the soil analysis that direct seed planting pat-
terns and inform management of irrigation and nitrogen levels;

= Enabling more accurate, cost-effective, and real-time crop monitoring
than using satellite imagery;

= Allowing faster and more accurate assessments of irrigation conditions
and measuring crop heat signatures through hyperspectral, multispec-
tral, or thermal sensors; and

= Identifying plants affected by bacteria or fungus and measuring disease,
pest problems, weeds, and water stress through the use of visible and IR
cameras.

The UAVs can provide multispectral images converted into spectral
indices (e.g., NDVI) to predict several physiological variables (Mahajan and
Bundel, 2016). Conventional multispectral indices present limitations to
assess water; hence, ANN could improve the assessment of the spatial vari-
ability of crop water status. Machine learning techniques and ANN models
can be applied to multispectral information obtained from multiple types of
sensors and platforms for assessing different types of plant stress (Pederi and
Cheporniuk, 2015).
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The UAVs have revolutionized smart farming and PA, from planting
to harvesting, seeding to sensing, and scouting to spaying. The global pop-
ulation is expected to reach over 9 billion by 2050, with agricultural con-
sumption expected to increase by a massive 70%. The global market for
agricultural UAV/drones is estimated to reach 3.7 billion USD by the year
2022 (Culus et al., 2018).

7.3.5.1 loT-based agriculture

Enhancing the rural economy has been one of the world’s most challenging
issues. In more developed countries, the IoT has been employed to benefit
farmers by increasing production and reducing operating costs, and enhanc-
ing labor efficiency. However, it is still out of reach for farmers of many
developing countries (Sharma and Garg, 2019). Using UAV and WSN, the
farmers can quickly obtain real-time data on farmland environments with
high accuracy. Information collected from the sensor network is transmit-
ted to the UAV for further processing and analysis, real-time, precise, large-
scale, and automated.

In recent years, the IoT has made remarkable progress and is regarded
as the most promising technology for propelling agriculture. However, there
are no base stations and Wi-Fi stations in most farming areas, which may
prevent the IoT application in agriculture. That means the data acquired
through the WSN cannot be transmitted using wireless communications.
An alternative solution is to employ UAVs to communicate with the WSN
in large areas to get real-time data processing and analysis (Sylvester, 2018).
The merits and cost-saving of using UAV-WSN in agriculture are presented
in Table 7.4. The UAVs working with on ground IoT sensor networks can
help agricultural companies monitor land and crops; energy companies sur-
vey power lines and operational equipment; and insurance companies mon-
itor properties for claims and policies (DHL, 2014).

TABLE 7.4 Merits and Cost-Saving of Using UAV-WSN in Agriculture (Sylvester, 2018).

Merits Savings

Through measuring related parameters | Compared to conventional irrigation,
by the UAV-WSN system, water the UAV-WSN based system can save
resources can be saved significantly by | water resources by up to 67%.

accurate irrigation.

Savings in human resource expenses, Saving human resource expenses.
that is, reducing the workforce by one
management staff and one worker.
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Merits

Savings

Compared to the conventional method,
the UAV-WSN system can reduce
wastage of chemical fertilizer as well

as reduce soil pollution dramatically by
more accurately measuring the rate of
mixing pesticide, chemical fertilizer,
and water.

Saving water and chemical fertilizer
expenses and increase fertilizer
utilization rate by up to 40% annually.

Improves farm live rate and
reduces growth period as well
as improves product volume
significantly.

Farm crops live rate can be improved
from 20% to 80%, growth period
reduced by up to 30%, and production
volume improved 1.5 to 2 times.

Improves labor efficiency significantly
and reduces labor intensity. In
addition, farmers no longer need to

This
application can get back the UAV-WSN
investment and gain profits within one

spend significant time on the farm. year.

The next generation of UAVs is expected to utilize the new technologies,
such as machine learning, in agriculture. The process may involve perform-
ing UAV surveys on the agricultural land at critical decision-making points
in the growing season. Then, UAV images are uploaded to the cloud before
being processed with machine learning techniques. Finally, the mobile app
and web-based platform can provide farmers with actionable insights on
crop health. The advantages of utilizing UAVs with machine learning tech-
nology in agriculture are (i) early detection of crop diseases, (ii) precision
weed mapping, (iii) accurate yield forecasting, (iv) nutrient optimization and
planting, and (v) plant growth monitoring.

7.3.5.2 Precision agriculture

PA is a farming management concept based on observing, measuring, and
responding to the variability of crop fields. It calls for a DSS for farm man-
agement that maximizes the outputs and minimizes the inputs. The UAVs
have been used in PA to increase crop production and profitability in farm-
ing systems and are cost-effective and time-saving (Khanal et al., 2017). The
PA requires more sophisticated and more detailed geo-information about
nature and environment, health and vigor of crops, yield capacity, quality,
physical soil properties, irrigation, fertilizer, and pesticide application rate
(Tsouros et al., 2019). The UAVs have been used in different countries to
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study plant biophysical properties, such as leaf area index and yield, the
nutrient content of crops, and estimate the nitrogen status.

The most common features that can be monitored with UAV-based
remote sensing for PA are presented in Table 7.5 (Tsouros et al., 2019).

TABLE 7.5 Crop Features that can be Monitored with UAVs.

S.No. Crop Features
Vegetation Soil
1 Biomass Moisture content
2 Nitrogen status Temperature
3 Moisture content Electrical conductivity
4 Vegetation color
5 Spectral behavior of chlorophyll
6 Temperature
7 Spatial position of an object
8 Vegetation indices

Applications of satellite-based observations in PA are often limited due to
their coarser spatial resolution (Sharma and Garg, 2019). The PA can be improved
by applying UAVs fitted with RGB and multispectral cameras to produce ortho-
images of a field and create NDVI maps (Mahajan and Bundel, 2016). With
the latest sensors, the U2AV will provide useful geo-information for site-specific
development and management of small and medium-scale crop fields. Sankaran
et al. (2015) presented several types of sensors that can be used in UAV-based
PA, as summarized in Table 7.6. This information would be very useful while
selecting a particular sensor or a combination of sensors for PA studies.

TABLE 7.6 The UAV Sensors in PA Applications.

Type of sensor | Operating Applications Disadvantages
frequency

Digital camera Visible region Visible properties, ¢ Limited to visual
outer defects, spectral bands and
greenness, and crop properties
growth

Multispectral Visible-IR region | Multiple plant ¢ Limited to few

camera responses to nutrient spectral bands water
deficiency stress, diseases among

others
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Type of sensor

Operating
frequency

Applications

Disadvantages

Hyperspectral
camera

Visible-IR region

Plant stress, produce
quality, and safety

control

® Image processing is
challenging.

* High cost sensors

Thermal camera

TIR region

Stomata conductance
and plant responses
to water stress and
diseases

¢ Environmental
conditions affect the
performance

* Very small
temperature
differences are not
detectable.

* High-resolution
cameras are heavier

Spectrometer Visible-NIR Detecting disease, * Background, such as
region stress, and crop soil, may affect the
responses data quality.
e Possibilities of
spectral mixing.
* More applicable
for ground sensor
systems
3D camera IR laser region Physical attributes, e | ower accuracies.
such as plant height e Limited field
and canopy density applications
LiDAR Laser region Accurate estimates of ¢ Sensitive to small
plant/tree height and variations in path
volume length
SONAR Sound Mapping and * Sensitivity limited by
propagation quantification of canopy | acoustic absorption,

volumes, digital control
of application rates in
sprayers or fertilizer
spreader

background noise,
etc.

* Lower sampling rate
than laser-based
sensing

There are several challenges in the deployment of UAVs in PA, as men-
tioned below (Khanal et al., 2017, Tsouros et al., 2019):
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Thermal cameras are expensive and don’t have very high-resolution.
Depending on the quality and functionality, the majority of thermal cam-
eras have a resolution of 640 pixels by 480 pixels.

Thermal aerial images can be affected by many factors, such as moisture
in the atmosphere, distance from the ground, and other emitted and
reflected thermal radiation sources. Therefore, calibration of aerial sen-
sors is critical to extract scientifically reliable surface temperatures of
objects.

Temperature readings through aerial sensors can be affected by crop
growth stages. When plants are small and sparse at the beginning of the
growing season, temperature measurements can be influenced by reflec-
tance from the soil surface.

In the event of adverse weather, such as extreme wind, rain, and storms,
there is a big challenge of UAV deployment in PA applications. There-
fore, small UAVs can’t operate and collect data in extreme weather con-
ditions.

One of the key challenges is the ability of lightweight UAVs to carry a
heavy-weight payload, limiting UAVs’ ability to carry an integrated sys-
tem that includes multiple sensors, high-resolution and thermal cameras.
UAVs have a short battery lifetime, usually less than 1 hour. Therefore,
the power limitation of UAVs is one of the biggest challenges of using
UAVs in PA.

As recommended by Shamshiri et al. (2018) for PA studies, some salient

points of fixed-wing and rotary-wing UAVs are given in Table 7.7. One can
make a choice of UAV based on their specifications presented in this table.

TABLE 7.7 Specifications of Some Fixed-wing and Rotary-wing UAVs Recommended for PA

(Shamshiri et al., 2018).

Model Price | Weight | Size Camera | Coverage | Flight | Max Flight
($) (kg) (mm) | resolution time | altitude | speed

payload (min) | (m) (km/h)
Parrot Disco 6875 UAV: 1150 — — — — —
Pro AG Drone 0.78 x 580

Take-off: | x 120

0.94 (LWH)
RF70 UAV 3000 | Payload: — 1080 p 600 acres/ | 45-60 — 18
3 hour

DT-26 Crop 120,000 — — 1080 p — 60 — 110
mapper
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Model Price | Weight | Size Camera Coverage | Flight | Max Flight
($) (kg) (mm) | resolution time | altitude | speed
payload (min) | (m) (km/h)
Quad Indigo 25,000 — — 1080 p — 45 — —
AgDrone UAV 10,000 —_ —_ 1080 p —_ 60 —_
E384 Mapping 2400 | UAV: 2.5 | Wing — 1000 acres 90 — 47
Drone Payload: | span: in 100
1 1900 minutes
Length: at 5 cm
1300 resolution
Precision Hawk — Payload: — 1 e/ pixel | 300 acres/ 45 — —
Lancaster 5 1 flight
Xena observer — Take- — — — 27 5000 —
off: 5
Xena thermo — Take-off: — — — 32 5000 —
4.6
AEE AP10 299 — — 1080 p Full — 25 500 71
Drone HD video
at 60 FPS
UAV drone — UAV: 9 800 x — — 16 1000 —
crop sprayer Payload: 800

10 Take- x 70
off: 13 (LWH)

DJI drone 15,000 — — — 10 acres/ — — 29
sprayer hour
Yamaha’s 130,000 | UAV: 71 — — 10 acres — — —
helicopters Payload:
spray & survey 30
JMR-V1000 665- UAV: 6.5 875 x — — 14-18 — 11—22
6-rotor 5L 3799 | Take-off: | 1100

18 x 480

(LWH)

AG-UAV — UAV: 8§ Height: — — 8—15 — —
Sprayers 1 Payload: 650

6
AG-UAV — UAV: Height: — — 15-30 — —
Sprayers 2 14.2 650

Payload:

20
AG-UAV — UAV: 9.5 Height: — — 10-20 — —
Sprayers 3 Payload: | 650

10

(continued)
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Model Price | Weight | Size Camera Coverage | Flight | Max Flight
($) (kg) (mm) | resolution time | altitude | speed
payload (min) | (m) (km/h)
DJI 7999 | Payload: — — 7-10 acres/ | — — —
AGRASMG—1 10 hour
Sprayer
Hercules — UAV: 8 | Height: — — 30 — 37
Heavy Lift Payload: 660
UAV (HL6) 6
Hercules — UAV: 9.5 | Height: — — 30 — 37
Heavy Lift Payload: 660
UAV (HL10) 10
Hercules — UAV: 14 | Height: — — 60 — 37
Heavy Lift Payload: 660
UAV (HL20) 20
DJI 469 — — 27K HD — 25 — —
Phantom 3 videos, 12
MP photo
Fixed—Wing — UAV: 11 | 2240 x — — 180 — 65-110
UG-II Take-off: 1600
15 x 650
(LWH)
Professional — Payload: | 860 x — — 28 5000 36
Electric Six 3 860 x
Rotor Drone 540
UA-S8 Series
Yuneec H520 2500- — — 4 K/2 K/ — — — —
Hexacopter 4500 HD video
or 20 MP
images
Ag drone AK- 6999 Take- — — — 1-15 0.5-5 18-36
61 off: 22
Payload:
10
YM-6160 5000 Take- — — — 10-15 0.5-5 18-36
off: 21.9
Payload:
10
Skytech TK110 | 32-52 — — 0.3 MP — 6-7 — —
HW
JJRC HSD 169-175 UAV: 330 x — — 8 — —
5.8G FPV RTF 0.023 330 x
RC 115

(LWH)
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Model Price Weight | Size Camera Coverage | Flight | Max Flight
($) (kg) (mm) | resolution time | altitude | speed
payload (min) | (m) (km/h)
X810 Long- 4000- | Payload: | 2490 x — — 25-40 — —
Range UAV 6500 10 1645
Sprayer x 845
(LWH)
Syma X8C 68.99 — 508 x 2 MP HD — 5-8 —
508 x
165
(LWH)

7.3.5.3 Soil mapping

Soil properties, such as soil texture, can indicate soil quality, which may
influence crop productivity (Garg et al., 2020). The UAV thermal images
can quantify soil texture by measuring the differences in land surface tem-
perature under a relatively homogeneous climatic condition (Wang et al.,
2015). Crop residue is essential in soil conservation by providing a protective
layer on agricultural fields that shields soil from wind and water. An accurate
assessment of crop residue is necessary for the proper implementation of
conservation tillage practices. The UAV thermal images can provide more
accurate variability in crop residue cover than using visible and NIR images.
For a detailed study of soil mapping, readers are advised to refer to Garg et
al. (2020).

7.3.5.4 Irrigation scheduling

Irrigation scheduling can be defined as “the process of determining when
to irrigate and how much water to apply, based upon measurements or esti-
mates of soil water or water used by the plant” (Rai et al., 2017). There are
four factors that are to be considered to determine the need for irrigation: (i)
availability of soil water, (i) crop water need, which represents the amount of
water needed by the various crops to grow optimally, (iii) rainfall amount, and
(iv) efficiency of the irrigation system (Rhoads and Yonts, 2000). These factors
can be quantified by utilizing UAVs to measure soil moisture, plant-based tem-
perature, and evapotranspiration (Chao et al., 2008). For instance, the spatial
distribution of surface soil moisture can be estimated using high-resolution
multispectral images captured by a UAV combined with ground sampling.
The crop water stress index can also be estimated to determine water-stressed
areas by utilizing the thermal UAV images (Poblete et al., 2017).
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7.3.5.5 Crop height mapping

The UAV can inspect the crop fields at a much closer range (40-120 m) and
provides spatial information at a much higher resolution. Crop height can
be estimated in experimental fields, using crop surface models derived from
UAV-RGB color images, and related to the extracted biomass (Viljanen et
al., 2018). The UAVs have been used in agriculture to provide high-spatial-
resolution images to detect individual crops and weeds at a very large-scale
(Chang et al., 2017). A LiDAR sensor mounted on a UAV can map the can-
opy heights to estimate crop biomass in agriculture. For example, Shi et al.
(2016) used UAV technology to measure the plant height of crops, such as
maize and sorghum. The UAVs can also be used practically to monitor crops
and determine the harvesting time, particularly when the entire area cannot
be harvested in a short time.

7.3.5.6 Crop disease detection

Traditional methods of locating pests in a large area of crops are not effec-
tive. The UAVs can collect information to assess the health of the plantations
(Uddin et al., 2018). The UAVs-based thermal remote sensing can monitor
the spatial and temporal patterns of crop diseases (e.g., early stage develop-
ment of soil-borne fungus) during various disease development phases, and
hence can help farmers reduce crop losses (Sabrol and Satish, 2016). In the
USA alone, it is estimated that crop losses caused by diseases result in a loss
of about US$ 33 billion every year (Patil and Kumar, 2011).

By aerial imaging the crops using onboard UAV sensors, such as visible
RGB camera, NIR, hyperspectral, and multispectral sensors, it is possible
to link temporal and spatial reflectance variations with crop health. The
NDVI images can calculate the index describing the relative density and
health of the crops. At the same time, the thermal camera can show the
heat signature of different spots in the plantations. A conceptual demon-
stration of a UAV remote sensing platform equipped with visible and NIR
sensors for crop health assessment is shown in Figure 7.16. The proposed
approach in this figure has been successfully used by Shamshiri et al. (2018)
to assess oil palm plantations” health assessment to spot fungal infection and
bacterial disease.
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FIGURE 7.16 Conceptual demonstration of a UAV remote sensing platform for a crop health
assessment with NDVI images (Shamshiri et al., 2018) [See Plate 7 for Color]

7.3.5.7 Spraying operations

Spraying of pesticides and fertilizers is common (Figure 7.17) for the healthy
growth of crops. The NDVI maps generated by UAV images can provide infor-
mation about the crop evolution and the requirements for spraying of pesti-
cides and fertilizers. The UAVs can spot accurate locations of such areas that
require the application of pesticides and fertilizers (Kale et al., 2015). Based on
the field requirements, the use of pesticides and fertilizers can be optimized.

FIGURE 7.17 Pesticide spray in crop
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For pest monitoring, UAV imagery platform equipped with a thermal
camera and high-resolution RGB vision sensors may be required to accu-
rately identify the spots detected with specific insects and pests. The spray-
ing UAV can also be equipped with distance-measuring and light detection
sensors, such as lasers, ultrasonic echoing, or LIDAR methods to scan the
ground and adjust the flight altitude with the varying topography of the plan-
tation (Desale et al., 2019). In pests-affected areas, spraying UAVs can be
used for dropping a targeted load of pesticide. This would help to apply
the right amount of spraying liquids for even coverage and avoid collision
of UAV with the terrain/plants. This approach will increase efficiency and
reduce the amount of penetrating spray chemicals in the soil and groundwa-
ter. It is estimated that UAV spraying is five times faster than conventional
tractor and machinery equipment (Shamshiri et al., 2018).

7.3.5.8 Crop yield mapping

Farmers require accurate, early estimation of crop yield for a number of
reasons, including crop insurance, planning of harvest and storage require-
ments, and cash flow budgeting. The UAV images can be utilized to estimate
the yield and total biomass of crops as well as predict the yields (Duan et
al., 2019). By implementing UAV technology, farms and agriculture busi-
nesses can improve crop yields, save time, increase overall profitability and
make land management decisions. Strong correlations have been observed
between NDVI data measured at certain crop stages and crop yield (Huang
et al., 2013). Hence tracking the crop growth at key stages will help provide
an accurate estimate of the crop yield.

Sola-Guirado et al. (2017) related the actual yield (kg/tree) with geomet-
rical parameters of the olive tree canopy in southern Spain. They established
the regression equation to forecast the actual yield based on manual canopy
volume data acquired from different orchard categories and cultivars during
different harvesting seasons. Images were acquired with UAV, and ortho-
images were created to calculate individual crowns so as to relate them to
canopy volume and actual yield. Manual canopy volume was related to the
individual crown area of trees calculated by orthoimages acquired with UAV
imagery. The complete procedure used is shown in Figure 7.18.
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FIGURE 7.18. Orthoimage analysis procedure in an olive orchard using UAV
(Sola-Guirado etal., 2017).
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7.3.7

Hydromorphological Studies

Hydromorphology is a term used in river basin management to describe the
hydrological (water flow, energy, etc.) and geomorphological (surface fea-
tures) processes and attributes of rivers, lakes, estuaries, and coastal waters.
In hydrology, UAVs are used to measure open channel surface velocities.
The use of UAVs is also becoming common in flood control, natural hazard
management, identify flood damages, and serve humanitarian response ser-
vices during disaster events in flood-affected areas (Popescu et al., 2017).
The emerging technology of UAV can also be applied for coastal wetland
mapping and environmental management.

Methodologies based on high-resolution photographs from UAVs have
been developed by Casado et al. (2017) for hydromorphological characteri-
zation based on the automated recognition of hydromorphological features
through ANN. The framework successfully identifies the vegetation, deep
water, shallow water, riffles, sidebars, and shadows for most of the reaches
and produces 81% accuracy in feature classification. The UAV imagery col-
lected at each reach of river is assessed based on quality and spatial coverage
for inclusion in the photogrammetric process and generated standard prod-
ucts (i.e., orthoimage, DTM, and point cloud) using Photoscan Pro software.

3D Modeling-Based Applications

A digital camera on a UAV produces 2D images; however, as the require-
ments have grown, 3D vision is needed in many applications, such as 3D
terrain visualization. Multispectral, LIDAR, photogrammetry, and thermal
vision sensors are being used on UAVs to create 3D models of buildings and
landscape. The DEMs of land areas are created to provide precision eleva-
tion data of the terrain (Qu et al., 2018). There is also a need to reconstruct
3D structures from the UAV collected 2D images, and for this purpose, pho-
togrammetric and computer vision methods are used (Zollhsfer et al., 2018).
The 3D models can be generated from several overlapped images using soft-
ware, such as Agisoft PhotoScan or Pix4D software. Figure 7.19 shows a 3D
terrain model.
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FIGURE 7.19 Uses of a 3D terrain model [See Plate 8 for Color].

Several other methods have also been proposed to generate 3D models,
but the most important include the SLAM, StM, and MVS algorithms, which
have been implemented in many practical applications. As the number of
images and their resolution increases, the algorithms’ computational time
will also increase significantly, limiting them in some high-speed reconstruc-
tion applications. Finally, the software lays texture taken from the original
photographs over the 3D mesh. The final outcome is a detailed 3D tex-
tured model that can be used for a variety of specialized analyses, including
3D city mapping, archaeological research, creation of flooding models, and
disaster damage assessment. The reconstruction of 3D city maps has key
applications in a wide range of both non-communications (facility and utility
management, city planning, navigation, etc.) as well as communications-re-
lated areas (e.g., radio engineering, base station deployment planning, chan-
nel quality, coverage prediction, etc.) (Mohammed et al., 2014).

Wireless Network-Based Applications

The UAVs are being used to deliver Internet access to developing countries
and provide airborne global Internet connectivity. Qualcomm and AT&T are
planning to deploy UAVs for enabling wide-scale wireless communications
in the fifth generation (5G) wireless networks (QUALCOMM, 2018). The
Amazon Prime Air and Google’s Project Wing (Stewart, 2014) initiatives are
prominent examples of use cases for cellular-connected UAVs. The 5G is
specially designed to provide quality of service (QoS) to users, which means
that it can provide the maximum bandwidth for enhanced cellular coverage,
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reduced delay, error rate, uptime, and increased data rate. Additionally, 5G
has reduced delay (Qiao, et al., 2016). Such a linked system can connect
smart cities; smart homes by offering high-speed broadband Internet con-
nectivity and can also support e-payments, e-transactions, and other fast
electronic transactions (Bor-Yaliniz et al., 2016).

The concept of 5G coverage using UAVs in urban settlements, presented
by Al-Turjman et al. (2019), is shown in Figure 7.20. Wireless users, in gen-
eral, expect to have unlimited and affordable Internet access all the time.
Increasing the number of BS in a given area is a potential way for satisfying
the users and providing extended 5G coverage. They have used a linear opti-
mization problem, using Simulated Annealing and Genetic Algorithm due to
their ability in providing fast and efficient solutions to service providers. It is
not an easy task as a few of these BSs can have less or no load at a particular
time, while other BSs might experience heavy data traffic and unnecessary
overhead. The unpredictability characteristic of the users makes it hard to
know exactly where and when a BS should be located. This problem can be
resolved by designing drone-based stations, as depicted in Figure 7.20. The
drone-based station is flexible and can be placed at any particular time it is
needed most. Hence, it efficiently provides 5G coverage for the users at all
times. There is a growing number of research works being done on drone-
based stations in cellular networks. However, one critical challenge that has
not been given much attention is finding the optimum number and locations
of drone-based stations in a given 3D space to get maximum 5G coverage
with guaranteed QoS.

— o ol .. 0% «»
L2 Coverage Area “> Drone-Base Station geass 5G Coverage Area )\ Base Station (BS)

FIGURE 7.20 The UAV-based 5G coverage in the urban area (Al-Turjman et al., 2019).
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7.3.9 Smart Cities

The world population is increasing, and it is foreseeable to be doubled by
2050. It, therefore, creates new challenges and opportunities as well as pres-
sure for cities on associated infrastructure. One of the emerging areas of
UAV applications and functions is in smart cities. These applications include
monitoring traffic flow to measuring and detecting floods and natural dis-
asters by using wireless sensors installed in UAVs. Integrating UAVs with
smart cities will create a sustainable business environment and a safe place
for living. The UAV systems and smart cities can significantly impact and
benefit the population when used effectively and efficiently (Mozaffari et al.,
2018). The model for UAV-based application in a smart city is presented in
Figure 7.21, where many smart services will be made available to the smart
citizens. Here, the role of IoT-based devices connected to UAVs cannot be
under-estimated.
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FIGURE 7.21 The UAV-based applications in smart cities.

The global vision of smart and connected communities is a great tech-
nological challenge. Smart cities will effectively require integrating UAV-
based technologies and services, including an IoT environment, a reliable
wireless cellular network, resilience to calamities, and a large amount of data
(Menouar et al., 2017). The UAVs can provide several wireless applications
in smart cities and gather vast data within a city and deliver them to a cen-
tral cloud unit for big data analytics purposes. The UAV base stations can
also simply enhance the cellular network coverage in a city or respond to
specific emergent situations. The UAVs can also be used to sense the radio
environment maps (Kosmer and Vilhar, 2014) across a city to assist network
operators in their network and frequency planning efforts.



298 ° UNMANNED AERIAL VEHICLES

7.3.10

Another key application of UAVs in smart cities is their ability to act as
mobile cloud computing systems (Yang et al., 2017). A UAV-mounted cloud-
let can provide fog computing and off-loading opportunities for devices that
are unable to perform computationally heavy tasks. Within smart cities,
UAVs may need to be temporarily positioned themselves on top of build-
ings for recharge of the battery. So, there will be a need for on-demand site
renting management to accommodate the operation of UAVs. In the future,
developments are expected to continue in cloud computing, wireless sen-
sors, networked unmanned systems, big data, open data, and IoT to provide
substantial opportunities for using UAVs in smart cities (Sharma and Garg,
2019). Several issues need to be considered with the development and use
of UAV systems for smart cities, such as proper use of wireless sensors, data
communications, application management, resource training and allocation,
and power management. Overall, in the future, the UAVs will be an integral
part of smart cities from both wireless and operational perspectives.

Traffic Monitoring and Management

The transportation system cannot be automated through vehicles only
(Menouar et al., 2017). In fact, other components of the transportation sys-
tem, such as field support teams, traffic police, and rescue teams, also need
to be automated. Smart and reliable UAV can help automate these compo-
nents, as it is considered a novel traffic monitoring technology to collect infor-
mation about traffic conditions on roads. Traffic surveillance and monitoring
have been explored as one of the first applications for UAVs in civil engineer-
ing as they provide aerial perspective for security teams (Shakhatreh et al.,
2018). The major applications of UAVs in transportation include security
surveillance, traffic monitoring, an inspection of road construction projects,
and survey of traffic, rivers, coastlines, pipelines, etc. (Puri, 2015).

Compared to the traditional monitoring devices, such as loop detectors,
surveillance video cameras, and microwave sensors, UAVs are cost-effective
and can monitor large continuous road segments or focus on a specific road
segment. Moreover, as computing, communications infrastructure, or power
systems fail during disasters, it may not be possible to control and collect data
about the transportation network (Mozaffari et al., 2018). Data collection on
the performance of transportation systems within the civil infrastructure is
often sparse and can ignore specific details. For example, conventional traf-
fic counting may ignore vehicle types and speed, whereas vision-based data
collected by UAVs can provide greater detail when monitoring traffic pat-
terns (Ro et al., 2007). Figure 7.22 shows the setup for a smart UAV-based
traffic monitoring system.
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FIGURE 7.22 The UAV-based traffic monitoring system.

Efforts have been made to use UAVs for streamlining roadway condition
assessment. For example, Zhang and Elaksher (2012) used UAV collected
imagery to produce 3D models of distressed unpaved roads. A 3D model
with an absolute resolution of less than 1 cm was used to detect potholes and
ruts within the roads. Brooks et al. (2014) explored the possible applications
for UAVs in transportation engineering and found UAVs to be cost-effective
tools for monitoring traffic and inspecting road assets.

Recognition of moving vehicles using UAVs is still a challenging prob-
lem. Moving vehicle detection methods depend on the accuracy of image
registration methods since the background in the UAV surveillance platform
changes frequently. Accurate image registration methods require extensive
computing power, which affects the real-time capability of these methods.
Queet al. (2016) studied the problem of moving vehicle detection using UAV
cameras. They used CNN to identify vehicles more accurately in real-time,
using three steps: (i) adjacent frames are matched, (ii) frame pixels are classi-
fied as background or candidate targets, and (iii) a deep convolutional neural
network is trained over candidate targets to classify them into vehicles or
background. They achieved detection accuracy of around 90% when evalu-
ating their method using the UAV dataset.

The battery life and flight time of UAVs may limit the samples and length
of traffic data. For example, Ro et al. (2007) utilized an autonomous UAV
to collect 6 h of continuous data and to deliver high-quality video imagery
and sensor data in real-time with a telemetry range of 1 mile and payload
capacity of 4 Ibs. The UAV technology to collect 24 h of continuous data of
the traffic can be highly uneconomical.
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Some of the Intelligent Transportation System applications that UAVs

can enable are as follows (Puri, 2015; Menouar et al., 2017; Sutheerakul et
al., 2017; Shakhatreh et al., 2018):

Rescue teams can use UAVs to reach accident locations quickly. The
UAVs can also be used to deliver first aid kits to accident locations while
waiting for rescue teams to arrive.

The UAVs can be used to fly over different road segments to stop the
vehicle for traffic violations. The UAVs can change the traffic light in
front of the vehicle to stop it or relay a message to a specific vehicle to
stop.

The UAVs can be complemented with dedicated short-range communi-
cation to enable a flying Road Side Unit. The flying Road Side Unit can
fly to a specific position to execute a specific application. For example,
in an accident on the highway at a specific segment that is not equipped
with any Road Side Unit, the traffic management center can activate
a UAV to fly to the accident location and land at the proper location
to broadcast the information and warn all approaching vehicles about a
specific incident.

The UAVs can recognize suspicious or abnormal behavior of ground
vehicles moving along with the road traffic.

The UAVs can be used as an alternative data collection technique to
monitor pedestrian traffic and evaluate demand & supply characteris-
tics. In fact, the collected data can be categorized into four areas; the
measurement of pedestrian demand, pedestrian characteristics, traffic
flow characteristics, and walking facilities and environment.

The UAVs may also be employed for a wide range of transportation oper-
ations and planning applications, such as incident response, coordina-
tion among a network of traffic signals, traveler information, monitoring
parking lot utilization, and estimating origin-destination flows.

Swarm-based Applications

There have been many applications and development of UAV swarm, par-
ticularly military applications date back to the early 1990s (Campion et al.,
2018). The AI applied to the swarm UAVs has diverse applications in the
military field. It allows the UAV swarm to identify and attack the enemy
defenses in an autonomous way. In addition, it helps the army to search
for enemy submarines in the ocean by incorporating IR sensors (Pires et
al., 2016). The UAV swarms could disperse over large areas to identify and
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eliminate hostile surface-to-air missiles and other air defenses. They could
potentially serve as novel missile defenses, blocking incoming hypersonic
missiles. For homeland security, swarms equipped with chemical, biologi-
cal, radiological, and nuclear explosives detectors, facial recognition, anti-
drone weapons, and other devices offer defenses against a range of threats
(Shakhatreh et al., 2016).

Although swarms are largely used for military purposes, their civilian
applications have received increased attention recently. Swarm UAVs can
also carry out “search and rescue” missions effectively over huge territories.
In case of fire, they can assist rescue teams by obtaining real-time informa-
tion about fire advances. The UAV swarms with coordinated control and
communication capabilities would be efficient for many interesting applica-
tions (Tahir et al., 2019). Such swarms, surveying entire farmland with little
to no operator intervention, would greatly increase efficiency and potentially
revolutionize PA (Campion et al., 2018). The most notable example of a
UAYV swarm includes a swarm of 300 drones developed by Intel which were
deployed as a coordinated light show for Super Bowl 51 and the 2018 Winter
Olympics (Molina, 2017).

Swarm UAVs have ample potential for applications related to delivery
services. Amazon and United Postal Service have indicated their interest in
using UAVs for package delivery (Business Insider, 2017; McFarland, 2017).
Low-cost drones and their swarms provide a promising platform for innova-
tive projects and future commercial applications to help people in their work
and everyday lives.

Surveillance Operations

The UAVs can be used for security, surveillance, and monitoring to improve
public safety in areas, such as anti-terror operations, criminal investigations,
traffic surveillance, searching for missing persons, emergency communica-
tion networks, border area surveillance, coastal area surveillance, anti-piracy
operations, and controlling hostile demonstrations and rioting. The detailed
information can also be acquired using fixed cameras, but a UAV can be
mobilized to many locations where constant or long-term surveillance is
required.

Surveillance applications do not require very accurate coordinates, while
many surveying applications need accurate coordinates. The usage of UAVs
for surveillance has difficulties in exact target identification. Employing UAVs
for surveillance introduces several important issues. Table 7.8 summarizes
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the advantages, disadvantages, and important concerns for the UAV surveil-
lance applications.

TABLE 7.8 Advantages, Disadvantages, and Important Concerns for Surveillance Applications of UAVs.

Advantages Disadvantages Important concerns

— Surveillance — High accidental rate — Co-operation of multi-
coverage and range — High operating costs UAVs
improvement — Difficulties in — Post-processing

— Better safety for surveillance of risk algorithm
human operators societies improvements

— Robustness and — Privacy concerns
efficiency in — Law enforcement
surveillance

An autonomous UAV can perform a mission for border surveillance very
effectively. The use of autonomous UAVs for such tasks is advantageous due
to their long endurance and vast area coverage (Eaton et al., 2016). The
nominal mission requires one or more UAVs to patrol a designated border
region and detect intruders.

Figure 7.23 shows the steps which are followed under the mission for
border surveillance, where the numbers indicate the sequence followed
in the mission. (Stenger et al., 2012). When more UAVs are required to
take part in the mission, one UAV in standby receives the mission plan. The
aircraft status then changes to available, and the UAV starts following the
assigned tasks. The primary task of that UAV is to fly and scan the border
region by using an appropriate search strategy which depends on the sen-
sor coverage and on the probability that intruders will cross the border in a
specific region (due to landscape or previously encountered violation). As
soon as a UAV detects an intruder or a group of intruders, it transmits its
current position, as well as live video images to the GCS. The GCS then
decides whether the UAV shall further track the intruder or search within
surrounding areas for additional violations due to a false alarm as a detected
object is not an intruder. A nominal mission is unlikely to occur in reality.
Consequently, the robustness of the UAV is tested when confronted with
typical stressors (situations), such as system failures or other aerial traffic.



Airport area

| Base g~ BOAII
Boal,?  “\(DRecgive mission description

VARIOUS AppLICATIONS OF UAVs ¢ 303

@ Detect ™,
collision
®avoid collision

@ Return to base

EOD.
SSarchiares Search area
@ Follow plan =
-K“'-etect low fuel -~ V/ ©Detect H
?intruder i
(DFollow infruder
;’ Find place to and request support
i land immediately
# Airport area i
t@Do emergency. / Sample scenario
*. landing @Detect critical /
system failure Key
Search area " —>»» Autonomous flight
—=>»* Automatic flight
Border

FIGURE 7.23 Stressed mission (Stenger etal., 2012).

The future research works on UAV surveillance can be classified into the

following six categories, based on their focus and contents (LeCun, 2015):

Multi-UAV cooperation: the research focuses on developing new orches-
tration algorithms or architectures in the presence of multiple UAVs.
Homeland/military security concerns: the research provides analysis
and suggestions for the authorities regarding homeland/military security
considerations.

Algorithm improvement: the research develops new algorithms for more
efficient post-processing of the data (e.g., videos or photos captured by
the UAVs).

New use case: the research integrates the UAV system into new applica-
tion scenarios for potential extra benefits.

Product introduction: the research describes mature techniques lever-
aged by a real UAV surveillance product. Therefore, advanced sensor
technologies, such as nano-sensors (small size), ultra-high-resolution
image sensors (accurate data), and energy-efficient sensors (low energy
consumption), are to be considered to capture more accurate data more
efficiently and secretly.
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= New algorithms: the research develops more efficient and accurate multi-
UAV cooperation algorithms or data post-processing algorithms, such as
advanced machine learning algorithms (e.g., deep learning), which could
be utilized to achieve better performance and faster response. Specifi-
cally, multi-UAV cooperation brings more benefits than single UAV sur-
veillance, such as wider surveillance scope, higher error tolerance, and
faster task completion time. However, multi-UAV surveillance (swarms)
requires more advanced data collection, sharing, and processing algo-
rithms. Applying advanced machine learning algorithms (e.g., deep
learning algorithms) could help the UAV system analyze huge amount
data and draw more concise and reliable results for better conclusions

quickly.

7.3.13 Search and Rescue (SaR) Operations

The SaR operations using traditional aerial systems (e.g., aircraft and heli-
copters) are typically very expensive. The use of UAVs in SaR operations
reduces the costs, resources, and human risks (Figure 7.24). In case of natu-
ral or man-made disasters, such as floods, tsunamis, or terrorist attacks, criti-
cal infrastructure, including water and power utilities, transportation, and
telecommunications systems, can be partially or fully damaged (Adams and
Friedland, 2011). It necessitates providing rapid communications coverage
to support the SaR operations (Valavanis and Vachtsevanos, 2014). The UAVs
can provide timely disaster warnings and assist in speeding up SaR opera-
tions when the public communications networks are disrupted. Moreover,
UAVs can quickly provide coverage of a large area without ever risking the
security or safety of the personnel involved.

FIGURE 7.24 The UAV in SaR operation.
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The UAVs offer an immense advantage in support of disaster manage-
ment. In highly disastrous situations, such as wildfire, leakage of poisonous
gases, avalanches, or nuclear fallout, it is a challenging task to rescue as in
such types of emergent situations, the rescuers have to put their own lives
at risk (Adams and Friedland, 2011), but UAVs can be used to speed up the
rescue operations, as they are designed to fly smartly in any environment and
withstand extreme temperatures and radiations. Moreover, healthcare work-
ers can use UAVs to deliver medicines, vaccines, and care packages to the
people in the affected areas that may be practiced otherwise inaccessible.

There are two types of SaR systems: single UAV systems and multi-UAV
systems (i.e., swarms) (Shakhatreh et al., 2016). In a single UAV system, the
rescue team defines the search region. Then the search operation is started
by scanning the target area using a single UAV equipped with vision or ther-
mal cameras. The real-time aerial videos/images from the targeted areas are
sent to the GCS. The rescue team analyzes these videos and images to take
appropriate SaR operations.

In multi-UAV systems, UAVs with onboard imaging sensors are used to
locate the position of missing persons (Burnap et al., 2015). First, the rescue
team carries out the path planning to compute the optimal trajectory of the
SaR mission. Each UAV receives its assigned path from the GCS. Second,
the search process starts, where all UAVs (swarms) follow their assigned
trajectories to scan the targeted region. This process utilizes object detec-
tion, video/image transmission, and collision avoidance methods. Thirdly,
the detection process starts, where a UAV that detects an object hovers over
it, while the other UAVs act as relay nodes to facilitate the coordination
between all the UAVs and communications with the GCS. Thereafter, UAVs
switch to data dissemination mode and set up a multi-hop communications
link with the GCS. Finally, the location of the targeted object and related
videos and images are transmitted to the GCS (Bernard et al., 2011).

In recent years, cell phones have become more prolific in SaR opera-
tions in the built environment (Grogan et al., 2018). Devices that can pas-
sively detect active cell phones, much the same way a laptop detects Wi-Fi,
are attached to a UAV. This new tool can remotely sense and approximate
the location of individuals who may be trapped in a structure after a disaster.
In addition, the use of wireless sensors to detect cell phones can be explored,
but its use in urban SaR operations has been underexplored. Installing the
wireless sniffer on a drone, or several drones could give responders a means
to quickly scan a disaster area and identify potential victims.



306 ° UNMANNED AERIAL VEHICLES

7.3.14

The use of UAVs in SaR operations attracted considerable attention and

became a topic of interest in the recent past. The UAV can be utilized in SaR
missions, as follows:

1.

Collect high-resolution images and videos using onboard cameras on
UAV to survey a given area. These images are used for post-disaster aer-
ial assessment or damage evaluation. It helps to evaluate the magnitude
of the damage in the infrastructure caused by the disaster. The rescue
teams then identify the targeted search area and commence SaR opera-
tions accordingly.

An autonomous UAVs can provide accurate data and without additional
risks. The UAVs can also employ thermal infrared imaging devices to
find missing persons.

The UAVs can be used to deliver food, water, and medicines to the
injured people. However, the UAVs still suffer from load-carrying capac-
ity due to the limitations of their payloads. A high-power propellant
system can allow the UAV to carry heavy cargo between 10 and 15 kg,
including medicines, food, and water.

The UAVs can act as effective aerial base stations for rapid service recov-
ery when the communications infrastructure is completely damaged in
disaster-affected areas. This helps in SaR operations for outdoor and
indoor environments, respectively.

Weather conditions pose a challenge to UAVs as they might result in
deviations in their pre-determined paths. In cases of some natural dis-
asters, the weather may become a challenging issue. In such scenarios,
UAVs may fail in their missions as a result of uncontrolled weather con-
ditions.

The SaR operation in low visibility may pose another problem. There
is a need to develop low-vision cameras and algorithms to process such
images.

Logistics Operations

UAVs have great potential applications in logistics networks (Gonzilez-Jorge
et al., 2017). The potential of UAV technology for logistics is more evident
in rural locations with poor infrastructure or isolated populations (e.g.,
mountains or islands). The UAVs can be used to transport food, packages,
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emergency medicines, and other goods quickly (Marsh, 2015), as shown in
Figure 7.25. With the rapid, massive growth of e-commerce, postal com-
panies have been forced to find new methods to expand beyond their tra-
ditional mail delivery business models. Different postal companies have
undertaken various UAV trials to test the feasibility and profitability of UAV
delivery services (Heutger and Kiickelhaus, 2014).

FIGURE 7.25 The UAV technology used for logistics.

The delivery in the urban area is probably the most tangible and spec-
tacular in the logistics industry. In addition, its application has the largest
barriers because of privacy and safety concerns arising out in the densely
populated urban environment. It is also the most challenging in regulatory
framework conditions and infrastructure, especially integration into existing
urban infrastructures. Figure 7.26 shows the use of UAVs for the delivery of
goods in the dense urban network. The use of UAVs for logistics is still in
its early stages (Bamburry, 2015). So far, the payloads are limited, but a net-
work of UAVs could nevertheless support logistics networks in large areas.
The challenges associated with the UAV-based delivery system of goods,
food, and medicines, are legislations, insurance, weather, air traffic control,

and theft.
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FIGURE 7.26 Logistics in dense urban setup (Heutger and K, ckelhaus, 2014).

In UAV-based goods delivery system, a UAV can travel between a pick
up location and a delivery location. The UAV is equipped with a control
processor and GPS module. It receives a transaction packet for the delivery
operation that contains the GPS coordinates and the identifier of a package
docking device associated with the order. Upon the arrival of a UAV at the
delivery location, the control processor checks if the identifier of a package
docking device matches the device identifier in the transaction packet. It
performs the package transfer operation and sends confirmation of comple-
tion of the operation to an originator of the order (Marsh, 2015). Suppose
the identifier of a package docking device at the delivery point does not
match the device identifier in the transaction packet. In that case, the UAV
communication components transmit a request over a short—range network,
such as Bluetooth or Wi-Fi. The request may contain the device identifier
or network address of the package docking device. Under the assumption
that the package docking device has not moved outside of the range of UAV
communication, the package docking device having the network address
transmits a signal containing the address of a new location. The package
docking device may then transmit updated GPS coordinates to the UAV.
The UAV is re-routed to the new address based on the updated GPS location
(Shakhatreh et al., 2018).
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In a goods delivery system, based on the demand of the customer, a
UAV leaves the hub and makes delivery direct to the customer location or,
in case of returns, picks it up right from the customer. For instance, aerial
delivery company Flirtey plans to introduce the worlds-first commercial
UAVs for delivery. Student textbook rental service Zookal will use Flirtey to
deliver parcels directly to a customer. Customers will receive a smartphone
notification that will enable them to track the parcel via GPS and receive
the parcel directly at an outdoor location. Once the UAV arrives at the out-
door delivery destination, it hovers and carefully lowers the parcel through
a delivery mechanism that is attached to a retractable cord. This aims to
significantly reduce waiting times from two to three days to as little as two to
three minutes (Heutger and Kiickelhaus, 2014; http://www.atp-innovations.
com.aulflirtey/).

The UAVs used for the transportation of goods can safely take-off and
landing in the proximity of buildings. These allow rapid delivery of goods
in developing countries without having a good road network and to finally
unleash the full potential of their e-commerce telecommunication infra-
structure. Such UAVs will also help developed countries to improve the
QoS in congested or remote areas. They will enable rescue organizations
to quickly deliver medical supplies in the field and on-demand (Park et al.,
2017). Large corporates, such as Amazon and DHL, are experimenting with
UAV technology to determine its future viability in the transportation of
smaller parcels (DHL, 2014; Kimchi, 2015). In the near future, UAVs could
automatically pick up the assigned shipment, take-off, fly to the delivery
point, land, and provide the product to the customer.

Crowd-Sourcing

Crowd-sourcing involves seeking knowledge, goods, or services from a
large body of people. All people in the crowd participate in creating, dis-
cussing, refining, and rank meaningful ideas or tasks or contributions via
the Internet, social media, and smartphone apps. Millions of people, con-
nected by the Internet, contribute ideas and information to projects, big
and small. It can cover unpredictable events, produce novel discoveries and
raise public awareness. Crowd-sourcing has several benefits for businesses
(Hargrave, 2019), such as: putting up many minds together to work in solv-
ing tough problems, a greater diversity of thinking, a reduced management
burden, faster problem solving, and a rich source of data. The advantages
of crowd-sourcing include cost savings, speed, and the ability to work with
people who have skills that an in-house team may not have. Research in
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crowd-sourcing has shown results to be as accurate as traditional research
methods (Alwateer et al., 2019).

UAVs are excellent tools to be used in crowd-computing scenarios due
to their versatility as a type of mobile device. Crowd-powered devices with
a single UAV approach can collect and process data in an efficient manner.
Crowd-sourced spatial data collection is also facilitated by devices, such as
handheld GPS, digital notebooks, and mobiles equipped with open source
software, photos, video, and voice recorders (Parshotam, 2013). These data
get synchronized (Figure 7.27) with a central database with/without mod-
eration and are accessible/sharable as web-based databases, services, and
maps. Uber taxi service, which pairs available drivers with people who need
rides, is an example of crowd-sourced transportation. Facebook and Flickr
are other potential examples of crowd-sourcing.

HMM ik

FIGURE 7.27 Representation of crowd-sourcing.

Crowd-sourcing can effectively be used to help out the people affected
from the disaster zones. In emergency response situations, open and real-
time spatial data can be collected involving crowds along with data fusion
for integrating information from a wide variety of sources. It has helped to
map the infrastructure and devastation caused by natural disasters (Ghosh
et al., 2012). During the disaster-hit rescue operation, UAV photographs are
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combined with human volunteer spotters (Alwateer et al., 2019). A team of
UAVs first explores an area and takes images which are then geotagged, and
online virtual volunteers scour the pictures for signs of people. When several
virtual team spotters tag an image, a rescue team is sent to the location. By
crowd-sourcing their rescue efforts, the UAV technology could help find
individuals lost in vast wildernesses that would otherwise be too difficult for
the individual team to search (Fu et al., 2018).

Recently, more directed forms of crowd-sourcing for disaster response
have been undertaken. Crowd members tagged satellite imagery of destroyed
buildings and road accessibility for use by on the ground disaster response
teams (Burnap et al., 2015). Efforts along this direction are supported by
a multitude of Internet-based communities, including the Humanitarian
OpenStreetMap mapping infrastructure.

Post-disaster Reconnaissance

In recent years, the worldwide community has witnessed many natural dis-
asters (e.g., earthquakes, landslides, tsunamis, and tropical storms), causing
significant damage to infrastructure systems and loss of human life (Burnap
et al., 2015). During natural hazard events, normally, teams of civil engineers
and earth science specialists perform reconnaissance studies to document
the structural or geotechnical damage and collect other field data. Findings
are then used as a critical input to decision-making for rehabilitation and
improve the design methods to achieve greater system resiliency. Data col-
lection in such difficult environments presents many problems, including
personnel safety, acquiring physical measurements, and inaccessibility to
many sites (Greenwood et al., 2019).

The UAVs have recently been incorporated for immediate post-disas-
ter reconnaissance surveys after high-wind, flood, and seismic events (Xu
et al., 2014). Small UAVs equipped with conventional optical cameras can
be flown to take images and develop 3D point clouds of targets. These 3D
models, coupled with terrestrial LIDAR surveys, are used to acquire relative
displacement measurements in post-disaster scenarios. The fundamental
aspects of UAVs, mainly mobility, make them ideal tools to be leveraged for
post-disaster efforts, including rapid risk assessment, hazard identification,
and data collection (Bernard et al., 2011). While UAVs can collect and trans-
mit different types of data in real-time, the communication networks soon
after the post-disaster events for disseminating the information to stakehold-
ers and decision-makers still require further development.
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Security and Emergency Response

The UAV provides real-time insight into security and emergency situations
for better control, precise intelligence gathering, comprehensive situational
awareness, and more informed decision-making. The UAV can provide a
platform that provides security officers and emergency responders with a
professional tool for collecting aerial data and providing real-time visibility
into security threats and emergency situations (Kosmer and Vilhar, 2014).
Security operations are simplified with pre-defined missions, and emergency
response is enhanced through on-demand availability. The fully automatic
platform deploys and lands the UAV and collects aerial data to be processed
and analyzed (Edwin et al., 2019). Real-time aerial video and photos are deliv-
ered directly to personnel on the ground, enabling more informed decision-
making in emergent situations. The UAV platform eliminates the logistics
involved in operations while providing reliable, scheduled, and on-demand
aerial data collection, premium processing, and analytics capabilities.

Insurance Sector

The UAVs can play a part at all stages of the insurance lifecycle. They can
gather data before a risk is insured, help in preventative maintenance, and
assess damage after an event. Creating claims for insurance investigations can
be a lengthy process, especially if the damaged areas are hard-to-reach. The
UAVs offer insurance companies a growing number of potential benefits, such
as help reduce costs, save time, and improved efficiency to the tune of 40-50%
(Brown, 2018). The UAVs can be used to capture images to cover wide areas
for crop insurance claims or to create a 3D model of major infrastructure dam-
age caused by hurricanes and earthquakes with 24 x 7 surveillance ability of
UAVs. With the growing number and severity of these catastrophes, insurance
companies are entrusted with quickly assessing the damage and paying out
claims to affected ones (Ayranei, 2017). Overall, the real benefit of UAVs for
insurance companies comes from the potential gains in safety and efficiency.
An inspection may be particularly dangerous if a building has suffered
fire damage. A UAV can photograph the entire roof, including parts of the
structure that aren’t accessible to humans. A farmer can get faster claims
of the insured crops, as the insurance companies use a UAV to inspect the
farmer’s crops to assess the real damage (Culus et al., 2018). Personalized
premium amounts can also be quickly calculated based on far more pre-
cise inputs into pre-defined pricing algorithms. The UAVs could also be
used to deter insurance fraud. Insurance fraud is a common problem, and
mitigating that fraud can help save companies millions of dollars. After an
extreme event happens, some policy owners try to claim damage done prior
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to the disaster. Using UAVs to capture images of insured properties before
an extreme event and after an event can help insurance companies protect
against such fraud.

The crop insurance scheme of the Government of India, Pradhan
Mantri Fasal Bima Yojna (PMFBY), requires accurate estimation of crop
yield for administrators to decide the insurance claims. Satellite image-
based classification supported with the ground data in the form of Crop
Cutting Experiment has been the main criterion for assessing crop yield and
crop damage (PMFBY, 2018). This approach will improve further with the
improvement in more accurate crop assessment from high-resolution satel-
lite images and the tremendous growth in various other related technologies
(e.g., UAV-based imaging, big data analytics, cloud computing, crowd-sourc-
ing, sensor networks, IoT, and AI).

Health Sector

In developing nations and areas with mountains, deserts, or forests, roads
are impassable and take a long time to travel. In such areas, lack of access to
roads is more critical, particularly for medical supplies, such as vaccines and
drugs. Air transport such as a helicopter is the only alternative so far, but it is
expensive and not affordable to the patients or the health system. The UAVs
can be successfully used in the field of public health as medical couriers (as
shown in Figure 7.28) (Howell et al., 2016). The UAVs can fly over vast dis-
tances and challenging terrain, enabling just-in-time delivery of life-saving
medical supplies to those in hard-to-reach communities.

FIGURE 7.28 The UAV for supply of emergency medicines.

Innovation is only meaningful if it leads to an impact. This is more so
true with the potential of UAVs in global health, particularly to impact in the
humanitarian space. The benefits of UAVs within global health are extensive,
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and therefore, the demand for these UAVs to transport health-related mate-
rials is increasing. The technology could also improve access to non-emer-
gency commodities for villages where health worker visits and commodity
deliveries are not frequent. It could greatly reduce response times in an
emergency. Thus, UAVs could bring meaningful benefits to global health
through improved supply chain performance and health outcomes.

In the healthcare field, ambulance UAVs can deliver medicines, immu-
nizations, and blood samples, into and out of unreachable places. They can
rapidly transport either medical instruments or the patients in the crucial
few minutes after cardiac arrests. In addition, they can also provide live video
streaming services allowing paramedics to remotely observe and instruct
on-scene individuals on the use of medical instruments (Pulver and Wei,
20018). The UAVs can provide a lifeguard for a castaway, a defibrillator for
a person who suffers a heart attack, or supply a thermal blanket for a moun-
taineer waiting to be rescued.

To test the efficacy of UAVs, the United States Agency for International
Development (USAID) has invested in numerous pilot health projects in
many different countries (USAID, 2018). The USAID’s framework was
applied to three examples of UAVs; blood delivery, two-way sample trans-
port, and vector control, and identified five specific challenge areas that
could prevent UAVs from reaching full scale in global health. Further details

are given in Figure 7.29.

BLOOD TWO-WAY SAMPLE VECTOR CONTROL
DELIVERY TRANSPORT RELEASE
Direct delivery of blood for ~ Delivery of medical testing Aerial mosquito release
Descri life-saving transfusions to  kits and return of samples to to support novel vector
satellite health clinics testing center (e.g. TB test kits) control interventions
Range Mid-range Long-range Short range
(10.50 km round trip) (> 50 km round trip) (< 10 km round trip)
Light (<1.5 kg) Moderate (1.5-5 kg) Moderate (1.5-5 kg)
Delivery (one-way) Delivery (two-way) Aerial release
Individual emergency Individual emergency One-off
Infectious class Safe Class B Safe
. . . May require .
Cold chain Passive cooling active cooling Not required
Primarily peri-urban Rural Urban and peri-urban
Routine deliveries Transport of highly infectious N/A
in urban setting samples during outbreak

FIGURE 7.29 Use of UAVs in three examples of global health (USAID, 2018).
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It is important to acknowledge that the adoption of UAV technology in
global health is still at a nascent stage (USAID, 2018). Deeper coordination
and collaboration are needed to accelerate the development and appropriate
application of this technology within global health. Over time, greater align-
ment and coordination across innovators, manufacturers, implementers, gov-
ernments, beneficiaries, funds-providers, and other stakeholders will help
UAVs achieve scale. In addition, high upfront costs for UAVs and the related
infrastructure mean UAV programs are likely to require startup funding, but
donors and other investors may be unwilling to support scale-up without a
path to sustainable funding of ongoing costs. To build upon past efforts and
unlock UAVs’ future potential in global health, a broad community of users,
donors, innovators, and implementers are working together to identify the
most pressing needs as well as prioritize and coordinate future efforts to
ensure that resources are efficiently deployed with maximum benefit.

COVID-19 Pandemic

Public health experts around the globe are scrambling to understand, track
and cure a new virus that first appeared in Wuhan, China, at the beginning
of December 2019. On 30 January 2020, the World Health Organization
declared the outbreak a Public Health Emergency of International Concern,
and named the illness caused by the coronavirus as, COVID-19- where “co”
stands for corona, “vi” for virus, “d” for disease, and “19” for the year when
the disease emerged. It is a pandemic, which has emerged from China, but
soon gripped the whole world. Several countries, including India, Spain,
Italy, United Kingdom, and the United States, are the worst affected.

The analysis found that the genetic sequence of the COVID-19 virus
is 96% identical to one coronavirus found in bats. Sneezing or coughing,
cold, chest infection, fever, and breath problems are the major symptoms
in affected people. Early evidence suggested that, such as other coronavi-
ruses, the virus jumps between people who are in very close contact with
each other. It probably spreads when an infected person sneezes or coughs.
If the droplets of mucus and saliva make entry into another person’s eyes,
mouth or nose, the person can catch the virus and get sick. The viruses in
those little droplets can also fall onto surfaces, such as tables or doorknobs
and handles, and can remain active there for a long time (Wetsman, 2020). If
people touch such surfaces and then touch their eyes, mouth, or nose, they
can also get sick, which is why it’s important to clean these items as well as
wash the hands regularly.
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Figure 7.30 presents information about both how severe an illness is and
how easily it can spread to determine how “bad” it can be (Wetsman, 2020).
Epidemiologists often use this tool to assess new strains of the flu, but it is
almost true for coronavirus as well. If an illness is not very severe (and kills
only a small percentage of people), but it is highly transmissible, it can still
be devastating. An easily transmitted illness that kills a small percentage of
the infected people can still cause many deaths, precisely because so many

people get sick.
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FIGURE 7.30 Correlation between transmissibility and severity of viral disease (Wetsman, 2020).

Technology has found its way in controlling the spread of COVID-19,
as drones are used for spraying disinfectant across large areas, robots are
dispensing hand sanitizer, mobile apps are analyzing coughs to see if they
are “dry” or “wet,” and AI techniques are normally used for detecting the
tuberculosis being tweaked so that virus can be detected. During the peak of
the coronavirus pandemic, China started using drones either for distributing
the medicines, disinfecting the streets, or warning people who do not wear
masks or break the rules of lockdown. A month later (March/April 2020),
several European countries declared public health emergencies and decided
to complete their country’s lockdown for varying periods. They started using
drones in different ways, for example, urge people to maintain a safe dis-
tance outside their houses, and discourage travel to impose the lockdown
to limit the spread of the virus (Skorup and Haaland, 2020). Spain began to
employ manned loudspeaker drones on March 15, 2020, followed by France
and other European countries and many more.

In addition, the use of drones for medicines, parcel, and grocery deliv-
eries is proving enormously beneficial during the lockdown period. Drone
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deliveries help to increase the social distancing, thus reduce the spread of
COVID-19 and save lives. Those who are at a high risk to COVID-19 are
being urged to avoid highly trafficked areas. The residents rely on public
transportation for essential services in any city, such as grocery, medical, etc.
In the United States, cities such as New York City and Washington, DC, due
to the closure of metro and subway, drones effectively expand the number of
options for grocery stores and other services directly to homes, which would
help with supply issues and maintaining social distancing. Drones would also
greatly assist in rural areas for the supply of essential items, as these places
may not be well covered with the transportation mode. With a maximum
speed of 60 to 100 mph and no traffic to weave through, drones make an
otherwise lengthy supply chain quite short (Skorup and Haaland, 2020).
Much of China’s success in containing the virus’s spread outside Hubei
province was the heavy use of surveillance technology to prevent a resur-
gence of the virus. It enabled them to adopt a more tailored approach, allow-
ing most people to resume their normal lives while monitoring those who
might be infected. For example, the drivers will have to scan the QR code
held up by a drone (Figure 7.31) and download an app, “Hangzhou Health
Code,” in their smartphones while moving around Shenzhen city and enter-
ing the city. If the QR code turns red color, it indicates that the person
is supposed to be undergoing 14 days of self-quarantine (The Economist,
2020). The yellow color means a lower risk and had to be isolated for seven
days. The green color will allow entry. People will have to must produce
their phones at checkpoints and show that they have a green QR code.

FIGURE 7.31 Use of drone carrying QR code (The Economist, 2020).
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Drones are also being used to bring COVID-19 testing samples to lab-
oratories, which help the quick diagnosis and quarantining of infected citi-
zens. More importantly, drones are used to safely transport medical supplies
into hospitals where COVID-19 patients are treated. These areas would be
dangerous to the courier, who might contract the disease and then go on to
infect even more people, but delivery drones make this task safe. In fact,
in medical supply, drones cover a distance of 12 km in 8 minutes, which is
80 times faster than the traditional delivery (Bora, 2020). Medical drone
delivery networks are already popping up in places, such as China, Rwanda,
and Switzerland. Drones in China reportedly decreased the delivery time
of medicines by over 50% compared with road transportation, and it took
humans out of the process, which helped decrease the rate of spreading
COVID-19.

In addition, drones are being used for the disinfection of areas by spray-
ing chemicals. It is claimed that drones disinfect 50 times more area than the
traditional methods in a given time, keeping human operators out of harm.
The automated drone is equipped to adjust itself to terrain height and avoid
obstacles. The roads and areas can be selected directly from Google maps to
perform the task. The drones can carry up to 10 L of disinfectant and cover
about 20 km a day, whereas a human being can cover about 4-5 km a day
(Bora, 2020).

Other services of drones include detecting the human body temperature
in crowded places. While government personnel has been deployed to check
the temperatures of individuals in sensitive areas, conducting personnel
checks is almost at an equal risk of contracting the virus. The drone camera
with a calibrated thermal camera can be used to measure body temperatures
while the checking officer remains at a safe distance away. However, the
solution is not designed to be used as standard medical procedures and, data
needs to be re-verified with manual methods before taking some concrete
decision.

With the technological development, a “pandemic drone” that will be
equipped with specialized sensors and computer vision system is being
developed by the North American company, “Draganfly,” based on tech-
nology from the University of South Australia and Australia’s Department of
Defence (Sakharkar, 2020). This drone can monitor the temperature, heart
breathing rate, coughing, and even blood pressure of people in crowds,
offices, airports, and other places where people are working. California
Police force has attached speakers and night vision cameras on DJI drone
units to equip them for public safety. The speakers announced the messages,
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such as “Travel is prohibited unless there are exceptional circumstances” or
“Please respect the safety distances” (Gaulkin, 2020).

The contactless services by UAVs in the medical sector seem to be no
less than a boon during emergency times. It is evident that the UAVs have
great opportunities in public health (Shakhatreh et al., 2018) and can be used
to transport blood, specimens, and biologicals, such as vaccines to remote
places reduce the travel time. They can be employed in disaster relief to save
lives. In the future, UAV delivery systems and UAV delivery ports could be
constructed near health care systems (Laksham, 2019). Assessment of public
safety and privacy has to be done before scaling up of UAVs in public health.
There is also a need for health education to alleviate the apprehension about
UAVs in people’s mind (Gupta et al., 2018).

Entertainment and Media

Currently, the UAVs are widely preferred by professionals from the media
and entertainment industry (Figure 7.32) for high-definition video recording
and still photography (DRONEITECH, 2018). They offer new story-telling
formats by enabling dramatically different angles, such as shooting video
over water or while flying through trees. The UAVs are used in television,
advertising, live sports, news reports, and more. Their use by corporations is
also increasing for producing corporate video footage and photography for
marketing purposes (Swaminathan, 2015).

FIGURE 7.32 Use of UAV in journalism.
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The UAVs have already started to be used for information gathering in
crime scenes, natural disasters, and other hard-to-film events (Heutger and
Kiickelhaus, 2014). In journalism, UAVs could be used for accident/incident
monitoring to capture the big picture over time, address gathering, interview
common people on the street, and do rapid interviews with sports players. In
the field of photography, the UAVs have already begun to show their involve-
ment in real estate, hotels and resorts photography, and professional photog-
raphy of beautiful scenes. Aerial film and photography service providers are
probably the heaviest commercial users of UAVs today (Cohn et al., 2017).

The technical requirement in UAV photography is comparatively low in
many cases, and off-the-shelf cameras are attached to the UAV with ready-made
mountings. Chips are now available, allowing the UAV camera to film in 4K HD
video, including electronic image stabilization, removing the need for camera
gimbals. Recently, the FAA gave its permission for UAVs to be used on film sets
for motion capture and high-definition video recording. Now many movies with
UAV-filmed scenes, such as “Skyfall,” “The Hunger Games,” and “The Dark
Knight Rises” (http:/vww.washingtonpost.com/blogs/the-switch/wp/2013/08/15/
its-a-bird-its-a-plane- its-a-drone-that-makes-movies/) are available.

The UAVs are the latest technological advancement in the storied his-
tory of aerial footage in sports events (Ayranci, 2017). One of the interesting
ways UAVs are impacting everyday life, is in journalism, especially amateur
investigative journalism, bringing an eye to the sky to document what’s going
on in the world around us (Baker, 2018). The UAVs offer broadcasters and
journalists many benefits that traditional news-gathering techniques cannot,
by allowing the journalists to get much closer to the subject than regular
cameramen. They can be used to capture photos of extreme and outdoor
sports events by making the events stand out from the competition with
aerial footage that would amaze the spectator. Many sports benefit from the
UAV technology, such as extreme sports; skiing and snowboarding; horse
riding and horse racing; water sports, such as sailing, yachting, boat racing,
and surfing; motorsports, such as Formula-1 motor racing and motorcycling;
and outdoor sports, such as cycling, mountain biking and golfing.

Military

The UAVs that carry cameras, sensors, communications equipment or
other payloads have been employed by military units since the late 1950s
(Pike, 2003b). Until the last 20 years or so, however, their use was limited
because the analog data collected by these UAVs were not accessible until
they returned from their missions. Digital technology has changed this
paradigm. Since the early 1990s, the Department of Defense (DoD) of the
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United States has employed UAVs to carry out surveillance requirements
in close-range, short-range, and endurance categories. Initially, close-range
was defined to be within 50 km; short-range within 200 km; and endurance
range was set as anything beyond 200 km. By the late 1990s, the close- and
short-range categories were combined (Blom, 2011). The current classes of
these UAVs are the tactical UAVs and the endurance category. Numerous
digital multispectral, hyperspectral, and radar sensor platforms are now used
onboard both tactical and endurance UAVs for military applications. As the
volume of data and its communication has become faster, the army is now
able to receive current details of battlefields. UAV technology and innovation
have really leaped forward in the past few years.

Figure 7.33 illustrates how unmanned systems are already employed in a
significant number of roles. The systems are divided by the military depart-
ment to illustrate areas with current and potential future collaboration.
Reconnaissance, strike, force protection, and signals collection are already
being conducted by fielded systems, and acquisition programs are develop-
ing systems to support the warfighter in even broader roles (DoD, 2017).
The use of aerial photographs and digital images has seen a modest increase
in military applications over the past few years. The ability to provide real-
time or near-real-time data about the terrain and the enemy has always been
a goal of the military intelligence community (Mahnken, 1995).
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In UAVS’ age, there are obvious advantages that modern military tech-
nology can adopt in fighting wars. In particular, UAVs’ ability to minimize
bloodshed, especially civilian casualties, as compared with previous military
technology, such as strategic bombing, can be well appreciated. Under mil-
itary usage, the UAV technology is also employed for missile launching and
bomb-dropping (Kaag and Kreps, 2014). In addressing the ethical challenges
that drone warfare presents, the use of UAV technology may create a moral
hazard and create the leisure for soldiers and their commanders to reflect on
the intricacies of military ethics in unprecedentedly careful ways (Mahnken,
1995). The UAVs demonstrate how technology can radically alter the collec-
tive understanding of warfare and its justification. Many factors lead to bet-
ter decision-making in the use of UAVs, such as time pressure, complexity,
and responsibility that need to be understood with reference to their moral
and legal implications.

Peeping drones could be spying. With a few modifications, the drone
becomes a low cost and simple electronic surveillance tool to gather infor-
mation. Drone operators could drop a sophisticated microphone into a
restricted area for eavesdropping if there are no power, weight, and range
issues. Putting a Wi-Fi access point on top of a building, or inside its perim-
eter, could allow hackers to listen in to data traffic. Drones can also be used
to carry traditional spying devices used to eavesdrop on a conversation (e.g.,
a laser microphone) and perform keylogging (e.g., using a microphone).

Basically, the spy drones will have a drone, a camera, and a monitor to
see what the drone sees (and a recorder to record it). Instead of the moni-
tor, FPV goggles can be used, which are more interesting and provide the
sensation of being in the drone’s cockpit. With a camera in the air vehicle,
soldiers will be able to see further and around obstacles that they previously
wouldn’t be able to see in near real-time. The FPV channel also provides
excellent infrastructure for a malicious operator to spy on people without
being detected because (Nassi et al., 2019): (i) it eliminates the need for a
malicious operator to be close to the drone or target by allowing the operator
to maneuver the drone from far away to a target that is also far away from
the operator’s location, (ii) it can be secured using encryption, and (iii) it
supports HD resolutions that enable the attacker to obtain high-quality pic-
tures and close-ups (by using the video camera’s zooming capabilities) that
are captured by the drone, even when the drone is far from the target point
of interest.

The UAVs are becoming a valuable tool for military, army, and ground
commanders in the preparation and execution of the missions. With the
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increasing use of UAVs in the battlespace, coupled with robust communi-
cations systems, these data may soon be available to every soldier. The US
Army plans to give almost all of its ground combat units the tiny drones
which can spy on other forces from the sky (Eriksson, 2018). These UAVs
can be further developed to be used as Flying Camouflage drones (that
will visually mask everything nearby), Communication disruptors (that will
create zero-communication zones over the targeted areas), and battlefield
medical supply drones (to provide a source of supplies and equipment for
battlefield injuries, instantly).

Military and defense are expected to emerge as the largest end-use seg-
ment due to an increase in R&D activities by the defense. The market for
anti-drone systems in military and defense applications is expected to cross
US$ 900 million by 2024. Significant investments have been made in the
development of safer and effective anti-drone technologies by major venture
capital firms. The global anti-drone market size is expected to reach US$ 4.5
billion by 2026, expanding at a CAGR of 29.9% from 2019 to 2026. Asia-
Pacific is anticipated to witness a CAGR of close to 30.0% from 2019-2026
due to increase in government expenditure for development of aerospace
infrastructure across emerging economies. Prominent drone/UAV develop-
ers, such as DJI, have begun incorporating “No-fly zone” restrictions onto
onboard firmware of drones (Reportlinker, 2018).

Considering the pace of development, the number of UAVs involved,
and apparently, the unlimited possibilities offered by UAV technology, there
is no doubt that UAV will fundamentally change the applications scenario.
Figure 7.34 shows the projected usage of UAV till 2030 in the government/
defense applications and civil/commercial applications in the radio commu-
nication sector (ITU-R M.2171, 2009).
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FIGURE 7.34 Government and civil usage of UAV (ITU-R M.2171, 2009).
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SUMMARY

The emergence of UAV technology not only removed the limitations of its
use in the military but expanded its wings in commercial applications related
to agriculture, recreation, surveillance, delivering goods, transportation,
urban, logistics, journalism, and many more. From construction to insurance
to real estate to PA, the ability to survey the land and hard-to-reach loca-
tions with UAVs is valuable. Agriculture and infrastructure perhaps cover
the maximum share of UAVs applications. The utilization of autonomous
UAVs in agri-business is reaching out at an energetic pace in PA, crop health
monitoring, soil nutrients, crop yield, etc. They help farmers to make smart
farming decisions for enhanced productivity on time. By 2020, the market
for drone jobs in the United States alone will be US$ 1.3 billion for construc-
tion and US$ 1.4 billion for agriculture, according to Culus et al. (2018).

The UAVs can be used as efficient tools to accurately survey and map the
landscape to collect necessary information before infrastructure construc-
tion to make good plans. The UAVs are efficient in assessing the cracks and
thermal leaks and evaluating the conditions of roads and other structures.
The UAV data from real-time traffic monitoring are useful for the design of
new roads and bridges. Such real-time traffic information will further guide
the building of smart cities with respect to reversible lane systems. They are
expected to have a worth of US$ 91 billion over the next decade and US$ 45
billion market value usage in civil infrastructure (Intelligence, 2018).

In recent years, technological advances in autonomous and semi-auton-
omous UAVs vehicles have increased their utility and ease of use in disaster
management as well as SaR operations. The UAVs provide evidence of the
efficiency of safety inspections in constructions or industry. Their deploy-
ment tremendously reduces the safety hazard risks while offering the ability
to access hard-to-reach and dangerous areas. The UAVs also have limita-
tions for some applications: limited flying time; limited payload, flying within
VLOS, need for multi-drone cooperation (swarm) to address the material
delivery, medicine delivery, etc. In addition, they are easily affected by
rough weather conditions, such as heavy rain, snow, or strong wind.

Innovative technologies, such as radar and acoustic-based detection,
are increasingly implemented to identify and classify small UAVs that are
invisible to the eye (Reportlinker, 2018). The use of such technologies helps
improve living conditions. The integration of UAVs with other recent tech-
nological innovations (e.g., BIM, VR, AR, wearable technologies, photo/
videogrammetry, big data, 5G technology, smart connected solutions, Al,
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and machine learning-based predictive analytics), in addition to the legal
and financial aspects of using them, will also lead future research of UAV
applications. In an industry that is consistently evolving and integrating new
emerging technologies, UAVs have proved to be a safe, yet efficient alter-
native. However, there are both benefits and challenges associated with the
use of UAVs.

REVIEW QUESTIONS

Q.1.

Q.2.

Q.3.

Q.4.

Q.5.
Q.6.

Q.7.
Q.8.
Q.9.

Q.10.

Q.11.

Discuss various application areas under each case where (i) photo-
grammetry UAVs, (i) LIDAR UAVs, and (iii) autonomous UAVs are
most useful.

Explain the maturity levels of various applications of UAVs worldwide.
What are the emerging technologies identified for various UAV-based
applications?

Discuss in brief various industrial applications of UAVs. Explain the
status of the use of UAVs in the construction industry.

Explain how you will deploy UAVs for inspection and monitoring of
civil infrastructure as well as in industry.
Describe the utility of UAVs in forestry.

Explain in brief how the agricultural community has benefited from
the use of UAVs in its various activities.

What is an NDVI image? Explain its utility in forestry and agriculture.
Discuss various practical applications of IR and TIR images.

What is a smart city? How UAV and IoT can be deployed to provide

wireless services to smart citizens?

Write short notes on using UAVs in (i) Traffic monitoring and man-
agement, (ii) Logistics, (iii) Insurance sector, and (iv) Entertainment
and media.

Explain the utility of UAVs and swarm UAVs in (i) Surveillance opera-
tions, (ii) Search and rescue operations, (iii) Security/emergency, and
(iv) Post-disaster events.
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Q.12.

Q.13.

Q.14.

What is crowd-sourcing? Which UAV-based applications are most
benefited from the use of the crowd-sourcing approach?

Discuss the utility of UAVs in the health sector. How UAVs have been
deployed worldwide to combat the COVID-19 pandemic?

Describe the most popular uses of UAVs in various activities of the
military.



CHAPTER

THE Future oF UAV TECHNOLOGY

8.1

INTRODUCTION

UAVs have almost limitless possibilities of use in the commercial world,
offering great promises in various applications, such as military, surveillance
and monitoring, telecommunications, delivery of medical supplies, and res-
cue operations (Chmaj and Selvaraj, 2015). The UAVs have evolved rapidly
in recent years due to focused efforts in the field of electronics, optics, com-
puter science, energy storage, etc. The improvement in technologies, such
as GNSS, IMU, LiDAR scanners, imaging sensors, and robotics, has contrib-
uted to new applications of UAVs (Bor-Yaliniz et al., 2016). In recent years,
data collection and processing research efforts have extended beyond imag-
ing methods to include other sensors, such as gases, biological, temperature,
moisture, etc. While hardware and software development are on the rise, the
main challenge remains large aerial data handling and real-time processing.

In addition to hardware (UAV, sensors, nano-sensors, ground station,
etc.), software solutions and services are integral parts of a UAV system.
The use of, for example, machine learning algorithms, AL ToT (Chan et al.,
2014), wireless communications technologies, etc., has further accelerated
research trends and benefits in the area of UAV applications. Owing to their
autonomy, flexibility, and a broad range of applications, UAVs have been the
subject of concerted research over the past few years (Motlagh et al., 2016).

The use of swarms has expanded greatly in recent years in many appli-
cations, such as surveying, homeland security, surveillance, or perform com-
plementary operations, such as sensor placement and interrogation. As UAVs
become integrated into spaces with other aircraft and UAVs, methodologies
for managing the interaction between the UAVs are critical (Campion et al.,
2019). Recent discussions in the USA about integrating UAVs in the national
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airspace at night have raised some interest in investigating the non-vision
sensors for autonomous navigation and obstacle avoidance, such as sonar
and LiDAR.

Developing and implementing various components of autonomous
UAVs face additional challenges. The component of developing a fully
autonomous UAV must understand how to integrate human cognition for
decision-making. The studies have generally shown that human-UAYV inter-
action is an important direction for research. In the future, UAVs will become
powerful autonomous systems having the ability to develop an action plan,
collect data, process data, perform computations, analyze results, and make
next-step decisions. The key areas for R&D in UAVs include artificial intel-
ligence, UAV detection and avoidance technology, control and communica-
tions, image processing, and battery capacity (Al-Turjman et al., 2019).

FUTURE INSIGHTS

The use of emerging technologies needs to be a core part of every company’s
corporate strategy to make clear-headed decisions that will sustain revenue
growth and enhance business operations. To help companies focus their
efforts, Culus et al. (2018) analyzed more than 150 emerging technologies
to identify what is known as the “Essential Eight,” as shown in Figure 8.1.

Internet of Things
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FIGURE 8.1 Essential eight technologies for the future (Culus et al., 2018).
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These eight technologies include IoT, AR, VR, blockchain, AL 3D print-
ing, drones, and robots, which will have the most significant global impact
across various industries worldwide in the near future.

There are significant numbers of current and future uses for UAVs
throughout the military and civilian world (Kaag and Kreps, 2014). The mil-
itary has been using and continues to anticipate increased usage of these
systems in numerous areas, including intelligence, surveillance, and recon-
naissance (Khuwaja, 2018), data and communication interfaces (Bekmezci,
2013), electronic warfare (Safi, 2019), and limited attack roles (Chmaj and
Selvaraj, 2015). While UAVs are tactically effective, their strategic effective-
ness is limited. The UAVs may kill terrorists with ruthless efficiency, but
they leave the fundamental drivers behind terrorism unaddressed, and they
may even exacerbate those motivations. Certain technologies, such as robot-
ics, when combined with UAV, may be used to protect the military troops
in combat and support them with the best intelligence. However, there are
also risks associated with human welfare if UVAs are misused (Boyle, 2015).
Legal and ethical restraints are required to be maintained to make full use
of the potentials of UAVs.

In civilian applications, UAVs are already being used for the large num-
ber of applications, such as post-disaster response, structural damage assess-
ment, infrastructure inspection, urban planning, mining, and construction
monitoring (Greenwood et al., 2019). The cargo and transport, search and
rescue operations, traffic management, and construction management have
been envisioned as future research areas (Reportlinker, 2018). The UAVs
play an important role in complex humanitarian emergency services as they
can be used for surveillance in difficult or inaccessible areas.

With the expansion of UAV usage, it is important to investigate the trend
of future UAV research. However, there are few studies in the literature
that have introduced research trends related to UAVs. Suzuki (2018) has
proposed the research on UAVs in the robotics field into five categories: (i)
research on the structures and mechanisms of UAVs, (ii) research on control
technologies of UAVs, (iii) research on novel navigation systems of UAVs,
(iv) research on guidance systems of UAVs, and (v) research on payloads and
applications of UAVs, as shown in Figure 8.2.

The most interesting UAV research development would involve UAVs
interacting with humans and interfacing with the data streams. The physical
actuation of infrastructure components is an important research topic. This
physical interaction could include deployment of wireless sensor nodes or
use of IoT, or stimulation of an infrastructure component, such as model
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analysis of a structure. Very limited work has been carried out involving the
physical interaction of UAVs with civil infrastructure as well as UAV-based
sensing of below-surface features (Mckinsey, 2017). Subsurface sensing is
necessary for geo-infrastructure applications, but the major limitation is the
cost of mobilizing equipment and accessing the remote sites.
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FIGURE 8.2 Classification of UAV research areas (Suzuki, 2018).

KEY CHALLENGES

Any new technology always has lots of challenges associated with it, UAVs are
no different. Scaling a UAV program can be challenging. In case the services
are hired, data security remains one of the important issues (White Paper,
2018). Data quality is also an important aspect. The regulatory framework
in work area/region/country may be another challenge to allow using UAVs.
The gigabytes of data are available by using UAVs, and therefore the degree
of automation in data processing has become so important and will continue
to gain significance. The reliability, accuracy, training, regulatory hurdles,
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and process integration are required to be known to the users (Vergouw
et al., 2016). It clearly highlights the importance of proper integration into
the processes to make UAV operations efficient, safe, and scalable.

The five challenging areas that would likely to come for the next stages
of investment in UAV development are given in Table 8.1. These challenge
areas are identified which are likely to arise, to varying degrees, as UAVs pro-
ceed along the path to scale. Many of these challenges are unique to UAVs
and may also be experienced when introducing other new technologies.

TABLE 8.1 Anticipated Challenge Areas.

S.No. | Challenging Area Requirements

1. Technology and Solve technical problems for UAV
manufacturability implementation; find manufacturers who
can produce to technical specifications at
targeted cost
2. Infrastructure Build the necessary infrastructure to support

UAV (e.g., runways or catapults, cellular and
satellite coverage, maintenance, air-traffic
management, etc.)

3. Regulations and Navigate regulatory and policy pathways at a
policy global, national and local level
4, Community Engage the community to build trust in the
engagement technology and ensure the safety and security
of UAVs
5. Business model and Identify business models that enable
partnerships sustainable delivery of UAV solutions

The possible challenges to exploit the full potentials of UAV technology
are described below. The UAV regulations of every country should address
all these challenges (Anderson, 2012; Berie et al., 2018).

Topography and Environmental Aspects

Topography, high winds, and weather conditions on the high mountains or
near coastal areas might disturb the operation of the UAV system or create
noise in the products. The UAV platforms may collide with tall buildings and
trees and cause problems unless governed by specific regulations. However,
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care is required to be taken when flying UAVs in rough topographic settings
as the systems may have a limited range of visibility as well as flight altitude.

Legal Aspects

There should be strict rules and regulations to use UAVs. Literature indicates
that some countries have well-developed regulations that provide a workable
environment for UAV operations, while other countries do not have proper
rules and regulations for UAVs to operate in their territories (Jeanneret and
Rambaldi, 2016). The absence of well-defined regulations will enhance
the scope for misuse of the UAV technology. Some countries have banned
the use of UAVs so as to stop the misuse of the technology. Well-designed
regulations encompassing the extreme views of different countries together
will guide the technology to provide services for the benefit of the commu-
nity. These regulations should take into account the international laws and
enforce them accordingly. The UAV regulations should also be set explicitly
so that national security is not endangered (ARC, 2017).

Privacy Aspects

The use of UAVs might be unpleasant when they fly over unwanted areas.
Due to flying at a low altitude close to the Earth’s surface, they are liable to
disturb privacy (Altawy and Youssef, 2016). Each country has to set well-
thought-out regulations to avoid human-induced problems and reduce
the effect of such challenges. The users can adopt the good things, but the
regulations should limit the associated challenges. Hence, the country-
specific functional rules need to address these issues so that the technology
can provide law-bound services without being influenced by the suspected
challenges.

Air Safety and Security Aspects

The safe operation of a UAV system ensures the protection of the surround-
ing environment, including people, property, and other aircraft, from the
unexpected consequences of the operation of the UAV. From a high-level
perspective, safe operation constitutes hazard avoidance and safe take-off
and landing. The UAVs may be misused by others, such as terrorist attacks
(Figure 8.3). Therefore, the government in each country can take the issue
seriously and develop regulations that inhibit the misuse of technology. Free
flying approach otherwise may cause a disaster.
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FIGURE 8.3 Unauthorized attack by UAV.

Threats from UAVs can produce severe disruption as they could be
highly diverse in nature. The UAV operation strongly depends on its loca-
tion as well as its distance from critical areas. The frequency of such UAV
sighting is also on the increase; for example, various airports in the USA, UK,
Ireland, and UAE have experienced major disturbance of operation due to
the visibility of unauthorized UAVs in the vicinity of airports (McFarland,
2019). As aresult, the regulating authorities worldwide are framing the regu-
lations to reduce the risk by the UAV operation. Regulations may discourage
careless or unskilled UAV operations, but probably cannot prevent criminal
or terrorist attacks. Rules and supportive technologies are good for those
who follow them but not for careless or malicious users. The increase in the
number of UAVs in the sky may further challenge this task.

The UAVs may collide with other flying objects or infrastructure.
Standardization rules and regulations for UAVs are highly needed world-
wide to regulate their operations, reduce the likelihood of collision among
UAVs, and guarantee safe hovering (Luo et al., 2013). The UAVs could be
integrated with vision sensors, laser range finder sensors, IR, and/or ultra-
sound sensors to avoid collisions in all directions (Chee and Zhong, 2013).

Cyber-security Aspects

The cyber-security attack may have confidentiality challenges to protect
information from being accessed by unauthorized parties. The attackers
could compromise the confidentiality of UAV systems by various approaches



334 ° UNMANNED AERIAL VEHICLES

(e.g., malware, hijacking, social engineering, etc.) utilizing different attack
vectors. Attackers then could modify or fabricate the information of UAV
systems (e.g., data collected, commands issued, etc.) through communica-
tions links, GCSs or compromised UAVs, or GPS signal spoofing attacks
(Shakhatreh et al., 2018). Attackers could perform Deny of Service attacks
on UAV systems by, for example, flooding the communications links, over-

loading the processing units, or depleting the batteries.

Figure 8.4 summarizes the identified security threats against UAVs; the
corresponding violated security properties, and possible mitigation tech-
niques (Altawy and Youssef, 2016). It categorizes the threats to a UAV system

into two types; cyber threats and physical threats. Figure 8.4

describes the

types of threat under each category, their security requirement, and mitiga-
tion measures that could be taken. A UAV-distributed security architecture
presented in Figure 8.4 is a structured collaboration between sets of security
services implemented on various components of the UAV system to provide
the overall security functionality. There is a need to work in the future to
develop the tools and mitigation technologies to safeguard the UAVs and

associated systems from cyber threats and physical threats.
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FIGURE 8.4 Cyber and physical security threats against UAV systems (Altawy and Youssef, 2016).
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Reliable Communication System

A reliable communication link is necessary for the safe and efficient opera-
tion of UAVs. During large-scale natural disasters and unexpected sudden
events (e.g., forest fires), the existing terrestrial communication networks
may be damaged or even completely destroyed (Vattapparamban et al.,
2016). In particular, cellular base stations and ground communications infra-
structure can often be damaged during natural disasters. Hence, there is a
vital need for efficient communication for public safety as well as between
the government and victims for providing relief. Consequently, a robust,
fast, and capable emergency communication system is required to enable
effective communications during such operations, which will not only con-
tribute to improving connectivity but also will save properties and lives of
affected people.

On the other hand, UAVs may be exploited for sensing purposes by
leveraging their advantages, such as on-demand deployment, larger service
coverage compared with the conventional fixed sensor nodes, and flexible
spatial network architecture (Song et al., 2020). This category of UAV appli-
cations is known as cellular-assisted UAV sensing. Despite the many benefits
of their mobility, UAVs still suffers from some practical constraints, such as
limited battery power, restrictions due to no-fly zones, and safety concerns.
Therefore, it is essential to develop new communication, signal process-
ing, and optimization frameworks in support of high data-rate UAV com-
munication systems assisting terrestrial cellular communications to enable
ultra-reliable and real-time sensing applications in future wireless cellular
networks.

Mozaftari et al. (2019) have presented a comprehensive study on UAVs’
potential benefits and applications in wireless communications. They have
investigated the key UAV challenges, such as three-dimensional deployment,
performance analysis, channel modeling, and energy efficiency, which were
also identified by Liu et al. (2015). To address the fundamental challenges
in UAV communication systems and efficiently use the UAVs for wireless
networking applications, various mathematical tools can be used. Table 8.2
summarizes the key challenges, open problems, and analytical tools to ana-
lyze, optimize, and design UAV-enabled wireless networks. The analytical
framework would be needed to optimize the use of UAVs for wireless net-
working purposes. As seen from Table 8.2, this is a highly interdisciplinary
research area that will require drawing on tools from conventional fields,
such as communication theory, optimization theory, network design, and
emerging fields, such as stochastic geometry, machine learning, and machine
learning and game theory.
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TABLE 8.2 Challenges, Open Problems, and Mathematical Tools for Designing UAV-enabled Wireless

Networks (Mozaffari et al., 2018).

Research Challenges and Open Mathematical Tools and
Direction Problems Techniques
Channel Air-to-ground path loss. Air-to-air | Ray-tracing techniques.
modeling channel modeling. Small scale Machine learning.
fading. Extensive measurements.
Deployment | Deployment in the presence of Centralized optimization
terrestrial networks. Energy-aware | theory. Facility location
deployment. Joint 3D deployment | theory.
and resource allocation.
Performance | Analyzing heterogeneous aerial- | Probability theory.
analysis terrestrial networks Performance | Stochastic geometry.
analysis under mobility Information theory.
considerations. Capturing spatial
and temporal correlations.
Cellular Backhaul-aware cell planning. Centralized optimization
network Optimizing the number of UAVs. | theory. Facility location
planning with | Traffic-based cell association. theory. Optimal transport
UAVs Analysis of signaling and overhead. | theory.
Resource Bandwidth and flight time Centralized optimization
management | optimization Joint trajectory and theory. Optimal transport
and energy transmit power optimization. theory. Game theory and
efficiency Spectrum sharing with cellular machine learning.
networks. Multi-dimensional
resource management.
Trajectory Energy-efficient trajectory Centralized optimization
optimization | optimization. Joint trajectory theory. Machine learning.
and delay optimization. Reliable
communication with path
planning.
Cellular Effective connectivity with down | Centralized optimization
connected tilted ground base stations. theory. Machine learning.
UAVs Interference management. Optimal transport theory.
Handover management. Game theory. Stochastic
Ground-to-air channel modeling. | geometry.
Ultra-reliable, low latency
communication, and control.
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8.3.7 Swarm-based Operations

Building a large swarm primarily requires the ability to handle a massive
amount of information. In general, the more UAVs in a swarm, the more
capable the swarm is. More UAVs also mean more inputs that could affect
the swarm’s behavior and decisions. In addition, more UAVs mean a greater
risk of a UAV crashing into another. As the number of UAVs increases, it
increases the complexity of the task and the possibility of collision between
them. Currently, this technology is in the development stage (Campion
et al., 2019).

The UAVs are a cheap way to boost the sheer size of an army force.
The UAV swarm technology could significantly impact every area of military
competition, from enhancing supply chains to delivering nuclear bombs. In
the future, UAVs may one day develop the capacity to carry out targeted
killings in swarms. Such UAV swarms could have the capacity to assess tar-
gets, divide up tasks and execute them with limited human interaction. For
deploying the technology, armed forces are investing millions of dollars in its
development (Safi, 2019). The UAV swarms using chemical and biological
weapons can improve both defense and offense but appear to favor offense
by addressing the key challenges to delivery strongly. In the future, this
could weaken the norms against these weapons and encourage proliferation
(Kallenborn and Bleek, 2019).

Terrorist organizations are also likely to be interested in UAV-based
chemical and biological weapons attacks. At the same time, UAV swarms
may also help prevent and respond to chemical and biological weapon
attacks. They could be used for coordinate searches along national borders
to identify potential smuggling activity, including chemical, biological, radio-
logical, nuclear, and explosive material smuggling, or searches through cities
to search for gaseous plumes. Swarms could serve as mobile platforms for
chemical or biological detectors with different sensors to mitigate false posi-
tives. If an attack is successful, UAVs could even have sprayers to help clean
up after an attack without risking harm to humans. As swarms become more
sophisticated, they will also be more vulnerable to cyber-attack. Swarm may
be hijacked by, for example, feeding it false information, hacking, or gen-
erating manipulative environmental signals. Although numerous counter-
systems are in development, the present system faces scalability challenges,
from deployment allocation to training and use (Safi, 2019).

The UAV swarm creates significant vulnerabilities to electronic warfare,
and protecting against this vulnerability is critical. It functions inherently
depending on the ability of the UAVs to communicate with one another. If
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the UAVs cannot share information due to jamming, the UAV swarm cannot
function as a coherent whole. Advances in technology may also harden the
swarm against electronic warfare vulnerabilities (Shakhatreh et al., 2016).
Novel forms of communication may weaken or entirely eliminate those vul-
nerabilities. For example, UAV swarms could communicate based on stig-
mergy. Stigmergy is an indirect form of communication used by ants and
other swarming insects. If an ant identifies a food source, it leaves phero-
mones for future ants to find. If the next ant also finds food there, it leaves its
pheromones, creating a stronger concentration to draw even more. Applied
to a UAV swarm, an approach like this that uses environmental cues could
mitigate vulnerabilities to jamming.

A future UAV swarm need not consist of UAVSs’ same type and size but
incorporates both large and small UAVs equipped with different payloads.
One such swarm may involve a flying UAV collaborating with a walking
UAV. Thus, a diverse set of UAVs would be more capable than the indi-
vidual parts. A single UAV swarm could even operate across the domain,
with undersea and surface UAVs or ground and aerial UAVs coordinating
their actions. Attack UAVs carry out strikes against targets, while sensors
on UAVs collect information about the environment to inform other UAVs,
and communication UAVs ensure the integrity of inter-swarm communica-
tion (Kallenborn, 2018). Small sensor UAVs can provide reconnaissance for
larger attack UAVs, gathering information on adversary targets and relaying
it to attack UAVs to carry out strikes. Even the UAVs specifically tasked with
conducting attacks can be diverse. A swarm intended to suppress enemy
air defenses could include UAVs equipped with anti-radiation missiles for
defeating ground-based defenses, while other UAVs might be armed with
air-to-air missiles for countering adversary aircraft.

Customizable UAV swarms offer flexibility to commanders, enabling
them to add or remove UAVs as needed. This requires common standards
for inter-UAV communication so that new UAVs can easily be added to the
swarm. Similarly, the swarm must be able to adapt to the removal of UAV,
either intentionally or through hostile action. Customization of the UAV
swarm would allow commanders to adapt the swarm to the needs of a situ-
ation. For missions demanding a smaller profile, a commander may remove
extra UAVs. A commander may also vary the swarm capabilities, adding
UAVs equipped with different types of sensors, weapons, or other payloads.
Research on UAV swarm customization shows that the concept is possible,
but its development is still in the early stages. In the future, commanders
may be given a collection of UAVs that can be combined in different ways
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as the mission demands. This enables rapid responsiveness to changes in the
military environment (Safi, 2019).

The cost benefits are also important while using UAV swarms. Ultimately,
the cost and relevance depend partly on what role the swarm will play and
what alternatives are available. Even multimillion-dollar UAV swarms can be
cost-effective on the balance if they meaningfully increase the survivability
of more expensive or particularly crucial platforms, such as aircraft carriers
or nuclear deterrent forces.

loT-based Operations

The IoT has several important applications when integrated with UAVs
(Al-Fuqaha, 2015; Mozaffari et al., 2018). A growing number of devices
(e.g., smart phones, bracelets, wearables, different sensors, etc.) need to be
almost continuously connected with the IoT paradigm. For example, the
UAVs with sensors system can be used effectively for surveillance scenarios,
a key application for the IoT. Due to various applications of UAVs with IoT
devices, they might be deployed in environments with no terrestrial wireless
infrastructure, such as mountains, rural areas, and desert areas.

The UAVs are being planned to be used to deliver Internet access to
many developing countries and provide airborne global Internet connectiv-
ity. For example, in foreign countries, Qualcomm and AT&T deploy UAVs
to enable wide-scale wireless communications in the 5G wireless networks
(QUALCOMM, 2018). By 2020, more than one-fifth of the world’s coun-
tries will have launched 5G services. The 5G focuses on Voice over Internet
Protocol devices, which in turn would lead to high levels of data transmis-
sions and call volumes. There is a need for a unified and comprehensive
overview on how UAVs can be used as flying wireless base stations in emerg-
ing wireless, broadband, and beyond 5G scenarios.

In an IoT-based environment, energy efficiency, ultra-low latency, reli-
ability, and high-speed uplink communications become major challenges as
compared to conventional cellular network cases (Lien et al., 2011). In par-
ticular, IoT devices are highly battery-driven and cannot typically transmit
over a long distance due to their energy constraints. In areas that experi-
ence intermittent or poor coverage by terrestrial wireless networks, battery-
supported IoT devices may not be able to transmit their data to distant base
stations due to their power constraints. In this regard, mobile UAVs may
be a promising solution despite a number of challenges associated with IoT
networks (Uerkwitz et al., 2016).
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UAVs can be deployed as flying base stations in ToT-based scenarios
to provide reliable and energy-efficient uplink IoT communications. In
fact, due to high altitude, the UAVs can be effectively deployed to reduce
the shadowing and blockage effects as the major cause of signal attenua-
tion in wireless links. As a result, the communication channel between IoT
devices and UAVs can be significantly improved. Thus, battery-driven IoT
devices will need a significantly lower power to transmit their data to UAVs,
Hence, IoT networks” connectivity and energy efficiency can be significantly
improved by exploiting the unique features of UAVs.

Big Data and Cloud Computing

The UAVs are all about the data that they gather. A number of sensors on
UAVs offer completely new possibilities for collecting and analyzing a large
amount of valuable data. All of this will be useful only if it can be processed
to derive useful results. Computers will help us to process this information.
The UAVs collect the big data and transfer it to a computer or cloud. So con-
nectivity, cloud, and devices become part of an IoT ecosystem, and UAVs
will be a big part of it in the future. With good wireless communication,
such as Wi-Fi or LTE or even 5G, volumes of data will get transferred from
one point to another and analyzed to make information useful (Sharma and
Garg, 2019).

The challenges of UAV data include analysis, search, sharing, storage,
transfer, visualization, and information privacy. Therefore, it is necessary to
understand the concept of collecting and organizing all kinds of big data to
extract intelligence from it. Google is a great example, as they collected a
vast amount of users’ data, categorized it, stored it, and developed a way to
sift through it for better search results and targeted advertising. The con-
vergence of UAVs and big data in specific application areas creates new
opportunities and challenges for IoT. The demand for UAV data services
has created a US$100 billion market opportunity between 2106 and 2020,
according to Goldman Sachs’s (2016) research report.

The new algorithms, such as AlI, are more powerful to analyze big data
and develop new applications (Sharma and Garg, 2019). Figure 8.5 shows
the UAV cloud-based architecture and its linkage within the big data. In
the areas of technology based on computers, data processing using UAV has
now begun with the expansion into the areas of cloud computing platforms
(Edwin et al., 2019). Monitoring the progress of real-time data has been an
important aspect in the areas of research. The businesses utilize UAVs as a
supplementary tool for collecting data that extends the existing methods.
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Therefore, to minimize the cost of acquisition, they often prefer to out-
source the work to companies specializing in operating UAVs and analyzing
the data.

-
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FIGURE 8.5 The UAV cloud service architecture (Edwin etal., 2019).

A cloud for UAVs contains data storage and high-performance comput-
ing, combined with big data analysis tools (Bor-Yaliniz and Yanikomeroglu,
2016). It can provide an economic and efficient use of centralized resources
for decision-making and network-wide monitoring (Zhou, 2014). The speed
at which data is collected has to be matched with data conversion speed into
meaningful information and results. The available data analysis techniques
are not very efficient in making use of all the contents in UAV collected data.
The big heterogeneous data, often unstructured, requires a smart interplay
between skilled data scientists and domain experts (Wolfert et al., 2017).

If companies utilize the UAVs data, they can utilize the cloud to gather
information from mobile virtual network operators and service providers.
These companies have to decide whether to run a UAV service in-house
or to outsource. Several factors influence the decision: upfront investment,
data security, innovation capabilities, existing know-how, or planned usage
of UAVs (utilization). In an outsourcing scenario, the security, privacy, and
latency of the data are challenging issues. Operating UAVs is, however, not
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only about investing in hardware or adhering to government regulations, but
also having strong internal analytics capabilities (understanding of big data or
machine learning concepts), and a robust IoT architecture. To better exploit
the benefits of the cloud, a programmable network can be used to allow
dynamic updates based on big data processing, for which network functions.
Virtualization and software-defined networking can be good research areas
(Bor-Yaliniz and Yanikomeroglu, 2016).

Energy Sources

The energy requirement is one of the most important challenges being faced
by UAVs. Batteries constitute the pillar of battery-powered UAVs. They sup-
ply power to the propulsion system. Usually, UAVs are battery-powered
(such as LiPo, Li-Ion) used for hovering, wireless communications, data
processing, and image analysis. The most commonly used battery is the LiPo
battery. The next one is Li-Ion, as these batteries are frequently used in
Radio Control model vehicles due to their ability to refill. Other batteries,
such as lithium-thionyl-chloride batteries (Li-SOCI,), promise two times
higher energy density/kg, and lithium-air batteries (Li-Air) provide almost
seven times higher energy density/kg as compared to LiPo batteries but are
not widely available due to higher costs. Lithium-sulfur batteries (Li-S) may
succeed Li-Ion batteries because of their higher energy density (factor 1.8)
and reduced costs from the use of sulfur.

Other sources of energy used for UAVs include renewable energy
sources based on solar cells, hydrogen-enriched polymer electrolyte mem-
brane (PEM) fuel cells, and laser technologies. The main advantages of
fuel cells are their low emissions, high efficiency, modularity, reversibility,
fuel flexibility, range of applications, low noise, and low infrared signature
(Gonzélez-Espasandin et al., 2015). However, their disadvantages include
cost, the sensitivity of the electrode catalyst to poisons, their experimental
state, and the lack of availability of H,. In systems powered by reciprocating
and jet engines, fuel only contributes to propulsion in 18-25% of its energy,
while in fuel cell-powered aircraft, this efficiency is about 44%.

As battery-driven UAVs cannot fly long distances, solar panels installed
on UAVs can harvest solar energy and convert it into electrical energy for
long-endurance flights (Sun et al., 2018). Laser power-beaming is also con-
sidered as a future technology to provide supplemental energy at night when
solar energy is not available or under circumstances of low solar energy at
high latitudes during winter. It would enable such UAVs to fly day and night
for weeks or possibly months to collect large data or dynamic data of the
region.



THE FuTure oF UAV TecHNoLocy © 343

Table 8.3 lists the advantages and disadvantages of these energy sources.

TABLE 8.3 Advantages and Disadvantages of Batteries, Fuel Cells, and Solar Powered Energy Sources.

Advantages Disadvantages

LiPo Batteries
High energy density Requires special chargers
Lighter than other batteries Cell loss may occur

Produced in the desired shape and size | More expensive than other batteries (NiCd,

NiMH)
Large power capacities Have issues, such as heating, burning, explosion,
etc.
High discharge rates Care required to use, store and recharge
Fuel Cells
High efficiency High initial cost
No moving part Requires fuel storage for large volume or weight

Easy to install with silent, modular, and | High fuel prices due to the use of hydrogen
compact design

Fast energy conversion Limited life span

Solar Powered

Free power source High investment cost

No harmful effects to the environment | Large surface areas needed for panels

Low cost Energy to be stored continuously

Low maintenance cost Sun rays must be at right angle

Simple to install with modular Solar panels must be clean

structure

Unlimited source of energy Cannot use in places having low sun energy

Due to the large number of battery-powered UAVs used for various
applications, there is a need to have effective energy management for UAVs.
In applications, such as surveillance and monitoring, search and rescue oper-
ations, disasters, etc., UAVs need to be operated for extended periods over
the regions. Reliable, continuous, and smart management can help UAVs
achieve their missions and prevent loss and damage of information and
UAVs. Due to the power limitations of UAVs, a decision is required to be
taken whether UAVs should perform data and image analysis onboard in
real-time or only store the data which can be analyzed at a later stage to
reduce the consumption of power (Gupta et al., 2016). The UAVs can pro-
vide wireless coverage to remote areas, such as Facebook’s Aquila UAVs
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(Zuckerberg, 2016). For such applications, UAVs, due to their limited bat-
tery capacity, need to return periodically to a charging station for recharging.

The UAV’s battery capacity is a key factor for enabling persistent mis-
sions. But as the battery capacity increases, its weight increases, which
causes the UAV to consume more energy for a given mission. The energy
density of Li-Ion batteries is improving by 5-8% per year, and their life-
time is expected to double by the year 2025. These improvements will make
commercial UAVs able to hover for more than an hour without recharging,
enabling UAVs to deliver more data (Mckinsey, 2017).

To mitigate the limitations of batteries in UAV’s, the future research
directions may include: (i) UAV battery management, (ii) wireless charging
for UAVs, and (iii) solar-powered UAVs (Shakhatreh et al., 2018). These are
briefly discussed below.

8.3.10.1 Battery Management

Very little work has been done by the research community on addressing
technical hurdles for battery management (Shakhatreh et al., 2018). Research
in battery management in UAVs includes planning, scheduling, and replac-
ing the battery to accomplish successful flight missions. Saha et al. (2011)
found that the depletion of LiPo battery is not only related to the initial start
of the charge but also load profile and battery health conditions, which are
crucial factors. The use of machine learning techniques can also result in
smarter energy management. These techniques are used for path planning
and optimization applications, considering energy limitations (Zhang et al.,
2017). Similarly, AI, especially deep learning, can promote more advances in
UAV power management.

The use of UAVs in long-time enduring missions necessarily requires bat-
tery swapping solutions to complete the missions (Shakhatreh et al., 2018).
UAVs’ autonomous battery swapping system consists of a landing platform,
battery charger, battery storage compartment, and micro- controller. Figure
8.6 shows a schematic diagram of hot-swapping systems (Boukoberine et al.,
2019). Hot-swapping means providing continuous power for the UAVs
even during battery swapping. The UAV is firstly connected to an external
power supply during the swapping process. It will prevent data loss during
swapping, as it usually happens in cold swapping. The drained battery is
removed and stored in a multi-battery compartment and charging station to
be recharged. Then, a charged battery is installed in the UAV, and finally,
the external power supply is disconnected. The design for the landing plat-
form is an important part of the swapping system because it can compen-
sate the error in the UAV positioning on the landing point. The swapping
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time for most of these systems is around one minute. This is a short period
as compared to the battery charging average time, which is between 45-60
minutes (Lee et al., 2014).
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FIGURE 8.6 lllustration of battery hot-swapping system (Boukoberine et al., 2019).

According to Park et al. (2017), battery management will be one of the
major factors affecting the time-to-delivery of goods. Figure 8.7 shows the
battery management of a drone used for the delivery business. The batteries
can be attached and detached from the drones to maximize the utilization of
both the batteries and the drones. It avoids long wait times for their batteries
to be charged after every flight, which will be longer than the flight times
themselves. After a delivery is made, batteries are recharged for next use. The
state-of-health of batteries degrades due to cycle aging and calendar aging,
resulting in reduced battery capacity. If their capacity reduces to a certain
threshold, 70%, they are no longer fit for service and are retired to replace
the equivalent number of new batteries. The state-of-health degradation of
batteries will be a particularly important issue even when compared with
other battery-powered applications, for example, electric cars. The drones
used to deliver goods are even more weight-sensitive and operate under
harsher conditions than electric cars. Most of these drones target to deliver
a product within 30 minutes, mandating the batteries to be discharged at
a rate of well over 2C, much higher than the typical currents seen in an
electric car. This all leads to exploitation of the batteries that accelerates the
state-of-health degradation of the batteries. Despite the recent price reduc-
tion of Li-Ion batteries, probably the only option for battery-powered drones
is to use LiPo batteries as the price of Li-Ion batteries is still quite high.
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FIGURE 8.7 Battery flow of UAV delivery business (Park et al., 2017).

8.3.10.2 Wireless Charging

Wireless charging is another option that is being explored in UAVs. For
example, there is a possibility of energy harvesting from power lines. Simic
et al. (2015) studied the feasibility of using the circular antenna in UAV to
harvest the required energy from power lines while inspecting these power
lines. Wang and Ma (2018) proposed an automatic charging system for the
UAV, which uses charging stations allocated along the path of the UAV mis-
sion. Each charging station consists of a wireless charging pad, solar panel,
battery, and power converter, all of which are mounted on a pole. As the
power level in the UAV’s battery drops to a pre-defined threshold level, the
UAV, with the help of GPS and a wireless network module, navigates autono-
mously to the charging station. In addition, the UAV communicates with the
central control room, which will direct the UAV to the closest charging sta-
tion available at the site.

One of the major challenges that face the deployment of autonomous
wireless charging stations is the precise landing of the UAV on the charging
pad. The imprecise landing will lead to less efficiency and a long charging
time. Different wireless power transfer technologies can be used to over-
come this problem and implement automatic charging stations. These
technologies include RF Wireless Power Transfer (Dunbar et al., 2015),
magnetic resonance coupling technology (Junaid et al., 2016), vision-based
target detection (Junaid et al., 2017), and GPS system (Wang and Ma, 2018).
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Advance techniques in wireless charging, such as magnetic resonant
coupling and inductive coupling techniques, are popular because both of
them have acceptable efficiency for small to mid-range distances. The devel-
opment of battery technologies is expected to positively impact the use of
UAVs and allow UAVs to extend flight ranges. While LiPo batteries are
still dominant, PEM fuel cells can be more useful in UAVs because of their
higher power density (Mostafa et al., 2017).

The majority of the research regarding UAV power management focuses
on multirotor UAVs. However, other types of UAVs, such as fixed-wing
UAVs, also need attention. Path planning of UAVs is an extremely import-
ant factor since it affects the wireless charging efficiency and the average
power delivered. Image processing techniques and smart sensors can also
play an important role in identifying charging stations and facilitating the
precise positioning of UAVs on them. Zhang et al. (2017) used deep rein-
forcement learning to determine the fastest path to a charging station. More
research using Al deep learning, and CNN is required in the path planning
and battery scheduling to identify the charging stations, precise landing on
a charging station, and precisely predicting the end of the battery charge.

8.3.10.3 Solar-powered UAVs

The first flight of a solar-powered aircraft took place on November 4, 1974,
when the remotely controlled Sunrise I, designed by Robert J. Boucher of
AstroFlight, Inc., flew after a catapult launch (Figure 8.8). The flight lasted
20 min at an altitude of around 100 m (Noth, 2008).

FIGURE 8.8 First solar-powered plane (De Mattos etal., 2013).
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For long-endurance and high-altitude flights, solar-powered UAVs can
be an alternate choice. These UAVs use solar power as a primary source for
propulsion and battery as a secondary source to be used during night or in the
absence of sunlight (Zuckerberg, 2016). Before starting with the design of
any solar-powered UAV, it is important to establish how the solar energy will
be converted into vehicle motion (propulsion) and how to provide power for
the systems. Figure 8.9 provides a scheme of the solar energy conversion to
the powerful engine of the UAV. Usually, the wing is an appropriate place to
be covered with solar cells, collecting solar radiation and transforming it into
electrical energy. Batteries, propulsion, and systems operate under different
conditions, and thus a converter is necessary. An appliance called Maximum
Power Point Tracking enables the extraction of the maximum power of solar
cells and supplies it to the UAV system. There is considerably less energy
from the solar cells during the night, and the battery shall fulfill all power
needs. Some modern solar cells are able to convert the IR night radiation
into electric power, enabling the batteries to be continuously loaded.

§M Solar panels Engines, electronic
:\\; Converter equipment, others

FIGURE 8.9 Solar energy conversion system to power engine of UAV (De Mattos et al., 2013).

Seven small solar UAVs (i.e., So Long, Sky-Sailor, Sun-Sailor, Sun
Surfer, AtlantikSolar AS-2, University of Minnesota’s UAV, and Cranfield
University’s Solar UAV) weighing less than 20 kg have been developed till
2018 (Rajendran and Smith, 2018). The latest development from China in
solar-powered UAV is that they will soon be capable of taking permanent
flight. Such UAVs will use modern high-powered camera-technology and
facial recognition tools and can fly around indefinitely until it recognizes a
pre-programmed target (Zhi et al., 2020). With a small warhead, that would
not require a military-quality drone, and the specific target could be located
and automatically eliminated. It may sound like science fiction, but it is pos-
sible today.
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8.3.11 Drone Taxis

Several companies are competing to bring the flying car/drone in the mar-
ket, also known as Autonomous Aerial Vehicle (AAV). The concept of the
first AAV emerged with prototypes from major players, such as Ehang,
whose eco-friendly AAVs aim to serve as autonomous personal transporta-
tion devices (Bash, 2018). The Volocopter, a German-based company; is also
aiming to help cities resolve growing mobility issues. It features a two-seated
drone with 18 rotors, which was chosen to lead Dubai’s revolutionary aerial
shuttle service, whose testing has already taken place. Even Uber company
is joining in the fight against road congestion with its Uber Elevate- a VTOL
aircraft, expected to fast-forward the future on-demand urban air transpor-
tation. Though the future of drone taxis may not be very appealing to today’s
professional drivers, these are expected to offer immense benefits. They will
be clean, safe, free from roads, and with an infinite number of traffic lanes,
making our journeys exponentially faster.

8.4 SWOT ANALYSIS OF UAV TECHNOLOGY
The SWOT is an acronym for Strengths, Weaknesses, Opportunities, and
Threats. This analysis is useful to assess the likelihood of uses of a UAV’s suc-
cess or failure (Laksham, 2019).

8.4.1 Strength

UAVs™ important advantage is their potential to decrease travel time, as
they are a cost-effective alternative to road/rail/water transport in difficult
terrains/snow-covered mountains. The UAVs fly close to the surface of the
Earth so as to contrast to satellite images and provide very high-resolution
images without cloud cover. Companies, such as AeroVironment, Inc. (US),
DJI (China), Parrot Drones SAS (France), PrecisionHawk (US), and 3D
Robotics, Inc. (US) are the main developers of drones/UAVs for commercial
applications. At the same time, Airbus S.E. (France), Boeing (US), General
Atomics (US), Lockheed Martin (US), Northrop Grumman Corporation
(US), and Thales Group (France) are the main developers of drones/UAVs
for military applications (Kenneth Research, 2019).

Currently, there are investments in drones/UAVs by a large number of
companies, which would significantly propel market growth. The growing
demand for electric drone/UAVs, increasing use of UAVs in the commercial
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sector, no fuel emissions, and their rising usage for industrial applications
are the key factors driving the global drones/UAVs market. Moreover, with
the rapid developments in autonomous flight systems, batteries, and electric
power, there has been a steep rise in the sale of drones/UAVs.

Weakness

Operating drones/UAVs require trained staff and continuous monitor-
ing from the ground. Lack of infrastructure, such as runway, is a potential
problem; however, it can be overcome using VTOL drones/UAVs. Unlike
commercial planes and helicopters, UAVs cannot carry heavier payloads or
deliver goods for long distances. The payload of a UAV varies between 2
and 4 kg. The disturbance in the signal reception of UAVs due to adverse
environmental conditions, such as wind and turbulence, as well as electro-
magnetic interference, may be of great concern. The safety and efficiency
of UAVs are also not well established. The battery life of UAVs is a concern,
which can be addressed by using solar-powered UAVs, such as the Aquila by
Facebook (Zuckerberg, 2016). Legal permission from the Aviation authori-
ties to fly over the area may pose another problem and restrict its use.

Opportunity

The potential uses of drones/UAVs are enormous and are continuously
expanding. In disaster relief areas, drones/UAVs can rescue victims from
collapsed buildings or search for fishermen lost in the sea. They can be
employed to deliver food, water, and medicines in case of disaster relief and
injured in the accidents. A UAV can serve as an ambulance during emergent
situations. The global UAV/drone market is estimated to witness a 20.18%
CAGR during the forecast period, 2018-2028 (Kenneth Research, 2019). In
2018, the market was led by North America with a 36.02% share, followed
by Europe and Asia-Pacific with shares of 22.46% and 20.61%, respec-
tively. Asia-Pacific is the fastest-growing region for the UAVs market. North
America would dominate the drones/UAVs market by 2028. It is expected to
reach a market size of US$48,092.3 million by 2028. In addition, the UAV
industry is expected to generate more than 100,000 jobs (PwC, 2018b).

The UAV/drone market opportunities are the emergence of 3D-
printing drones, the introduction of solar-powered UAVs, the increas-
ing need for border monitoring, and usage of UAVs in the energy sector.
However, the growth of this market may be hampered due to the possibility
of cyber-attacks, regulatory norms, and safety issues. Furthermore, cargo
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and passenger UAVs/drones have significant implications for transportation
companies that are planning next-generation products. As drone/UAV adop-
tion accelerates, the value will quickly shift from UAV/drone makers to the
providers of drone-related services. This would significantly boost the global
market growth of drones/UAVs.

Threats

In a case of an accident or loss of control, the UAV/drone may fall in a popu-
lated area and injure the public. Military drones/UAVs have crashed and
caused huge damage to the area. Civilian drones/UAVs may be weaponized
and used for terrorist attacks. Hackers can hijack a drone/UAV using GPS
jammers.

The SWOT analysis of UAV technology is summarized in Table 8.4. The
technological UAV ecosystem has deficiencies (e.g., 4G/LTE bandwidth
capacity, processing power for data analysis) that need to be addressed to
utilize UAVs efficiently. Regulations are currently limiting the potential,
but will eventually be relaxed, enabling quick deployment of UAVs. It is
clear that the benefits of using UAV technology outweigh the drawbacks,
despite the challenges related to flying regulations. The process of adopt-
ing the technology enables UAV operators to capitalize on the value UAVs
can create in the present and future (White Paper, 2018). Competing solu-
tions are improving at a high pace while costs of hardware continue to drop.
The increasing automation is expected to reduce human error and support
results that can be easily reproduced.

TABLE 8.4 The SWOT Analysis of UAVs.

Strength Weakness Opportunities | Threats
The high technical | Lower accuracy Facilitate the Regulatory bodies
maturity of compared to combination might limit UAV
platform and ground-based of multiple/ deployment
sensors surveying multifunctional

Sensors
Generation of Speed of data Degree of Increasing quality
point-cloud, ortho- | processing/analysis | automation (ease | of competing/
photos, and 3D of use) emerging
data solutions

(continued)
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Strength Weakness Opportunities | Threats
Savings in Bandwidth Early adopters Insufficient
operational capacity limiting benefit from data security
time, costs for the high a competitive (encryption)
better project expectations of advantage
management real-time data
processing
Increased safety UAV technology Application- Lack of trust in
and productivity learning-curve still | specific workflows | UAV technology
in progress allow to create might hamper the
of reproducible adoption process
results, streamline
processes,
stakeholder
management,
and pattern
recognition (AI)
Higher flexibility | Pending regulatory
and frequency framework and
standards limit the
true potential of
UAVs

THE UAVs MARKET POTENTIAL

UAVs have witnessed fast development from 2013 onwards. Many commer-
cial industries adopted UAVs for varied applications due to their low price
and ability to take high-resolution images. However, the scale of adoption
across these industries differs significantly. As the growth continues, chal-
lenges and expectations will continue to rise because users will expect more
robust hardware and software. The commercial UAV market as a whole has
been able to attract large investments, and these investments in UAV tech-
nology over the last four years add up to US$2 billion.

The future growth is expected to occur across three main sectors; (i) con-
sumer UAV shipments which are projected to reach 29 million in 2021, (ii)
enterprise UAV shipments which are projected to reach 8.5 million in 2021,
and (iii) government UAVs for combat and surveillance activities. About 7.9
million consumer drone shipments and US$3.3 billion revenue are expected
by the end of 2020 (Figure 8.10), as compared to 450,000 shipments and
US$700 million revenue in 2014.
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FIGURE 8.10 Revenues from drone shipments (Intelligence, 2018).

Association for Unmanned Vehicle Systems International in 2013 esti-
mated that integration of UAVs into the National Airspace System would
create more than 34,000 manufacturing jobs and more than 70,000 new jobs
in the first three years of integration, with total job creation to grow to an
estimated 104,000 jobs by 2025. This study assessed the economic impact of
UAVs in the US. It concluded that the economic impact of the integration
of UAVs into the National Airspace System would total more than US$13.6
billion in the first three years of integration and would grow sustainably to
more than US$82.1 billion between 2015 and 2025 (Kelly, 2018). To operate
a UAV and meet the job requirements, a person should have proper training
at universities or specialized institutes or industries.

Over the years, consumer demand will continue to grow. The UAV mar-
ket has been segmented based on UAV types, applications, classes, and sys-
tems, modes of operation, ranges, maximum take-off weight (MTOW), and
regions. Based on ranges, the UAV market has been classified into VLOS,
EVLOS, and BVLOS. The VLOS segment of the UAV market is projected
to grow at the highest CAGR from 2017 to 2023 (6W research, 2016). This
growth can be attributed to the increasing use of VLOS in commercial and
consumer applications. The increasing use of UAVs in various commercial
applications, such as monitoring, surveying and mapping, precision agricul-
ture, aerial remote sensing, and product delivery, also contributes to the
growth of the UAV market. The UAVs have ample opportunities in the civil
and commercial market, as shown in Table 8.5.
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8.5.1

TABLE 8.5 Opportunities in Civil and Commercial UAV Market (Eaton etal., 2016).

Opportunities Nature of Future Requirements
Requirements

Forest fires Small scale Real-time intelligence

Wildlife protection Low intensity Constant uninterrupted

Riots Unidentified perpetrators | surveillance

Ilegal cross border Uncertainty Wider area for

immigration Sporadic activity reconnaissance

Asset and property Much wider area Immediate and precise

protections Hidden activities action

Natural disasters Among civilians

Traffic management

Road accidents

Agricultural activities

Communication/

connectivity

Based on Regions

Global UAV payload market value is expected to reach US$3 billion by
2027, dominated by North America, followed by Asia-Pacific and Europe
(Intelligence, 2018). The payload covers all equipment which is carried by
UAVs, such as cameras, sensors, radars, LiDAR, communications equip-
ment, weaponry, and others. Radars and communications equipment seg-
ment is expected to dominate the global UAV payload market with a market
share of close to 80%, followed by the cameras and sensors segment with
around over 11% share, and the weaponry segment with almost 9% share
(Kenneth Research, 2019).

Based on application, the drone services market has been segmented
into aerial photography and remote sensing, data acquisition and analytics,
mapping and surveying, 3D modeling, and others. The aerial photography
and remote sensing application segment are expected to grow at the highest
CAGR during 2017-2023 (6Wresearch, 2016). There has been an increase
in the demand for aerial photography from the infrastructure, architecture,
civil engineering, and oil and gas industries worldwide. Commercial drones
also have a big market for media and entertainment. Drones offer numerous
advantages over other methods of capturing images; some of the benefits
include lower costs and improved quality of films and photos. This is the
main reason for the growth of the UAVs market for media and entertainment.

The rapid technological advancements in drones and the increase in
demand for drone-generated data in commercial applications are the key
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factors for the growth of the market. Commercial drones are expected to hold
the largest market share by 2023 and grow at the highest CAGR of 18.32%
during 2017-2023 (Kenneth Research, 2019). This growth is attributed to
the rising demand for drones and their data. Also, in some countries, the
rules for operating drones in the airspace have been relaxed, thereby boost-
ing the adoption rate of commercial drones.

The drone services market is estimated at US$4.4 billion in 2019 and
is projected to reach US$63.6 billion by 2025, at a CAGR of 55.9% from
2019 to 2025 (Grand View Research, 2018). It clearly shows the economic
importance of UAVs and their applications in the near future for equipment
manufacturers, investors, and business service providers. Smart UAVs will
provide a unique opportunity for UAV manufacturers to utilize new techno-
logical trends to overcome the current challenges of UAV applications. To
spread the UAV services globally, a complete legal framework and institu-
tions regulating the commercial use of UAVs are needed (PwC, 2018).

The small drone market has been segmented into North America,
Europe, Asia-Pacific, the Middle East, Latin America, and Africa. North
America is estimated to be the largest market in 2024 for small drones
(Figure 8.11). The increasing use of small drones for border and maritime
surveillance activities in countries, such as the US and Canada, is driving the
market growth in North America. Major players in the drone services mar-
ket include Aerobo (US), Airware (US), Cyberhawk (UK), Deveron UAS
(Canada), DroneDeploy (US), Identified Technologies (US), Measure (US),
Phoenix Drone Services (US), Prioria Robotics (US), SenseFly (Switzerland),
Sharper Shape (US), Sky-Futures (UK), Terra Drone (Japan), The Sky Guys
(Canada), and Unmanned Experts (US), among others.

USS 14.1b W‘ CAGR 20.5% US$ 43.1b
2018 —/ 2024
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Uss$ 11.9b USS 9.7
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FIGURE 8.11 Drone market size forecast 2018-2024 (White Paper, 2018).



356 ° UNMANNED AERIAL VEHICLES

8.5.2

An increasing number of countries are allowing the commercial use of
UAVs. Countries, such as the USA, Canada, the UK, Australia, and New
Zealand, have come up with varied approval procedures governing the
use of UAVs. When combining the total funding of all private drone com-
panies within a country, China is far and away the most well-funded with
nearly US$262 million in collective disclosed equity funding since 2015
(CBINSIGHTS, 2017). Canada falls second with just over US$90 million,
Israel third with close to US$37 million, and the UK took fourth with a
mere US$37.56 million across the same time period. UAVs have been used
in diverse environments and high-risk roles in Canada, such as atmospheric
research, including weather and atmospheric gas sampling and oceanographic
research. The market in Asia-Pacific is expected to grow at the highest CAGR
between 2017 and 2023 (6Wresearch, 2016).

The immense potential of UAVs/drones has led to their increasing adop-
tion in India also. Though both the industry and the market in India are at a
very nascent stage at the moment, there is the immense growth potential for
both. India has been using UAVs for various applications, such as for locat-
ing victims of natural disasters. Indian Railways is using UAVs for inspec-
tion and tracking of progress of its megaproject, and the largest state-owned
natural gas processing and distribution company has implemented UAV for
surveillance of its network of gas transmission pipelines. The government of
India is making use of drones for the management of a network of National
Highways and 3D digital mapping for road widening (Padmanabhan, 2017).

A major thrust is also given by the Indian government to use drones
for a variety of purposes, including crop mapping and surveillance of infra-
structure projects, pushing the projected value of the domestic industry to
approximately US$421 million by 2021 (Padmanabhan, 2017). According to
6Wresearch (2017), the Indian UAV market is projected to grow at a CAGR
of 18% during 2017-2023. The adoption of UAVs is increasing in India,
and it is projected that the value of industry and market would be around
US$885.7 million, while the global market size will touch US$21.47 billion
by 2021 (FICCI, 2018).

Based on Applications

The analytics segment is anticipated to witness high growth in the drone soft-
ware market during 2017-2023. The data captured by drones can be used
for analytics and provided to businesses to help them in decision-making.
Drone software is developed according to the diverse needs of different
applications. Disruptive technologies used in the drone software industry
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in the region are transforming the way companies do business and help-
ing them gain a competitive advantage. The drone software market in the
Asia-Pacific region is expected to witness high growth during 2017-2023,
owing to innovations in technology and increasing focus on the manufactur-
ing of commercial drones at low cost (6Wresearch, 2016). As forecasted by
Goldman Sachs (2016), the fastest-growing drone/UAV market is the com-
mercial drone market for businesses and governments (Table 8.6). Overall,
there are ten largest opportunities for drones in construction, agriculture,
insurance claim, offshore, police, fire, coast guard, journalism, customs, and
border protection, and real estate. It is estimated that this market will grow
to US$13 billion between 2016 and 2020.

TABLE 8.6 The UAV/Drone Market for Various Applications.

Application Us$ Application Us$
(Million) (Million)
Construction 11,164 Custom and border 380
protection (in USA)
Agriculture 5,922 Real estate 265
Insurance claim 1,418 Utilities 93
Offshore, oils/gas and 1,110 Pipelines 41
refinery
Police (in USA) 855 Mining 40
Fire (in USA) 881 Clean energy 25
Coast guard (in USA) 511 Cinematography 21
Journalism 480

Commercial and civil drones represent a significant business opportu-
nity in the future. Between now and 2020, Goldman Sachs (2016) has fore-
casted a US$100 billion market opportunity for drones, driven by growing
demand from the commercial and civil government sectors. They also fore-
casted that Australia’s drone spending for various applications would be an
estimated US$3.1 billion between 2017 and 2021.

According to the PwC report “Global Construction 2030,” the volume of
output from construction is likely to grow by 85% and reach US$15.5 trillion
around the world by 2030, with China, the US and India accounting for 57%
of this growth. Construction is likely to be one of the most dynamic indus-
trial sectors in the next 1 years, and is utterly crucial to the evolution of pros-
perous societies around the world. The number is huge, and that translates
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to the creation of vast numbers of new jobs and significant wealth in certain
countries across the globe. As of 2016, the growth in the construction sector
has been 2.4% but it is expected to grow around 2.8% during the next five
years, as shown in Figure 8.12 (PwC, 2018a). Intensive and extensive activi-
ties in this sector should automatically propel the economic engine.

Eastern Europe
US$521 bn  2.6%
MNorth America Weastarn Europa
uUsS$i1.6trn 1.9% UsSs21 trn  2.4%
Latin America
USs646 bn 2.1% Asia Pacific
USsS48trn  3.3%
Region

Output 2021 % change 2017-21

FIGURE 8.12 Global construction output (PwC, 2018a).

8.5.2.1 Civilian Applications

Among all the components of UAVs, the camera is expected to hold the
largest share of the market during the 2017 and 2023 period (6W research,
2016). The steep rate of adoption of high-resolution images for military and
commercial applications is a key factor driving the growth of the UAV/drones
market for cameras. Camera systems are used in UAVs for many applications,
such as continuous video monitoring, investigation, remote surveillance,
border security, and protection of critical infrastructure, a thermographic
inspection of inaccessible buildings, firefighting, and law enforcement. The
UAV/drone market for a commercial is estimated to grow to reach over
US$1.2 billion by 2020 (Markets and Markets, 2015).

The growth in the civil market is expected to significantly expand as the
regulations on civil use of UAVs in the US and around the world are being
simplified. The factors expected for the services market’s growth include the
increasing use of UAV/drone for industry-specific solutions, improved reg-
ulatory framework, and increased requirement of qualitative data in various
industries. As these markets expand, the need to have systems that can adapt
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to new missions, sensors, and environments will drive further requirements.
The UAVs offer a great market opportunity for equipment manufactur-
ers, investors, and business service providers. According to the PwC report
(2018b), the addressable market value of UAV uses is over US$127 billion.
Civil infrastructure is expected to dominate the addressable market value
of UAV uses, with a market value of US$45 billion. Business Intelligence
expected sales of UAVs in the US to reach $ 12 billion in 2021, which is up
by a compound annual growth rate of 7.6% from $ 8.5 billion in 2016 (Joshi,
2017). McKinsey reports also estimated that by the year 2026, the commer-
cial UAVs/drones, both corporate and consumer applications, will have an
annual impact of US$31 billion to US$46 billion on the GDP of the USA
(FICCI, 2018).

8.5.2.2 Military Applications

The UAV market is estimated to be US$20.71 billion in 2018 and is projected
to reach US$52.30 billion by 2025, at a CAGR of 14.15% from 2019 to 2025
(Grand View Research, 2018). Although the UAV market is still dominated
by military applications, commercial applications are also increasing their
market share. The rise in the procurement of military UAVs by defense forces
worldwide is one of the most significant factors projected to drive the growth
of the UAV market. Goldman Sachs (2016) estimated that drone technolo-
gies would reach a total market size of US$100 billion between 2016 and
2020. However, 70% of this figure would be linked to military activities; the
commercial business represents the fastest growth opportunity, projected to
reach US$13 billion between 2016 and 2020 (FICCI, 2018).

Drones help in capturing images and videos (e.g., footage along the
borders) using various payloads, such as camera systems and sensors. For
example, Predator drones can silently patrol borders looking for infiltrants,
illegal immigrants, human traffickers, and drug peddlers in desolated areas.
Of all the major applications of military drones, the market for border secu-
rity is expected to hold the largest share in 2017. Military drones are being
used successfully by defense agencies across the world to guard their bor-
ders, enforce the law, and for combat missions. The increasing demand for
long-endurance and highly stable drone systems word-wide from the army
is a key factor driving the growth of the military drones market for border
security applications. The market for spying applications is expected to grow
at the highest CAGR during 2017-2023 (6W research, 2016). The military
market continues to expand and develop new capabilities and requirements.
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8.5.4

In July 2014, the Teal Group predicted that worldwide UAVs expendi-
ture would grow to over US$11 billion per year with a total investment of
over US$91 billion by 2024. It is expected that 86% of the market will be
in the military and 14% will be in the civil market. The market for military
drones with a payload-carrying capacity of up to 150 kg is expected to hold
the largest share during 2017-2023 (6W research, 2016) as they have sim-
ple operational and maintenance procedures with high tactical capabilities.
These UAVs are versatile and can carry out a variety of missions, such as
search and rescue, illegal traffic monitoring, support to ground forces, and
various intelligence missions. The market for drones with a payload-carrying
capacity of up to 600 kg is expected to grow at the highest CAGR during
2017-2023 (6W research, 2016).

Based on Autonomy

Current military and commercial aircraft are becoming increasingly autono-
mous due to the installation of autonomous components, which have eased
the workload of pilots. The autonomous aircraft market is projected to grow
from an estimated US$3.6 billion in 2018 to 23.7 billion by the year 2030, at
a CAGR of 17.06% from 2018 to 2030 (Markets and Markets, 2015). This
growth can be attributed to the increased cost savings, reduction in human
error due to increased autonomy, and advancements in AL The industry’s
goal is to make these commercial aircraft fully autonomous and introduce
new passenger and personal air vehicles along with commercial delivery
UAVs/drones that will be fully autonomous. Based on components, the
autonomous aircraft market is segmented into flight management comput-
ers, air data inertial reference units, sensors, actuation systems, software,
intelligent servos, cameras, radars & transponders, and propulsion systems.
Based on technology, the autonomous aircraft market has been segmented
into increasingly autonomous and fully autonomous (FICCI, 2018). The
fully autonomous segment is projected to grow at the highest CAGR due to
the increasing autonomy in aircraft and the move toward aircraft being fully
autonomous in the future. Thus, the fully autonomous segment is projected
to see high growth in the market.

Based on Size

The UAV market has been segmented into small UAVs, tactical UAVs, strate-
gic UAVs, and special purpose UAVs. The small UAVs segment is expected to
grow at the highest CAGR during 2017-2023, owing to the demand for these
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UAVs from the defense sector for surveillance and reconnaissance applica-
tions (6Wresearch, 2016). The demand for small UAVs from the commercial
sector is also increasing, as these UAVs are used in monitoring, surveying
and mapping, precision agriculture, wildlife survey, search & rescue opera-
tions, firefighting, law enforcement, photography, product delivery, and dis-
aster management. The small drones market was valued at US$9.71 billion
in 2017 and is projected to reach US$40.31 billion by 2025, at a CAGR of
17.04% (Grand View Research, 2018). The rise in the procurement of small
military drones by defense forces worldwide is one of the most significant
factors projected to drive the growth of the small drones market.

The small drone market has been segmented on the basis of type, power
source, application, MTOW, payload, and region. Based on MTOW, the
small drones market has been classified into <5 kg, 5-25 kg, and 25-150
kg. The 25-150 kg of MTOW segment of the market is projected to grow at
the highest CAGR from 2017 to 2025. This growth can be attributed to the
increasing use of small drones in commercial and consumer applications.
Based on application, the small drones market has been segmented into mil-
itary, civil & commercial, homeland security, and consumer. The civil and
commercial segment of the market is projected to grow at the highest CAGR
from 2017 to 2023 (6Wresearch, 2016). This growth can be attributed to the
increased adoption of small drones for various civil & commercial applica-
tions, such as monitoring, surveying, mapping, and remote sensing.

Based on Hardware and Software

Global investment in drone hardware is shown in Figure 8.13.The drone
software market is estimated to be US$2.85 billion in 2016 and is projected
to reach US$12.33 billion by 2022, at a CAGR of 27.63% from 2016 to 2022
(6Wresearch, 2016). Factors, such as growing investments and the increas-
ing use of drones in commercial and military applications, are expected to
drive the market’s growth in the near future. Based on architecture, the
open-source segment is also expected to dominate the market. Key players
profiled in the drone software market report include Pix4D (Switzerland),
Precision Hawk (USA), ESRI (USA), Airware, Inc. (USA), 3D Robotics
(USA), Dreamhammer Inc. (USA), Drone Volt (France), and DroneDeploy
(USA), among others. Acquisitions, collaborations & partnerships are among
the key strategies adopted by the leading market players to sustain their posi-
tion in the market. This strategy has been adopted by companies to increase
their reach and enhance their revenue and service offerings.



362 ° UNMANNED AERIAL VEHICLES

8.6

14

12
Eﬁ
S 8 . l . —
;ﬁ_g’
o 6 -
=

4 I

2 —

0

2015 2016 2017 2018 2019 2020 2021
Year
O Government B Consumer m Enterprise

FIGURE 8.13 Global investments estimated in drone hardware (6W research, 2016).

Open-source software is available freely, and many companies are opt-
ing for such software. The recent trend in UAV software is toward open-
source software, as the end-users can customize this software for operating
the UAVs. This segment is projected to witness high growth in the UAV
software market during 2017-2023 (6Wresearch, 2016). App-based software
is more practical when UAVs are used in remote areas or places where car-

rying a desktop/laptop is impossible.

EMERGING RESEARCH AREAS

There are several emerging areas for future research of UAVs, such as auto-
mated employee check-in/check-out; automated safety checks; scanning
RFID tags on materials in laydown areas for inventory; material delivery;
goods delivery; remote job walks; preview views from a building prior to its
construction; thermal scanning of utility-scale PV plants and interior mis-
sions; industrial inspection; and maintenance and repair of oil and gas plat-
forms, assets, utilities, and infrastructure and energy parks. Other areas may
include structural analysis in assessment; archaeology and heritage monu-
ment inspection; documentation with aerial imaging; as first responders in
accident fire or crisis; UAV/drone-based flight dynamics and control theory
research; flight automation and reproduction; computer vision and simul-
taneous localization and mapping research; and swarming intelligence and
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networking. Figure 8.14 shows an overview of the research areas in the UAV
domain. There are two broad categories of research areas; in the technol-
ogy domain and in operations, which are further sub-categorized to provide
more details.

‘ Research Areas in UAV Domain ]
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FIGURE 8.14 Research areas in UAVs (Demir et al., 2015).

InITS applications, there are several challenges that need future research
and focus on facilitating the use of UAVs, as given below (Mohammed et al.,
2014; Menouar et al., 2017). Swarm plays an important role in some of these
applications.

(i) Restrict the privacy of sensitive information (e.g., location) from other
vehicles and drones. Since usually there is no encryption on UAVs
onboard chips, they can be hijacked and subjected to man-in-middle
attacks originating up to 2 km away.

(ii) Develop precise coordination algorithms to enable ITS-UAVs.

(iii) Develop surveillance and live feeds from wireless sensors for control-
ling traffic systems.

(iv) Develop techniques for data fusion of information from diverse sensors,
automating image data compression, and stitching of aerial images.
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(v) Develop network-centric infrastructure, enabling teams of operators to
control the UAV and retrieve imagery and sensor information in real-
time.

(vi) Limited energy, processing capabilities, and signal transmission range
are also main issues in UAVs, requiring further R&D.

(vii) The UAVs have slower speeds compared to vehicles driving on high-
ways. Finding the optimal altitude of UAV in support of ITS applica-
tions is a research challenge.

(viii) Long operational time of a battery is another challenge. To overcome
this limitation, the deployment of UAVs, recharge stations, and ground
roadside units jointly is an interesting but complicated optimization
problem.

(ix) The detection of multiple vehicles at the same time is another chal-
lenge. Computer-vision-based algorithms are required to be developed
for this purpose.

(x) Truly autonomous operation of UAV swarms is a big challenge. There-
fore, the development of swarm intelligence algorithms that fuse data
from diverse sources, including location sensors, weather sensors,
accelerometers, gyroscopes, Radars, LiDAR, etc., are needed.

Another form of research could be to perform a qualitative and quantita-
tive comparison of UAV-based measurement techniques to other traditional
methodologies, such as manual inspection, embedded sensors, and aircraft
or helicopter-based surveying. The pros and cons of each of these methods
can be compared by using operations cost, accessibility, quality of data, the
total time required, etc., as some of the benchmark attributes.

There is also a need to undertake more concentrated research on the
following aspects:

(i) New lighter materials, efficient batteries, and energy harvesting solu-
tions which can contribute to the potential use of UAVs in long-dura-
tion missions (Vergouw et al., 2016).

ii) Algorithms that support UAV autonomy and swarm coordination are
g pPp y
needed. These algorithms can include flight route determination,
path planning, collision avoidance, and swarm coordination (Safi et al.,
2019).

(iii) In multi-UAV systems, many coordination and communications
challenges need to be overcome. These challenges include QoS
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communications between the swarm of UAVs over multi-hop commu-
nications links and with the GCS (Scherer et al., 2015).

More accurate localization an mapping systems and algorithms are
required to support precise location-based applications. New algo-
rithms are needed for the fusion of data received from multiple sensors
to achieve more precise localization and mapping.

The use of UAVs as aerial base stations is still nascent. More research
is needed to study the use of such systems to provide communications
coverage when the public communications network is disrupted.

Systems that help UAVs to avoid collisions and obstacles are expected
to emerge with strong solutions (Mckinsey, 2017).

The UAVs currently travel below the height of commercial aircraft to
avoid a collision. The methods that can track UAVs and communicate
with air-traffic control systems for typical aircraft are to be developed,
making high-altitude missions possible for UAVs (Mckinsey, 2017).

(viii) More research is required to address UAV design that can be used in a

(ix)

(x)

(xi)

(xii)

wide range of conditions and whose capability rivals that of commercial
airliners. It would require a significant effort, ingenuity and contribu-
tions from experts in diverse areas (D’Andrea, 2014).

With the increasing use of UAVs in various commercial applications,
there has been a rise in hacking incidents. Thus, strong security mecha-
nisms are required to be developed.

More research is needed for the integration of low-cost sensors and
localization systems so that UAVs work in different operating condi-
tions (D’Andrea, 2014).

More simulation based research is needed to address the UAVs
coordination so that a large number of UAVs in the air utilize the
same resources, such as charging stations and operating frequency
(D’Andrea, 2014).

Work is needed to enhance the flight time of the UAVs without increas-
ing the cost.

(xiii) Developing robust indoor navigation in scenarios without GNSS cov-

erage and improving control systems under active payloads (i.e., fluid
spraying, robotics arms) are required.
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8.7

SUMMARY

The UAVs and associated technologies have a wide number of uses provid-
ing benefits in terms of time, money, and detailed and latest information for
organizations/industries. Over the past few years, UAVs/drones have become
central to the functions of various businesses and organizations and have
managed to pierce through areas where certain industries were either stag-
nant or lagging behind. The UAV offers many benefits to industries glob-
ally; some of them may include increasing work efficiency and productivity,
decreasing workload and production costs, improving accuracy, refining ser-
vices, and resolving security issues.

The use of UAVs/drones has rapidly changed over the past years, and
future opportunities in the field are limitless. The emerging research trends
in UAV may include (i) growth in UCAYV, (ii) increase in endurance limit,
(iii) increase in HALE UAVs, (iv) increase in mission capabilities of UAVs,
and (v) increase in the endurance of UAVs for various applications. The next
generation of UAVs/drones will be powered by AI, which will allow UAVs/
drones to make decisions and operate themselves on behalf of their human
controllers. As the demand for autonomous UAVs grows, it is expected that
the future research activity in the area of autonomous control of UAVs will
be very active, with commercial R&D aimed at enriching the technologi-
cal capabilities of products to better compete in a growing and demanding
market.

The UAV/drone industry is booming. The ongoing investment trend
toward software, hardware, and improving the entire process of aerial data
acquisition and analysis underlines the importance associated with UAVs.
However, there are some issues and challenges which need to be resolved
before organizations can leverage the full potential of these technologies. As
true with other technological innovations, the early adopters of UAVs will
be profiting the longest and increasing their competitive advantages. Today,
UAVs/drones are well known as data capture devices, but in the future, we
will see them perform the full lifecycle: capturing data, analyzing this infor-
mation, and then acting on it. So, the future of UAVs/drones not only looks
bright but very promising.
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REVIEW QUESTIONS

Q.1.

Q.2.

Q.3.

Q.4.

Q.5.

Q.6.

Q.7.
Q.8.

Q.9.

Discuss briefly the “essential eight technologies” identified for future
development.

Write in short various key challenging areas for using UAV technology
in the future.

What are cyber-security threats to a complete UAV system? How do
you propose to minimize them?

Write short note on (i) Swarm-based applications in the future, (ii)
Big data analytics, (iii) UAV-IoT applications for the future, and (iv)
Drone Taxi.

Discuss the battery energy sources used in UAVs. What are their limi-
tations? Explain the concept of battery management to collect long-
term continuous data from UAVs.

Write a short note on (i) Wireless charging of batteries and (ii) Solar-
powered UAVs.

Carry out a SWOT analysis of UAV technology.

Explain the market potential of UAV in the future. Support your
answer with the statistics (future projections).

Enumerate future research areas of UAV technology and its
applications.
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