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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, agriculture, forestry, search and rescue, surveillance, transportation, disaster, logistics, 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 hardware and software components as they become even more sophisticated. Review questions are included at the end of chapters to enhance comprehension 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 1

OVERVIEW OF UNMANNED AERIAL VEHICLES

1.1INTRODUCTION




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 available 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 (Gupta et 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, 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 without 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 development 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).
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FIGURE 1.1 A typical UAS system.

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 applications worldwide (White Paper, 2018).



1.2HISTORICAL 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 carried 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 II, 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 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 UAV 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 lb 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 airfield but was not used in the war.

The first used drone appeared in 1935 as a full-size retooling of the de Havilland DH82B “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).
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FIGURE 1.2 Launch of a DH.82 Queen Bee (mother of drones) target drone (1941)
(Dronethusiast, 2020).

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 control 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 reconnaissance (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 minimal loss of Israeli forces. The Israeli UAVs acted as decoys, jammed communication, 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 throughout 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 reliable 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 2006 (FAA, 2010). It opened up new possibilities for companies or professionals 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 marketing 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 19th 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.



	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 Fritz X,” 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.



	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.







1.3USES 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, intelligence gathering, and as weapons platforms. Still, these days, UAVs are also being employed for the large number of recreational and civilian applications (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 surveillance 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



	Illumination 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





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 horizontally 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 with forwarding airspeed
	The lift generated using blades revolving around a rotor shaft



	Advantages
	Simpler structure, usually higher payload, higher speed
	Can hover, able to move in any direction, vertical take-off and landing



	Limitations
	Need to maintain forward motion, need a runway for take-off and landing
	Usually lower payload, lower speed, shorter range




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 powered, 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 vehicles. 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 conditions, making them expensive (Marsh, 2013). After World War I, Zeppelins were extensively used as bombers and scouts. They are equipped with powerful engines and are capable of lifting heavier loads. The application segments where UAV, Blimps, and Zeppelins may be used are presented in Table 1.4.

TABLE 1.4 Major Segments of UAV, Blimps, and Zeppelins.
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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, passenger transport, monitoring criminal & terrorist activities, motion picture 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, providing wireless coverage, remote sensing, search and rescue, delivery of goods, security and surveillance, precision agriculture, and civil infrastructure 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).
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FIGURE 1.4 Various uses of UAVs.

Figure 1.5 shows the uses of UAVs to various maturity levels by different sectors of industry (White Paper, 2018). In the lower half of Figure 1.5, humanitarian relief, research & science, safety & security, insurance, and 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 industries. Applications in agricultural mapping usually happen in rural areas; therefore, regulatory hurdles for UAV operations are lower than in urban, densely populated areas.

[image: ]

FIGURE 1.5 Uses of UAVs in industries to various maturity levels (White Paper, 2018).

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 technologies 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.
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FIGURE 1.6 Cycle of a UAV (Dupont et al., 2016).

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 adoption 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 maturity 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 competitive advantage over the next 5–10 years.
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FIGURE 1.7 Hype Cycle for emerging technologies (Culus, 2018).

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 efficiently (Glover, 2014). All the components of this setup will have a significant 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 standards 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).
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FIGURE 1.8 The onion model of UAV components (White Paper, 2018).

Smart UAVs are the next big revolution in UAV technology, promising 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 traditional 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).

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.
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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 construction, surveillance, search and rescue operations, logistics, traffic monitoring, exploring hazardous sites, military surveillance, weather and climatic mapping, photography and journalism, delivery services, and sustainable agriculture.



1.4SOME 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 programming 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 predetermined point to another.

Airborne collision avoidance system: An aircraft system based on secondary surveillance radar transponder signals, which operates independently 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 various 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).

[image: image]

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.

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).



1.5 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 themselves 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 configurations as tricopters, quadcopters, hexacopters, and octocopters.

[image: image]

FIGURE 1.10 (a) Fixed-wing type UAV, and (b) Rotary wing UAV (Quadcopter).

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 conventional 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 quadcopter has four propellers (Figure 1.10b) which are fixed and vertically oriented. 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 quadcopters are becoming common in many applications (Šustek and Úøedníèek, 2018). Today, UAVs are executing search and rescue missions, tracking cattle rustlers, and monitoring wildfires or landslides with minimal cost and little risk of loss of life (Xu et al., 2014). Other applications of this technology include geomatics, precision agriculture, infrastructure monitoring, and logistics.

The UAVs are generally categorized with reference to several parameters, 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, including the contents. Geographical range, flight endurance, and maximum ceiling are the maximum distance, time, and altitude, respectively, that UAVs can reach during an interrupted mission (Glover, 2014). Size and weight are 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 systems include laser altimeter, Light Detection and Ranging (LiDAR), radar, and ranging instrument, while passive remote sensing systems include accelerometer, 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 emitted or reflected by the object. With the advancement of electronic technology in sensors, batteries, cameras, and GPS systems, quadcopters became widely employed over the past decade, both recreationally and commercially (Šustek and Úøedníèek, 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).
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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 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 considered. UAV photogrammetry indeed opens various new applications in the close range aerial domain, introducing a low-cost alternative to the classical manned aerial photogrammetry for large-scale topographic mapping or detailed 3D recording of ground information and being a valid complementary 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 scene’s 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).



1.5.1 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 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 multiple 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 a large area in a single 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).
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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 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 planning 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).
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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) followed 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.

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).
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Photogrammetry UAV has reached its saturation in terms of cost/accuracy/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.



1.5.2 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 returning 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).
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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/m2 (Puliti et al., 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 compared 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 intervals. 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 (Dering et 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:


[image: ]Rapid data acquisition is possible.

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

[image: ]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.

[image: ]Determination of heights of infrastructure, such as power lines or tree canopy, is easy due to a large number of points with recorded coordinates of features. Such information can be very useful for forest management (i.e., tree height, forest density, wood volume, and biomass estimation).

[image: ]The generation of digital elevation models is easy and accurate, which is required for many applications.

[image: ]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



	1
	DJI M600 Pro LiDAR quadcopter
	LeddarTech Vu8



	2
	Draganflyer Commander
	LeddarOne



	3
	Riegl RiCopter LiDAR UAV quadcopter
	Velodyne HDL-32E



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



	5
	VulcanUAV Harrier Industrial multirotor
	Velodyne Puck Lite



	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 drone
	YellowScan Surveyor



	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 fundamental 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.


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

[image: ]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 technology, but there is a trend toward emerging SWIR LiDAR because it can operate safely at higher power and detect distant objects.

[image: ]Beam steering mechanism: The laser light must be diffused or scanned by beam steering technology to illuminate the scene. Conventional 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 stable module designs. Emerging beam steering options include mechanical 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.

[image: ]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
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