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Preface

The application of unmanned aerial vehicles (UAVs) in environmental sciences has increased
significantly in the last ten to fifteen years. We, as the editors of this book, have been and are still
part of this development of increasing applications of UAVs in environmental studies, including
the learning pathway. With the opportunities provided by UAVs, we are able to conduct research
as never intended before. UAVs are causing a paradigm change in environmental sciences be-
cause it becomes possible to observe the Earth surface nearly continuously at spatial resolutions
that change our measurement perspective from samples to continuums. Because of the nature
of a flying sensor’ and the mostly light-weight and affordable equipment, challenging and more
difficult to access environments, such as deserts, wetlands, clifty coasts, or alpine areas can be
monitored for the first time or more easily than before. Compared to other surveying methods,
such as terrestrial laser scanning or airborne (i.e. by plane) remote sensing, data can be achieved
much easier, faster, and mostly with larger coverage or with higher temporal and spatial resolu-
tion. These advantages helped to establish a large group of researchers using UAVs for environ-
mental studies, enabling them to observe processes, patterns, and changes, for the first time due
to unprecedented spatio-temporal resolutions.

Using the same technology and working in the area of environmental sciences brought us
together on several conferences, where we recognized that we are all stumbling at the same trip-
ping stones and pitfalls, such as choosing a suitable number and type of ground control points or
preparing a task-specific flight plan and choosing the correct sensor. Thus, we started to realize
that a comprehensive overview and teaching book for the application of UAV's in environmental
sciences, that can prevent other researchers from repeating the same mistakes, is still missing.
This book elaborates on the fundamental basics of applying UAVs in environmental research,
reaching from essentials in planning and preparing UAV flights, sensor systems, data collection
and processing, data analysis to numerous examples of possible fields of application. We hope
that this work, which was intended to be openly available from the beginning, can be of great
support when working with UAVs in environmental research, directly achieving optimal data
for the myriads of applications worldwide. During the course of editing this book, all of us were
surprised by the numerous applications represented in this book, which never seem to end.

Lately, the term ‘unmanned aerial vehicle’ is in discussion because this term can be considered
as a not fully inclusive usage of language. Therefore, it has been proposed to use ‘unoccupied
aerial vehicle’ or ‘uncrewed aerial vehicle, giving the opportunity to stay with the same acronym.



Preface

Also, the usage of RPAS (Remotely Piloted Aircraft System) has been suggested. However, the
community, who uses UAVs in environmental sciences has not finalized its decision on what
term to use. Thus, we decided to allow for the usage of all three possibilities to define UAV. Fur-
thermore, we would like to state that company names, e.g. in regard of software, platforms or
sensors are being used without specific recommendation.

We like to thank the authors for their contributions; without their input this book would of
course not have been possible. The authors cover a vast variety of scientific background and ex-
pertise spanning from engineering to photogrammetry, to geo-information science, to remote
sensing, to geomorphology, to ecology, to hydrology and to geology, which very well underlines
the diversity of the applicability of UAVs in environmental sciences. The book would also not
have been possible without the support by the reviewers, who assisted our editing process. They
considered the chapters thoroughly and commented very supportively and helped to improve
the book. We would like to thank Simon Buckley, Gorres Grenzdorffer, Séren Hese, Eliisa Lotsa-
ri, David Mader, Berit Schmitz, Ellen Schwalbe and Christian Thiele for providing their support
and expertise. Furthermore, we want to express our gratitude towards Luise Hofmann. We thank
the German Research Foundation (DFG) for its trust into a group of early career scientists and
its support of the scientific network that allowed for regular meetings to advance our joint book
editing. Last but not least, we are very thankful for the support of the publisher: wbg - Wissen-
schaftliche Buchgesellschaft.

Anette Eltner
Dirk Hoffmeister
Andreas Kaiser
Pierre Karrasch
Lasse Klingbeil
Claudia Stocker
Alessio Rovere
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1.1 Historical developments
of UAV use in environmental sciences

Irene Marzolff
1.1.1 Unmanned aerial photography at the origins of remote Sensing ...........ccceeveereereereereereenees 11
1.1.2 Developments in modern SFAP and UAV remote sensing techniques ..........c.ceeveereeneenee 15
1.1.3 Terminology in UAV remote sensing today ...........ceeeeeeeermereermermermeneemmemsenssesseesesessesseasesnees 22

Ultra-high resolution earth observation data as well as their derivatives have become ubiquitous
in environmental research and spatial applications of all kinds. The proliferation of unmanned
aerial vehicles, both professional and consumer-grade, together with new miniaturized sensors
and 3D image-processing techniques has revolutionized centimetre-precision geodata acquisi-
tion within just a decade or so. The concepts, applications and techniques of UAV remote sens-
ing, however, go back a long way, building on nearly 150 years of unmanned remote sensing with
various types of sensors and platforms. Kites, balloons, blimps, paragliders, model airplanes and
model helicopters are among the most common vehicles employed before the advent of modern
drones. Their characteristics vary greatly: tethered or free-flying, powered or unpowered, aero-
static by buoyancy (lighter-than-air) or aerodynamic by means of fixed, flexible, or rotary wings
(heavier-than-air), technically basic or highly sophisticated, endurance from minutes to hours,
payloads from light to heavy. The choice of system may therefore be matched to a large range
of operational, logistic, legal and financial conditions. This chapter traces the development of
unmanned airborne remote sensing from its very beginning until today.

1.1.1 Unmanned aerial photography
at the origins of remote sensing

For more than a century before the drone age, images of the Earth as seen from above have
been taken with the aid of unmanned platforms by scientists, engineers and professional as
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Irene Marzolff

well as hobby photographers. Experiments with cameras attached to kites and balloons were
made in the mid-19th century, as early as ten years after the invention of the daguerreotype,
by Colonel Aimé Laussedat, a French engineer later considered the father of photogrammetry.
More successful attempts at unmanned aerial photography using balloons were made in the
1860s to 1880s in America, Germany, and France (Aber et al., 2019). The kite, however, was to
become the most widely adopted pilotless platform until the early 21st century for obtaining
low-altitude images for the environmental and geo-sciences, for archaeological documentation
and for landscape photography in arts and leisure. Tethered kites must have been the earliest
aircraft in history and were already flown in China more than 2000 years ago. Their successful
use as a platform for scientific measurements, even before the earliest kite airphotos appear,
is documented in publications by British and American meteorologists (e.g. Archibald, 1884,
McAdie, 1885).

In 1890, the French photographer Arthur Batut published a 70-pages booklet on aerial
photography with a kite and simple wooden box-camera entitled La photographie aérienne
par cerf-volant (Aerial photography by kite) (Batut, 1890; Figure 1.1-1). In this publication,
a UAV photographer will find even today a surprisingly up-to-date documentation of the
techniques, concepts and pitfalls of unmanned low-altitude aerial photography. Batut’s pro-
gressive ideas on potential applications of such imagery include the use of a newly proposed
method for measuring terrain heights from two overlapping photographs: This method was
to become stereo-photogrammetry and thus one of the main applications for UAV imagery
today (see chapter 2.2). Batut also advocated kite photography as a promising means for envi-
ronmental monitoring, giving the example of mapping phylloxera infestations in vineyards.
This was a pressing issue in late 19"-century France, where wine production had dramati-
cally dropped to 25% following the introduction of this pest from America. The activities of
Arthur Batut and Emile Wenz, another French pioneer of kite aerial photography, gained
considerable attention in the press, and the method was soon taken up in North America
(Beauffort & Dusariez, 1995). Spectacular photographs were taken by the Illinois photogra-
pher George R. Lawrence, who used a 22 kg panoramic camera suspended from a train of
kites to document the ruins of San Francisco after the devastating 1906 earthquake (Aber et
al., 2019).

12



1.1 Historical developments of UAV use in environmental sciences

U

Figure 1.1-1: Wood-and-paper kite (approx. 2,5 m x 1,75 m) used by Arthur Batut for
aerial photography since 1888. The wooden box camera is fitted with a simple lens and
its shutter was triggered with a slow match that was lit before launching the kite.
Photography by A. Batut, 1890. Image credits: Collection Espace photographique
Arthur Batut/Archives départementales du Tarn.

After the invention of motor-powered airplanes by Wilbur and Orville Wright at the turn of the
20th century, the role of kites and balloons declined as more and more military and commer-
cial aerial photographs were taken from planes. Technical developments in cameras, films and
photo analysis developed rapidly during World War I and again during World War II, spurred
by the need for military reconnaissance and accurate cartographic measuring and mapping.
Consequently, early publications on aerial photography were dominated by technical aspects,
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such as Herbert E. Ives’s handbook on Airplane Photography (Ives, 1920) or Hermann Liischer’s
Photogrammetrie (Lischer, 1920). However, non-military communities engaged in document-
ing, monitoring and interpreting landscape patterns and processes also benefited greatly from
these developments during the first half of the 20th century. The value of aerial photographs in
geography, geology, archaeology and other disciplines was examined in numerous publications
of the 1920s (e.g. Hamshaw, 1920, Lee, 1922, Crawford, 1923, Ewald, 1924, Perlewitz, 1926).
In his landmark paper on airphotos for landscape ecology studies, the German geographer
Carl Troll strongly advocated the development of a systematic research method based on aerial
photographs and highlighted their potential for viewing the landscape as a spatial entity (Troll,
1939).

After World War II, the expertise of military photographers and photointerpreters as well as
surplus photographic equipment became available for furthering airphoto use in non-military
and scientific applications (Colwell, 1997). Systematic aerial surveys and photogrammetric
mapping became a standard task for land surveying agencies. The development of satellite
remote sensing during the Cold War moved Earth observation into new dimensions yet again,
with unmanned platforms in orbital altitudes beyond the airspace and digital scanning sen-
sors providing a new type of imagery. This type of remote sensing data became accessible for
civilian use with the beginning of NASA’s Landsat programme in 1972, which still continues
today.

By the 1970s, these developments had made not only image acquisition, but also image anal-
ysis by aerial photogrammetry and satellite image processing a professional task, carried out
by trained specialists with access to dedicated and expensive equipment, hardware and soft-
ware. Obviously, this presented a rather intimidating barrier to many research endeavours in
the Earth, environmental and (cultural) landscape sciences. In many cases, projects could have
benefitted greatly from using aerial photography for documenting and monitoring forms, pat-
terns and processes. However, they often required practicable, cost-effective image acquisition
methods for taking local-site images at very detailed scale at exactly the right time. The repeat
rate of conventional aerial photography or the spatial resolution of satellite imagery - not to
mention the considerable costs of such material - prevented their use in studies on small-area
and often transitory features and on highly dynamic landscape processes, such as rill and gully
erosion processes, coastal morphodynamics, field-based pest infection detection or local-scale
vegetation encroachment.

It is therefore not surprising that, at the same time that satellite remote sensing advanced,
low-altitude aerial photography employing low-tech platforms and sensors began to make a
slow but definite comeback during the 1970s and ’80s, paving the way for today’s discipline of
UAV remote sensing.

14



1.1 Historical developments of UAV use in environmental sciences

1.1.2 Developments in modern SFAP and
UAV remote sensing techniques

Beginning in the early 1970s, consumer-grade small-format cameras were increasingly used for
taking airphotos from low flying heights in archaeology and cultural heritage studies, and also in
forestry, agriculture, vegetation studies and physical geography. By the 1990s, the term small-for-
mat aerial photography or SEFAP (Warner et al., 1996, ASPRS, 1997), sometimes also low-altitude
aerial photography (LAAP), had become established for a niche remote-sensing technique that
was pursued by a small community of enthusiasts willing to face the technical challenges in-
herent in using non-metric cameras for aerial photography in low flying heights. Studies using
manned small aircraft were soon outnumbered by those using unmanned platforms such as
kites, balloons, helium blimps and other non-conventional, often custom-built aircraft. In par-
ticular, KAP (kite aerial photography) as a “sub-discipline” of SFAP became increasingly popular
for scientific purposes (testified by numerous publications until today; e.g. Bigras, 1997, Boike &
Yoshikawa, 2003, Smith et al., 2009, Aber et al., 2020), but also for leisurely and artistic purpos-
es — similar to the coexistence of today’s scientific UAV remote-sensing community and hobbyist
drone community. Kites are still valued as an unpowered alternative to UAVs in sensitive, windy,
high-altitude or flight-restricted environments (Duffy & Anderson, 2016, Feurer et al., 2018,
Wigmore & Mark, 2018).
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Table 1.1-1: Most common constellations of sensors, platforms and image-analysis

techniques for primary data generation used in unmanned aerial remote

sensing since 1970. Dominant uses are formatted in italics.

Decade | Sensors Platforms Image-analysis techniques
1970s analogue small and | tethered kites, visual image interpretation (2D and 3D/
medium format balloons, blimps stereoscopic),
1980s film cameras tethered kites, analogue sketch-mapping,
(VIS, NIR) balloons, blimps, 2.5D analogue photogrammetry
1990s manually navigated | yisyql image interpretation,
model airplanes and | >p digitized image processing and mapping,
model helicopters 2.5D analogue photogrammetry
2000s digital RGB camer- visual image interpretation,
as (VIS and NIR) 2D digital image processing and mapping,
autopiloted fixed- 2.5D digital photogrammetry
2010s digital RGB and wing, multicopter visual image interpretation,
multi-spectral and hybrid VTOL 2D digital image processing and mapping,
cameras (VIS, NIR, UAVs, tethered kites 3D analysis with Structure-from-Motion
MIR, TIR), hyper- photogrammetry,
spectral sensors, 4D analysis of time-lapse imagery
LIDAR

Considering the 50 years since the revival of unmanned aerial photography in the early 1970s,
an accelerating development in three sectors can be identified: sensors, platforms, and im-
age-analysis techniques (Table 1.1-1). For three decades, the most common sensor-platform
combination comprised 35 mm small-format film cameras suspended from tethered kites,
balloons or blimps (Figure 1.1-2). These image acquisition techniques changed little from
Ullmann’s plastic-balloon photography of raised moors (Ullmann, 1971) to the author’s own
SFAP beginnings with hot-air balloons (Marzolff & Ries, 1997). Various types of radio-con-
trolled rigs and mounts evolved for attaching the camera (or dual-camera stereo or multispec-
tral arrangements) to the kite line, balloon or blimp (Aber et al., 2019). The technical chal-
lenges at that time included intermittent surveys with film-roll changes every 36 pictures,
no quality control before film had been processed, and constraints to size and nature of the
survey areas, as tethered platforms require direct access to the site and limit the survey range
both horizontally and vertically. For lighter-than-air platforms, access to propane, helium or
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1.1 Historical developments of UAV use in environmental sciences

(more dangerously) hydrogen as lifting or fuelling gas was required - not all of them are read-
ily available throughout the world. Manually navigated model aircraft began to complement
the tethered platforms in the 1980s (Przybilla & Wester-Ebbinghaus, 1979, Koo, 1993). How-
ever, they were less popular due to their strong vibrations, their technical complexity and the

considerable pilot skills required.

Figure 1.1-2: Left: Tethered hot-air blimp used by physical geographers of Freiburg and Frankfurt
Universities for monitoring erosion and vegetation in northern Spain, 1996 (Marzolff, 1999).
Right: Large rokkaku kite designed for lifting a SLR camera with sledge-type rig (see inset)
in light to medium winds; here seen during aerial survey of a gully site in South
Morocco, 2006. Photographs by the author. Figure modified after Figs. 7-14A
and 7-21 in Aber et al. 2019; copyright Elsevier - all rights reserved.
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Figure 1.1-3: Scanned 35-mm slide taken

KODAK EBX

sesssess

with an analogue Pentax SLR camera fitted
with additional fiducial marks for digital
photogrammetric processing. This kite aerial

photograph of archaeological excavations at
Tell Chuera settlement mound, northeastern
Syria, was taken by the author in 2003, the
last year before digital cameras took over.

AS
— Gully scarp - \ \
— 20 cm contour line \ \
- height point

Figure 1.1-4: Left: Topographic map of Gully Oursi, Burkina Faso, created in 2002. The gully
scarps, contour lines and height points were manually mapped as 3D vector data with ERDAS
StereoAnalyst using a stereo-model from scanned 35-mm slides that was viewed with active
shutter glasses on a stereo computer monitor. Right: TIN surface model computed
from the 3D points and lines. Adapted from Marzolff et al. (2003).
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1.1 Historical developments of UAV use in environmental sciences

While sensors and platforms changed little during this phase, image-analysis techniques (which
had been traditionally analogue during the 1970s and 1980s) shifted towards digital processing
of scanned negatives or slides in the 1990s (Figure 1.1-3). The same image-processing tech-
niques already established in satellite remote sensing (e.g. filtering, spectral transformations and
ratioing, image classification) were applied to the digitized colour and colour-infrared images
(e.g. Fouché & Booysen, 1994, Biirkert et al., 1996, Marzolff, 1999). At the same time, photo-
grammetric analysis of SFAP remained mostly analogue, depending on access to professional
equipment and expertise, and was predominantly used in archaeology and cultural heritage doc-
umentation (e.g. Wanzke, 1984, Summers & Summers, 1994).

Although digital cameras were already available in the 1990s (above all, the KODAK DCS se-
ries; e.g. Mills et al., 1996), camera price and image quality only began to compete with analogue
photography in the mid-2000s. At the same time, softcopy photogrammetry became accessible
to the non-specialist as hardware requirements and software prices decreased. Small-format dig-
ital compact cameras and digital single-lens reflex (DSLR) cameras then quickly replaced 35 mm
film in unmanned aerial photography, considerably speeding up image acquisition. The range
of applications using digital image-processing techniques began to widen rapidly (e.g. Baker
et al., 2004, Eisenbeiss, 2004, Hunt et al., 2005, Marani et al., 2006). Again, archaeology was
the first discipline to take advantage of digital stereo-photogrammetric analysis with small-for-
mat airphotos (e.g. Karras et al., 1999, Altan et al., 2004). Its use in geomorphology - although
this is the geoscientific discipline most interested in 3D forms - remained rare (Marzolff et al.,
2003, Marzolff & Poesen, 2009, Smith et al., 2009) due to the considerable photogrammetric
expertise required, the high degree of manual stereo-mapping involved (Figure 1.1-4) and the
comparatively low quality and density of point clouds extracted by automatic image matching
(Figure 1.1-5).

Analogue film cameras had become largely obsolete by 2010, but digital analysis of SFAP
remained a challenge: image-processing and photogrammetry software was still devised for
far lower-resolution satellite imagery and (scanned) metric large-format airphotos with pre-
cise camera calibration, abundant ground control and highly regular vertical image-acquisition
schemes — none of it typical for the output of an SFAP survey with a kite and compact camera
on a windy day in the field. Also, geodata formats available for storing and analysing continuous
surface information — TIN, raster elevation models — did not allow to model true 3D surfaces,
but what is often termed 2.5D (one z value only per x/y location (chapter 3.4); Aber et al., 2019).
By the mid to late 2000s, the potential of SFAP in high-resolution topographic data acquisition
seemed exhausted. As the support hotline of a market-leader geospatial software company put
it to the author in 2004: “I fear that, given the special nature of your data, you have reached the
limits of feasibility.”
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Figure 1.1-5: Left: Comparison of five point clouds built by state-of-the-art photogrammetry
software in 2004 and 2020 (note logarithmic scale of y axis). Film transparencies (scanned with
1800 dpi; A & C) and simultaneous digital camera images (B, D & E), all with GSD 2.3 cm, were
processed with traditional photogrammetry (Leica Photogrammetry Suite; A & B) in 2004 and
again with Structure-from-Motion photogrammetry (Agisoft Metashape; C, D & E) in 2020. The
highest possible point-cloud resolution in LPS was 1 point/(3*GSD)? = 210 points/m?, but gaps
in surface reconstruction, particularly in shadowed and textureless areas, resulted in much lower
average densities for film, and also for digital images (models A-B). In contrast, the 120 point/
m? target density (= “medium quality” tier of 1 point/(4*GSD)?) is easily surpassed by current
SfM algorithms, which perform nearly identical for film and digital sensor (C & D). Model E is
computed with SfM “ultrahigh quality” (1 point/1 GSD?). Photographs taken by the author with
analog and digital Canon EOS cameras in 2004 at Gully Negratin 3, Southern Spain.
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1.1 Historical developments of UAV use in environmental sciences

o Platforms: The recent technological advancements and price decline of GNSS and INS-based
navigation and flight-control systems for autopiloted unmanned aerial systems (chapter 1.3)
have made drones of all varieties the prevalent means of Earth observation from low heights.
They are employed not only for geo- and environmental research, but also in a wide range of
civil, commercial and governmental applications concerned with surveying, mapping, mo-
nitoring, inspection and surveillance. Fixed-wing, multi-rotor and hybrid VTOL (vertical
take-off and landing) UAV in a wide range of prices, sizes and technical configurations are
now available on the consumer and professional market (van Blyenburgh, 2018). Of these,
the micro (or small) and mini UAV class, with maximum take-off weights of 5 or 25 kg, re-
spectively, have become the most common in scientific use. Unlike traditional model aircraft,
UAV:s fly autonomously or in semi-automatic mode (where the human pilot is assisted by the
flight-control system). By the mid-2010s, professional-grade UAV with high-precision RTK/
PPK GNSS (real-time or post-processing kinematic global navigation satellite systems) beca-
me available, so ground control for georeferencing may be reduced or omitted (chapter 2.1).
Platform hardware is complemented by a large choice of flight-planning and ground-station
software. Although legislation amendments lag behind this development of UAV technology,
unmanned aircraft have come increasingly under the control of airspace regulations — an
ongoing development challenging UAV use for research in many countries (see chapter 1.4).

o Sensors: In addition to an ever-increasing choice of RGB cameras suitable for UAV's (Aber et
al,, 2019), small-format to miniature multispectral sensors for near-infrared and short-wave
infrared wavelengths and subsequently hyperspectral sensors have become widely available
(Yang et al., 2017, Manfreda et al., 2018). Passive sensors specifically designed for UAS inclu-
de fully integrated on-board mini-cameras with electronic gimbals, mirrorless interchange-
able-lens cameras (MILC) without display and viewfinder, multi-sensor arrays with synchro-
nized monochrome sensors sensitive to red, red-edge and near-infrared wavelengths, and
combined visible and thermal imaging sensors (see chapter 2.4 and 2.5).

» Image-analysis techniques: The development of new and often open-source software cou-
pling photogrammetric principles with computer-vision concepts and algorithms - specifi-
cally Structure from Motion-Multi-View Stereo or SEM-MVS (Smith et al., 2016, Eltner &
Sofia, 2020; see chapter 2.2) - has revolutionized high-resolution 3D geodata acquisition and
orthophoto generation in terms of speed, ease and cost-effectiveness. The main differences
to classical photogrammetry are the specific focus on non-metric, small-format cameras, the
higher flexibility regarding scales, image schemes and image orientations, the multi-view ste-
reo approach, more powerful image-matching algorithms (see Figure 1.1-5), the possibility
of creating 3D models without ground control and a higher degree of work-flow automation.
A typical UAS image-processing software now includes automatic bundle-block adjustment,
extraction of 3D point clouds, interpolation into 2.5D DEMs or 3D meshes and creation of
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orthophoto mosaics as well as — NIR imagery provided - vegetation index maps. UAV data-
processing modules have also become available for leading GIS and image-processing soft-
ware packages. In addition, numerous software tools not specifically designed for UAV data
facilitate advanced analyses of UAV-based 3D point clouds, meshes and (ortho-)imagery (see
also chapter 3.2-3.5). Automated co-registration and image tracking approaches have begun
to turn UAV remote sensing 4D, adding time to space for monitoring dynamic changes of
soil, water and ice (e.g. Turner et al., 2015, Jouvet et al., 2018, Pinton et al., 2020).

The developments of the last decade have also seen an increased integration of these three sec-
tors. For example, small quadcopter UAS with dedicated flight-control software connected to
black-box cloud-processing services may allow a user with next to no specialist knowledge to
conduct an aerial survey and generate decent DEMs and orthophotos all within an hour. While
the quality and accuracies of these quick-and-easy products is limited and certainly not suit-
able for all research questions, many simpler applications may not require more precise and
advanced data.

1.1.3 Terminology in UAV remote sensing today

The term unmanned aerial vehicle or UAV appeared in scientific publications on Earth and
environmental studies around 2005, corresponding to the technical developments outlined
above. During the first years of transition, there remained some indecision whether the “vehi-
cle” should also include traditional tethered platforms such as kites and balloons (e.g. Eisenbeiss,
2009), but definitions of “UAV” in the research literature soon agreed on free-flying, powered
aircraft that may be flown remotely by a pilot on the ground or programmed to fly autonomously
along specified routes to designated waypoints. Nevertheless, a confusing variety of terms and
acronyms exists next to UAV, for which the following summary is based on an overview given by
the author elsewhere (Aber et al., 2019). For a thorough review of the origins and chronology of
terminology, the reader is referred to Granshaw (2018).

Undoubtedly, “drone” is the colloquial term most commonly used in everyday language for
a small aircraft without an on-board human pilot. This term was originally introduced in the
1940s as the official US Navy designation for unmanned target aircraft (Granshaw, 2018), but
has been unpopular by many civilian users of UAV due to its association with often debated mil-
itary operations. This ambivalent connotation of the term has faded away more recently as small
consumer-grade quadcopters, in particular, have become ubiquitous in non-military uses of all
kinds. Drone is now the preferred term in popular scientific contexts, governmental applications
and leisure activities.
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In academic and professional usage, however, the most common terms remain UAV or UAS
(unmanned aerial system or unmanned aircraft system), which includes remotely piloted and
autonomously navigated aircraft. In little-used varieties of the term, the U may also stand for
unpiloted or uninhabited. In the more regulatory context of the US Federal Aviation Admin-
istration (FAA) and the European Aviation Safety Agency (EASA), the “aircraft system” rather
than “aerial” or “vehicle” is preferred, as the aircraft component stresses the need for airworthi-
ness, and the system includes ground-control stations, communication links, and launch and
retrieval operations in addition to the vehicle (Dalamagkidis, 2015). Other common terms are
RPA (remotely piloted aircraft), RPV (remotely piloted vehicle) and RPAS (remotely piloted
aircraft system). These are seen as distinctive from UAS by the International Civil Aviation
Organization (ICAO), as the latter includes fully autonomous aircraft not allowing pilot in-
tervention, which are primarily used in military contexts (ICAO, 2015; Granshaw, 2018). The
term RPAS is most commonly used in contexts of explicitly civilian aviation regulation. It is
worth noting that none of the currently valid definitions by regulatory agencies — not even
those addressing the “system” (e.g. EASA, 2009) - includes any reference to cameras or other
sensors carried by the unmanned, remotely or autonomously piloted aircraft. To the scientif-
ic communities engaged in Earth and environmental research, however, carrying the sensors
used for geospatial data acquisition clearly is the main purpose of these platforms, whichever
term is used for them.

One and a half centuries after its beginnings, unmanned aerial remote sensing has reached an
unprecedented degree of automation from image acquisition to finished geodata product - and
also an unprecedented range of sophistication from simple visual interpretation of micro-drone
airphotos to multi-sensor, artificial-intelligence and high-precision approaches for investigat-
ing, amongst many others, detailed soil-surface and riverbed structures (Onnen et al., 2020;
Mandlburger et al., 2020), machine-learning classification of trees (Xu et al., 2020) or modelling
of canopy thermal emissions (Bian et al., 2021). Many of the questions we strive to answer as
Earth and environmental scientists, however, have been part of this history all along - even
though Arthur Batut, flying a kite with a wooden box-camera over the destroyed vineyards of his
home region in 1890, could never have imagined the deep-learning segmentation approaches
used for vine-disease detection by his French colleagues of today (Kerkech et al., 2020).
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Since the beginning of 1900, various platforms carried cameras mounted to collect images, to-
day satellites and UAVs acquire most of the data collected remotely. The platforms indicate the
structures or vehicles on which the remote sensing instruments are mounted. Thanks to several
platforms located far from the target, remote sensors can collect a large amount of data in a
short time, ensuring rapid data acquisition even in large areas. The remote sensing platform
must be able to support the weight of a sensor, remain at a given altitude, remotely take a series
of images at a specific time and then return those images for different applications. The po-
tential for environmental remote sensing using these platforms has been effectively supported
by many authors, the purpose of this chapter is to define what types of data/accuracies can be
achieved with UAV vs. remote sensing and the pros/cons of UAV vs. satellite and aircraft-based
platforms.
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1.2.1 Overview of remote sensing platforms

1.2.1.1 Satellite

Remote sensing from space-based orbital platforms for information collection had its begin-
nings in early 1960s, when it first became possible to place cameras in polar earth orbit to
remotely photograph any point on the globe on a routine and predictable basis (Pabian, 2015).
Among the first applications for satellite-based imagery collection was for military purpos-
es. Landsat satellite (1972) by US Government was the first open-source project provided the
first publicly accessible imagery from space. The Landsat-1 satellite carried digital scanning
sensors covering four multispectral bands that provided a spatial resolution of 80 m, while
Landsat 7 (1999) and Landsat 8 (2013) in addition to having eight-multispectral 30 m bands,
and two thermal 100 m infrared bands, also has a 15 m resolution panchromatic band. French
SPOT-1 satellite launched in 1986 provided 20 m multispectral and 10 m panchromatic ground
resolution. In early 2000, Ikonos, capable of providing electro-optical imagery at a resolution
of less than 2 m, reaching up to 31 cm with WorldView-3 with the sharpest imagery currently
available.

A revolution in terms of accessibility was made by the Copernicus programme of the Europe-
an Commission (EC), where the European Space Agency (ESA) launched in 2017 the Sentinel
2B mission acquiring high spatial resolution (10 to 60 m) optical imagery. The free, full and
open data policy adopted for the Copernicus programme foresees access available to all users
for the Sentinel data and offers an unprecedented combination of systematic global coverage of
land and coastal areas, a high revisit of five days under the same viewing conditions, high spatial
resolution, and a wide field of view (295 km) for multispectral observations from 13 bands in the
visible, near infrared and short-wave infrared range of the electromagnetic spectrum (Drusch
etal., 2012).

1.2.1.2 Aircraft

In recent years, the advent of UAVs has overshadowed the use of aircraft for many of the
remote sensing activities. Although they are still widely used for large-scale monitoring
for land-use and inspection purpose by public and private institutions, their peculiarities
lead them to be considered a “middle way” between satellite and UAV. The main strength
remains the payload capacity. In fact, they can carry much heavier sensors than UAV, such
as LiDAR and a combination of sensors of various nature. A UAV that can only carry one
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sensor at a time would have to go through multiple passes, thus increasing flight time and
processing time, while a manned aircraft carrying multiple sensors could collect all data in
one pass.

Aircrafts have many restrictions on their use, they must obtain airspace permits, plan ade-
quate take-off and landing points, and comply with ever-changing flight restrictions. Finally,
as UAVs continue to improve, it will fly longer, withstand higher wind speeds, and carry more
sophisticated payloads, the overlap between their mapping capabilities and those of manned
aircraft will increase. The next huge increase in the number of UAVs and their applications
will come when national regulatory bodies will allow flight beyond line of sight (BVLOS) in
controlled airspace.

1.2.1.3 Unmanned Aerial Vehicles

The initial use of UAV systems and platforms was inspection, surveillance and mapping of
military areas followed by geomatic applications. UAV photogrammetry opens up several
new applications in the short-range aerial field and also introduces low-cost alternatives to
classical manned aerial photogrammetry (Colomina et al., 2008). This development can be
explained by the diffusion of low-cost platforms combined with RGB digital cameras and
GNSS/INS systems, necessary to navigate the UAV with high precision to the predefined ac-
quisition points. The small size and low payload of some UAV platforms limit the transport
of high quality IMU devices such as those coupled with aerial cameras or LiDAR sensors
used for mapping. Simple, hand-launched UAV's operating autonomously using its autopi-
lot with GPS and, in general, an IMU sensor, are the most economical systems, although
platform stability in windy areas could be a problem (Nex & Remondino, 2014). More sta-
ble systems, usually with a petrol engine, with a higher payload allow a more professional
camera on board or even detection with LiDAR instruments. Typical domains were UAV
images and 3D data derived from photogrammetry or orthoimagery are generally used in
agriculture with the aim to produce maps with high spatial resolution for precision agricul-
ture applications support agronomic decision in different areas of the field (Matese & Di
Gennaro, 2018). Assessments of woodlots, fires surveillance, species identification, volume
computation and tree detection are the main applications in forestry (Wallace et al., 2012).
Environmental surveying for land and water monitoring are also feasible. A large number
of applications in the archaeology and cultural heritage domain exist, where 3D mapping of
sites and structures are easily achieved with a low-altitude image-based survey (Remondino
etal., 2011).
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1.2.2 Comparison of UAVs to other
remote sensing platforms

Recent advances in UAV technologies have produced alternative monitoring platforms that offer
the opportunity to acquire spatial, spectral and temporal information in a wide range of applica-
tions at a relatively low cost. They offer high versatility, adaptability and flexibility compared to
other remote sensing techniques such as satellites or aircraft due to their potential to be rapidly
and repeatedly used for high spatial and temporal resolution data. Despite the recent and rapid
increase in the number and scope of satellites, the temporal resolution and availability of current
satellite sensors with very high spatial resolution are neither sufficient nor flexible for many re-
mote sensing applications especially in forestry and agriculture. Moreover, most of the satellites
are managed by commercial organizations and the cost of the images can be high if short survey
times are required. Aircraft can provide both high spatial resolution and rapid revision times
but their use is limited by operational complexity, safety, logistics and costs, it becomes feasible
only on medium-sized areas and remains largely run by commercial operators, even if some
countries do not have aircraft for this kind of acquisitions and remote areas are also difficult to
reach. In a comparison of the three monitoring platforms, UAVs are an economic technique on
limited areas (5 ha), while for larger dimensions (50 ha), aircraft or satellite platforms can be
more effective options. Obviously, the regulations limit the economic advantages linked to their
use and some potential applications, even if operational adjustments are in the process of being
evaluated that will certainly facilitate their use in the coming years.

The vulnerability of UAV's to weather conditions (i.e. wind, rain) that can alter the monitoring
quality is certainly a negative aspect even if the other platforms are neither immune to weather
conditions in terms of operability and data quality (e.g. cloud coverage for satellites). One of the
aspects that directly affects the area that can be detected is the limited flight times of UAVs due
to the payload and battery power supply. Most UAV's are powered by electric batteries, others
by combustion engines that use gasoline as fuel. The actual flight time for a single monitoring
may not be sufficient for a given application and careful mission planning is therefore required.
However, this problem is currently solved by planning that allows the management of multiple
flights. Advances in the field of hardware technology offer new solutions that will extend the
flight duration up to two hours, making the use of UAVs more competitive.

The recent and rapid developments in sensor miniaturization, standardization and cost reduc-
tion have opened up new possibilities for UAV applications, there are a large variety of sensors
available for UAVs, from RGB cameras to multispectral and hyperspectral cameras, thermal
cameras, GNSS RTK, IMU and LIDAR. The most common sensor is the RGB camera that takes
high quality images for interpretation or photogrammetry. Small multispectral cameras with
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bands in the near-infrared range can be mounted on UAVs. Thermal infrared sensors are com-
monly used for inspections in urban areas but also in agriculture, while LIDAR sensors are avail-
able for use on UAV's for both urban and forestry purposes. Most UAV's provide real-time video
transmission to the remote-control point, so that the operator can accurately track the flight.

The most common difficulties related to the acquisition of UAV imagery range from image
blurring due to forward movement of the platform, resolution impacts due to variable flight
height, orthorectification problems due to geometric distortion associated with inadequate im-
age overlap and spectral effects induced by variable lighting during the flight, just to mention
the main problems.

It is therefore essential to consider the best practices in mission planning and the sensor’s
configuration/setup before the flight to bypass the previous issues. It is then opportune to con-
sider the various corrections and calibrations, radiometric, geometric and atmospheric before
the mosaicking, georeferencing and orthorectification procedures. Together, these aspects are
crucial for data acquisition and post-processing, which provide the necessary starting point for
subsequent application-specific analyses. However, despite the existence of consolidated work-
flows in photogrammetry devoted to aircraft or satellite acquisitions, UAV systems introduce
various additional complexities, which until now have not been fully addressed.

The high spatial resolution of UAV data generates a strong demand for data storage and data
processing capacity that results in the need to implement work-flow procedures for pre- and
post-processing. In fact, if for satellite applications they are generally associated with a process-
ing chain that guarantees the final data quality, in the case of UAVs all this is left to the end user.
For a profitable data-processing workflow, it is necessary to consider the whole computational
chain from raw images to final products, allowing a better comparison of the three remote sens-
ing platforms. The strengths of the UAV acquisition are obviously in the highest resolution and
precision, but at the cost of a greater effort for the mosaicking and geocoding.

Large amounts of digital data can be acquired on a single UAV flight. Collecting overlapping
images of reasonable size over an area of 10 ha can result in thousands of individual images that
need to be processed. Also, in order to obtain good results in terms of post-processing, overlaps
of images are required, sometimes greater than 80 %.

The problem does not concern computer storage but the processing phases, especially the mo-
saic, which requires computers with excellent computational features, especially for RAM and
GPU. Obviously, this is if a minimum operating time for the production of results is needed, oth-
erwise good quality processing can be done even with slower computational times. Furthermore,
while cloud service providers eliminate the need to think about hardware and software, particu-
larly image processing, there is still a bottleneck regarding the image upload and return times.

Most of the processing activities, in particular the new algorithms for image processing and
computer vision, are developed as software libraries that are user friendly but not easy to mod-
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ify. In agricultural applications (chapter 4.7), especially the radiometric correction remains a
very delicate aspect, the multispectral sensors acquire RAW images in DN (Digital Number)
which must then be converted into radiance and subsequently into reflectance to be used in the
calculation of various vegetation indices. Usually, irradiance sensors connected to the UAV are
used to convert directly to reflectance, or empirical calibrations are performed using Lambertian
panels with known reflectance placed on the ground before the flight.

Flight or mission planning is the first essential step for UAV data acquisition and has a
profound impact on the acquired data and processing workflow (chapter 1.5). Similar to oth-
er remote sensing approaches, a set of parameters must be considered before flying, such as
platform specifications, extent of the study site (area of interest), terrain sampling distance,
payload characteristics, topography, study objectives, weather forecasts and local flight reg-
ulations.

As for costs, of course, the additional advantage of the UAV platform is that the temporal
resolution is limited only by the number of flights (power supply/battery capacity), so any cost
equivalence is quickly exceeded due to repeatability. The costs for acquiring UAV data are gen-
erally derived from the initial investment, processing software, data storage and associated field-
work costs. However, after the initial investment, the data sets can be supplied more often and
with a higher resolution than any other system. In comparing the acquisition and processing
costs of the three different platforms (UAVs, aircraft and satellites), UAV's are identified the most
economical solution for fields of 20 ha or less (Matese et al., 2015). A NDVI map (Normalized
Difference Vegetation Index) derived from UAVs on a 5 ha field costs approximately, 2000 €,
while on larger areas, the costs of acquisition, georeferencing and orthorectification have a neg-
ative impact on the costs of images derived from UAV.

Regarding the cost of satellite images, a wide spectrum ranges from free images of ESA with a
maximum spatial resolution of 10 m, to satellite images with a resolution of 1 m but which are
prohibitively expensive. Of course, it is not an equivalent evaluation to compare these platforms
on an image-by-image basis, as it is the richness of the spatial and temporal resolution of UAV
systems that makes their application so flexible. In addition to allowing the high resolutions re-
quired for many applications, sensors mounted on UAVs have numerous other advantages that
are fundamental in a wide range of applications, providing quick access to environmental data,
offering the near real-time functionality required.

1.2.2.1 Strengths

The most direct and important advantage of UAVs is the ability to acquire high-resolution im-
ages, which, depending on the flight altitude and sensor spatial resolution, can reach a ground
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sampling distance (GSD) of few millimetres. GSD is the distance between two consecutive pixel
centers measured on the ground. The bigger the value of the image GSD, the lower the spa-
tial resolution of the image and the less visible details. Using these high resolution and photo-
grammetric software is possible to develop very high resolution 2D orthomosaics and 3D point
clouds (Figure 1.2-1).

Figure 1.2-1: 3D point cloud of a vineyard developed using UAV imagery.

All images were prepared by the authors for this chapter.

Another positive aspect of UAVs is ease of management. Using new control technologies UAV's
can be managed by users with relatively minimal experience. Furthermore, they present much
more manoeuvrability when flying in areas that are difficult to reach and at low altitudes. In
addition, there are platforms on the market with “open” technology for rapid prototyping and
there is therefore the possibility of designing and implementing platforms with different types of
sensors, also integrated (Figure 1.2-2). An aspect to be taken into account is the pilot certificates,
in Europe, theory and practical training followed by an aeronautical tests and medical assess-
ments are required to obtain it. Even if the skills needed to became a pilot in terms of technical
and aeronautical background knowledge are prerequisites, the perfect knowledge of regulation
is mandatory. A pilot needs to perfectly know the operational limitation, risk management and
administrative procedures to avoid incidents and failures.
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RGB camera
Sony QX100

Figure 1.2-2: UAV equipped with different cameras for precision agriculture applications.

Concerning operational times and costs, UAVs can acquire data very quickly as regards the
mission planning and implementation times. As to the costs there are now very cheap platforms
on the market, but also service companies that operate in all disciplines at relatively inexpensive
charges per surface area. Moreover, it is easy to repeat the monitoring on the same area at dif-
ferent times to capture any changes. Using very powerful and inexpensive processing software
it is also possible to deliver the processed data within tight deadlines, useful for example for
supporting decisions in agriculture or forestry (chapter 4.7 and chapter 4.4).

Poor weather conditions, can result in reduced visibility, loss of communication, or loss of
control. The influence of the wind on the UAV behaviour and onboard energy limitations are
important parameters that must be taken into account, in fact, wind and turbulence play the
largest role in aviation weather accidents. The manual or semi-manual piloting of a UAV has
proven to be tiring and stressing due to the constant need to compensate for perturbations due
to meteorological phenomena, often reducing the quality of acquired image blocks (i.e. irregular
overlaps). The major ways in which wind affects UAV include changing the flight trajectory,
limiting control and reducing battery life. Extreme temperatures have negative implications for
the physical components of an aircraft as well its aerodynamic performance. Precipitation affects
UAVs in a variety of ways. Just as with fog and high levels of humidity, precipitation can reduce
visibility and damage electronics. UAV's are very flexible in terms of cloud coverage, even if some
sensors, for example, multispectral sensors for agricultural application require light conditions
suitable because in the most of cases are passive optical sensor that measure crop radiance.

UAVs equipped with GPS can be precisely programmed and piloted in exact positions, better
if using RTK technologies. This is particularly useful in precision farming, where UAVs are used
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for a variety of needs such as spraying fertilizers and pesticides, identifying weed infestations
and monitoring crop health (Figure 1.2-3). There are also models on the market that allow very

large tanks for a greater operability of UAVs.

Figure 1.2-3: UAV prototype equipped with a tank for spraying application.

1.2.2.2 Weaknesses

The greatest negative aspect in the use of UAVs is the limit of spatial coverage with a single flight
and therefore the flight time and autonomy. Although fixed wing UAV can reach flight times
over one hour, the multirotor UAV have a short flight time of 20 minutes to one hour, which
limits the surface monitored.

An important example is a geometrical compromise between altitude and flight coverage area,
which results from the sensor’s field of view (FOV) and the limited UAV autonomy in terms of
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energy, that determines its flight time. The higher the altitude, the greater the ground coverage.
At the same time, higher altitudes lead to less images per unit area to be processed but low GSD
and therefore the details that can be detected by the images. Obviously to optimize the efficiency
of the UAV detection it is a good idea to plan an accurate flight mission considering the flight
altitude, weight of the payload and batteries used.

The greatest advantage in using multi-rotors is the possibility of having a gimbal on which
the different sensors are installed, this allows stabilization of the sensors during flight, but in
the same time small UAVs can only carry light sensors and this is a limiting factor both on
the type of sensors that can be installed and on the flight times. Indeed, the choice of payload
had to taking into account the autonomy (battery) and thus the flight time, also the flight
stability.

Since the widespread use of UAVs is relatively new, legislation is still in the process of pro-
viding regulations, although legislation is already in place in more than 50 % countries of the
world, that are both capable of maintaining security but also of allowing UAV operators to work
flexibly. In fact, most countries already adopted risk-based approaches and provide good frame-
works to pursue safe UAV flights.

The UAV technology continues to improve and with it also the software used to process the
acquired data. However, the fact remains that the large amount of data acquired, compared to
satellite images for example (considering the same area to survey), requires high computation
times and processing power.

Table 1.2-1: Comparative characteristics for different remote
sensing platforms (+ positive, - negative, ns not significant).

UAV Aircraft Satellite

Resolution +++ + -
Management and Development ++ - ns
Operational time and cost + - --
Weather conditions - --
Actuators + + ns
Flight Time and Range -- ++ ns
Payload -- +4++ +++
Legislation and Safety - - ns
Computational time - + T+
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1.3.3.2 Mission planning

UAV or drone technology is nowadays increasingly plug and play, ready to fly (RTF), and af-
fordable. It makes airborne platforms available to all, opening up new possibilities for research,
observation, and data acquisition. The number of UAV models available on the market is in-
creasing rapidly. It is therefore essential to correctly define requirements in order to choose the
right model.

This chapter describes the technical basics necessary to understand the fundamental charac-
teristics of UAV's. Here we will discuss only those UAV's with take-off weights between 1 kg and
25 kg and capable of carrying scientific payloads up to 5 kg, with detailed descriptions also
provided in the following chapters. These types of UAVs are subject to specific regulations and
require a drone pilot licence to operate them (see chapter 1.4 for more details on regulations).
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This chapter is divided into three parts: (1) different types of UAVs, (2) their main components,
and (3) flight operations.

1.3.1 Types of UAVs

There are two main types of UAVs: firstly, those equipped with propellers providing lift and thrust
(helicopter and multirotor) and, secondly, those equipped with fixed wings and a propeller for thrust.
There are also ‘hybrid’ UAV's inspired by both types. This section provides an overview of the different
types of existing UAVs. Table 1.3-1 summarizes the advantages and disadvantages of each type.

1.3.1.1 Rotorcraft: multirotor and helicopter UAV's

Multirotor and helicopter UAV's are drones lifted by propeller rotors, the rotors being located on
a horizontal plane. A helicopter UAV is a rotorcraft with one or two rotors, and can be powered
by an electric motor or an internal combustion engine. A multirotor UAV can have four, eight or
twelve rotors, which are exclusively electrically powered. Rotorcraft UAVs have two specific
flight characteristics that differentiate them from other types of drones:

o Vertical Take Off and Landing (VTOL) for reduced spaces (cities, cliffs, etc.).

« Hover mode, offering the possibility of 360° observations from a fixed point, typically used
for the monitoring and inspection of specific sites at close range (engineering structures, cliffs,
forests, farmland) and for activities requiring contact or sampling (gas, rock, water, etc.).

The main criterion when selecting a multirotor UAV is the payload carrying capacity according to
scientific requirements and flight autonomy. The latter is difficult to precisely determine, with ob-
servations in the field that often differ from manufacturer values. Actual flight autonomy depends
on the energy capacity of the batteries, the total take-off weight' (including empty UAV weight,
battery weight and payload weight), the flight scenario to be carried out” and the wind condition.

Flight autonomy is specific to each UAV; it can be refined with flight experience and optimised
with suitable battery management (see chapter 2.2). At the end of a flight, it is essential to ensure

' For the same battery capacity, a UAV with no payload or a very-light payload (e.g. a small integrated
camera) may fly for up to 30 minutes, whereas with a payload of five kg the same UAV may fly for less
than 10 minutes.

2 For the same flight duration and altitude, hover flights will consume much more energy than linear,
level flights.
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a margin of 15-20 % of remaining battery capacity. Indeed, the autonomy curves depending on
payload weights provided by manufacturers constitute a maximum limit under optimal condi-
tions.

There are many RTF (ready to fly), compact and light (< 2 kg) multirotor UAV's on the market
today (Figure 1.3-1A). They usually carry a single pre-integrated sensor (digital, thermal, or mul-
tispectral camera). They are mass-produced drones for the general public, their cost becoming
affordable to specialize them around one type of sensor. The priority is thus on simplicity of use
and piloting for general public drones. They are equipped with pilot assistance functions such
as automatic take-off and landing, return path memory with obstacle avoidance, and propeller

protection. Their light weight and small size make them suitable for use in urban environments.

Figure 1.3-1: UAVs in use at IUEM’s Ocean Geosciences Laboratory. (A) Compact RTF multirotor
UAV (DJI Phantom) with an integrated image sensor. (B) Custom-built multirotor UAV in flight
with its gyro-stabilized hyperspectral sensor payload in a waterproof case. (C) Custom-built
helicopter UAV (190 cm rotor diameter) equipped with side instrument pods (in white), a Reflex
camera, and a thermal camera synchronized with a RTK-GPS. (D) SenseFly eBee commercial
RTF fixed-wing UAV with an integrated image sensor. Image credits: (A) Jérome Ammann LGO,
CNRS - UBO. (B) Christophe Prunier LGO, CNRS - UBO. (C) Philippe Grandjean
Univ-Lyonl. (D) Mouncef Sedratti LGO, CNRS - UBS.
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However, these small drones are not adequate for all the scientific requirements outlined in this
book, particularly when the payload is comprised of complex instrumentation such as several
sensors (e.g., LIDAR, hyperspectral camera, thermal camera, various probes, sample collector,
etc.). Currently, there are few RTF drones capable of carrying 3-5 kg of payload; this would oth-
erwise incur very limited autonomy. Multi-sensor multirotor UAVs (Figure 1.3-1B) are thus spe-
cifically designed around the scientific payload and mission-specific requirements. Some UAV's
now permit a take-off weight of up to 25 kg. They are generally produced in limited or medium
series, or can be custom-built, depending on users’ needs. The cost is thus higher compared to
an RTF drone.

Caution: not all RTF or custom drones offer the same reliability. It is important to consult
feedbacks on specialised forums and to think in terms of the quality of the components used.

The advantage of the helicopter UAV (Figure 1.3-1C) is that it is a versatile carrier. It is
possible to mount one or more sensors of different types (digital, thermal, or multispectral
camera, and sampling system) without having to redesign the whole system or to add addi-
tional power. The flight autonomy of the helicopter UAV is dependent on its motorization
and more particularly on the rotor-motor or rotor-engine energy efficiency, with internal
combustion engines remaining the most efficient in terms of autonomy for this type of
UAV.

Example: for the same helicopter UAV, one hour of level flight will require 1.5 litres of fuel
(fuel weight: 1.2 kg) for an internal combustion engine, twelve litres of fuel (fuel weight:10 kg)
for a turboshaft engine, and 8 kg of Lithium-Polymer batteries for an electric motor.

While the helicopter UAV equipped with an internal combustion engine appears to be more
energy efficient and offers a level of autonomy of over one hour, it is noisy and produces un-
wanted vibrations, against which payloads must be protected. The assembly of the UAV and its
permanent tuning require the expertise of a qualified technician. It is often an artisanal drone of
custom design or, more rarely, small series production. It is also relatively complex to fly a heli-
copter UAV, meaning that they require the experience of a qualified drone pilot. The helicopter
UAV is not a ready to fly drone.

1.3.1.2 Fixed-wing UAVs

Fixed-wing UAVs (Figure 1.3-1D) are very aerodynamic and fast. One reason being that the
payload is integrated into the fuselage, which considerably reduces drag. Thanks to their aerody-
namics and large lift-over-drag ratio (vertical/horizontal speed ratio in glide), fixed-wing UAV's
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have the ability to fly for a long time (autonomy generally ranging from one to several hours).
On the other hand, unlike multirotor, they are not able to hover (i.e., to stand still in the air).

The flight principle of a fixed-wing UAV is constrained by the wing loading. This is the ratio
between the weight of the UAV and the surfaces of the air foil (wings, stabilizer), the angle of
attack that the wing forms with the level flight position (with the fuselage horizontal), and the
flight envelope comprised between the stalling speed and the never-exceed speed, the latter
inducing a risk of disintegration of the UAV if exceeded. The normal operating horizontal speed
must be well above the stalling speed to ensure a safe flight.

Like multirotor UAVs, there are light (< 2 kg) and compact fixed-wing UAVs of the RTF type
(Figure 1.3-1D), equipped with a single on-board sensor pre-integrated into the fuselage (digi-
tal, thermal, or multispectral camera). The structure of these light UAV's is mainly composed of
expanded polypropylene (EPP). They are set going by a propeller driven by an electric motor.
The flight speed is generally between 40 and 70 km/h. Models with autonomy of one hour can
cover more than 50 km in linear flight. Fixed-wing UAV's are typically equipped with piloting
assistance functions, all stages of the flight being managed by the autopilot. They are launched
by hand and perform gliding and belly landing. The main constraint of compact and light fixed-
wing UAVs is the need for a clear, unobstructed environment during take-off and landing.

In the case of fixed-wing UAV's with several sensors, as for their multi-sensor multirotor coun-
terparts, it is generally complicated to integrate the complete instrumentation into the fuselage
and UAV dimensions have to increase in proportion. For those UAVs, the wingspan can reach
more than 2 m while maintaining a weight of less than 25 kg. They are capable of travelling long
distances (over 100 km), propelled by an internal combustion engine. However, in the absence of
wheel landing gear, and as they become too heavy to be launched by hand, a catapult is generally
used for take-off, while recovery will require a net or a sling. In the event of use on-board a ship,
the catapult and sling are indispensable. The use of this type of UAV can require special quali-
fications for both the pilot and the UAYV itself, a subject that is beyond the scope of this chapter.

1.3.1.3 Hybrid and multipurpose UAV's

Combining the advantages of the VTOL of rotary wing (rotorcraft) UAVs and the large autono-
my of fixed-wing models, hybrid UAVs have recently become available. In that case, an electric
motor/rotor ensures the VTOL phases, while the wings are used for horizontal and level flights
using either an electric motor or an internal combustion engine.

To increase the flight autonomy of a multirotor UAV, it can also be made captive by contin-
uously powering it from the ground via an electric cable. The cable can also be used to recover
large data flows (increasing image quality in real time) and to avoid the risk of the drone flying

41



J. Ammann, P. Grandjean, E Floc’h, S. Bertin, M. Jaud, P. Allemand, N. Le Dantec, C. Delacourt

away. Flight is then only possible in hover mode. This sort of UAVs can be used for remote sur-
veillance and telecommunication relay applications. It is nevertheless possible to increase the
range of a UAV by installing the winch and the operator on-board a moving vehicle (car or boat).

Finally, to allow flights under heavy rain or snow, it is necessary to reinforce the water tight-
ness of UAVs and their components, or to choose a UAV designed for this purpose. It is possible
to find amphibious drones capable of operating both underwater and in the air. However, the si-
multaneous use of such UAVs for both environments constitutes a compromise that diminishes
the performances obtained in either environment.

To sum up this first chapter content, in order to choose the right type of UAV, it is important to
precisely define the scientific requirements and, in particular, the main sensor to be used. Then,
using easy-to-collect information on the operating environment, it is possible to define the type
of UAV required by following the indications given in Table 1.3-1 below (for UAVs up to 25 kg).

Table 1.3.-1: Summary of the autonomy, load, constraints,
and advantages of each type of UAV.

Vectors Multi-rotor UAV Fixed-wing UAV
Compact Multi-sensor Compact Multi-sensor
Maximum Take- | <2kg =<25kg <2kg =<25kg
off weight
Payload <200g <10 kg <200g <5kg
Autonomy 30 mins 10-15 mins de- ~1hr >1hr
pending on payload
weight
Flying Pro- VTOL* VTOL* Launched by Catapult or
gramme (versa- RTF** hand track for take-
tility) Automatic flight Gliding and belly | off
landing Net or sling for
RTF recovery
Automatic flight
Constraints Flexibility of the Forbidden in cities | Site with clear sky, | Forbidden in
(flight limits) rotors or needs special sufficient space cities or needs
authorization; for take-off and special authori-
needs parachute, landing zation
airbag, etc.
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Implementation RTF** Several cases RTF** Wingspan
Automatic flight Automatic flight >2m
Easy to carry Easy to carry Several cases
(drone case or (drone case or
backpack) backpack)
Energy Electric Electric Electric Petrol
COST Large choice on RTF** 6 k€, Cus- 10-30 k€ 50-150 k€
the market tomised : 40 k€
0.5-3 k€

*VTOL: Vertical Take-Off and Landing — **RTF: Ready To Fly

1.3.2 Components

Historically, airborne data acquisition like aerial photography was performed using aircrafts pi-
loted by a person on board. In order to reduce mission cost, and to access the aerial domain
regardless of location, weather conditions and conventional aircraft availability, model aircrafts
carrying a self-triggering camera were conceived. At first, model aircrafts were radio-controlled
remotely from the ground without any assistance on board (Figure 1.3-2). Even with the sup-
port of an experienced pilot, issues such as a poor flight stability preventing good pictures to be
obtained and large geolocation uncertainty were common. In the end, this technique generated
more waste than useful data (~80 % of low-quality photos). Thus, in order to retrieve the stability
of the traditional aircraft, it became essential to ‘put the pilot back on board’ but in an electronic
form. The autopilot was born and with it, the drone. Today, using the latest generations of auto-
pilots and associated UAV, it is possible to achieve almost 99.9 % of good photos exploitable in
photogrammetry.
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Figure 1.3-2: Feedback and pilot principles for a manned remote-control aircraft.
Image credits: Jérome Ammann LGO, CNRS - UBO.

UAVs or drones are basically model aircraft equipped with a programmable autopilot and a
navigation system (based on GNSS) that render them virtually automated (Figure 1.3-3). It has
thus been possible for them to be developed very rapidly for the civilian and, more particularly,
scientific communities. Faced with the rapid expansion of UAVs that are freely available for ci-
vilian use, civil aviation authorities have had to regulate their use and their flight areas in order
to integrate them into air traffic (e.g., French DGAC, 2012, European EASA, 2021). UAVs are
today considered as air users in the same way as other aircraft. Their use is therefore subject to
constraints (declaration of the UAVs and pilots, activities, and incidents), and their equipment

and components are subject to a duty of reliability.
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Feedback and autopilot principles for
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Figure 1.3-3: Feedback and autopilot principles for an Unmanned Aircraft Vehicles (UAV).

Image credits: Jérome Ammann LGO, CNRS - UBO.

A UAV for scientific applications comprises five basic components:

o an autopilot controlling the stability and positioning of the drone, and its trajectory in the air;
« acommunication and telemetry system providing the link between the pilot on the ground

and the drone;

» amotorisation system allowing the drone to be moved in three dimensions;
« aplatform for payloads (scientific instrumentation);

« an independent system ensuring safety in the event of a major drone failure.

These different components are detailed in the following sections.
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1.3.2.1 Autopilot

Architecture and functions. The autopilot behaves like a real on-board pilot. In other words,
it must first and foremost ensure flight stability in all conditions and pilot the UAV to a desired
destination. Even in the event that the connection with the drone pilot on the ground is lost, the
autopilot is able to continue along its programmed flight plan. Physically, the autopilot is a pro-
grammable microcontroller (Figure 1.3-4) that manages flight controls and data flows from the
on-board sensors. It comprises one or more printed circuit boards (PCB). The autopilot controls
the UAV stability (attitude) by analysing the data coming from the Inertial Motion Unit (IMU)
several times per second.
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\ - Pressurerneter

Figure 1.3-4: Overview of autopilot operation.
Image credits: Jérome Ammann LGO, CNRS - UBO.

The IMU comprises a set of motion and orientation sensors: a gyroscope for angular rotation
movements, an accelerometer for linear movements, and a magnetometer for orientation with
respect to the magnetic north, i.e., a total of nine sensors for the three flight axes (pitch, roll and
yaw). The autopilot positions the UAV in a terrestrial frame of reference and measures its speed
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using a GNSS receiver (GPS (USA), GLONASS (Russia), Galileo (Europe), BeiDou (China)).
The accuracy of the positioning is metric (autonomous accuracy: ~5 m corresponding to the
intrinsic value of the absolute GNSS; the accuracy can be improved up to 1 cm along the hori-
zontal axis and ~2 cm along the vertical axis through the use of a Real Time Kinematic GPS
system (RTK-GPS)) (more details in chapter 2.1).

The pressure sensor allows the precise measurement of the UAV’s relative altitude to the take
off point (to within a few tens of centimetres). Some autopilots also incorporate optical, laser
and ultrasonic sensors capable of detecting fixed or moving obstacles as well as ground location.
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Figure 1.3-5: Difference between fixed wing and multirotor UAVs.

Image credits: Jérome Ammann LGO, CNRS - UBO.

In order to control the motion of the UAV, the drone pilot on the ground sends a direction
change command to the UAV, which is materialized by an electrical signal transmitted to the
autopilot. The autopilot acts on the motorization and on the control surfaces (air foils) of the
three flight axes (pitch, roll and yaw) (Figure 1.3-5). In the case of an electric multirotor UAV,
the autopilot controls the speed of rotation of the electric motors in accordance with the attitude
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provided by the IMU. Upon receiving a change of direction command, the autopilot changes the
rotational speed of some of the motors to create a movement in the desired direction. Hence,
we can say that motorisation and three axis flight control are mixed together (Figure 1.3-5). In
the case of a helicopter or fixed-wing UAYV, the autopilot commands the control surfaces of each
flight axis also on the basis of the attitude data provided by the IMU. Since the control surfaces
are mechanical structures and the autopilot is a PCB, the autopilot transmits its commands to
the control surfaces via electro-mechanical transducers called servomotors. There are as many
servomotors as there are control surfaces. We can see here that the control/command technolo-
gy of multirotor UAV’s is simpler than that of helicopter and fixed-wing UAVs. This has greatly
contributed to the rapid uptake and success of multirotor drones.

Open-source autopilots offer total freedom in the design of the flight functionalities. Indeed,
the developer, often a drone pilot, can implement his/her own UAV behaviour functions. Devel-
opers have federated into a large online community where functions, programs, interfaces, and
information are exchanged to encourage and facilitate the development of their technology. Some
open-source autopilots go beyond primary flight management functions, using communication
protocols such as MAV-Link (Micro Air Vehicle Link) to interface with compatible user sensors.

Black box autopilots (Figures 1.3-6 and 1.3-7) are pre-programmed by the manufacturer for
specific uses depending on the type of UAV. The user does not have access to the development of
the primary flight management functions. The manufacturer provides access to certain parame-
ters only for installing the autopilot on the UAV and programming flight plans. To ensure proper
use, the manufacturer provides detailed documentation and html interfaces for programming
and implementation from the ground.

Figure 1.3-6: (A) One-piece version of a black box autopilot (all the functions of the autopilot
are in the same box). (B) Modular version of a black box autopilot (each function has

its own box, here in grey). Image credits: Jérome Ammann LGO, CNRS - UBO.
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Failsafe mode and redundancy. What happens in the event of an autopilot failure? Imposed by
the regulations as an autopilot safety function, the failsafe mode switches the UAV operation to
a specific behaviour in the event that a failure is detected. Depending on the developers’ choice,
this behaviour can notably be a return to the point of origin at a specific altitude (return to
home), an emergency landing at the UAV’s location, or a looped flight of the UAV at a specific
altitude. To ensure the correct operation of the UAV throughout the mission, some manufactur-
ers prefer to increase the reliability of their autopilot systems by doubling, or even tripling, all of
the associated functions and sensors (Figure 1.3-7). This is known as redundancy.

R e
Triple GNSS and
IMU redundancy

Figure 1.3-7: Push-pull motorized UAV equipped with an autopilot with triple function and
navigation redundancy (three IMUs and three GNSSs, two RTK-GPS, advanced diagnostic
algorithms, compass capable of resisting magnetic interference from metal structures). Image
credits: Jérome Ammann LGO, CNRS - UBO.

Caution. The programmed obsolescence by some manufacturers of their autopilot systems re-
duces the service life of the UAVs concerned. This can notably be the case of mass-produced
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black box autopilots. We find here the logic of certain computer operating systems, where the
manufacturer no longer maintains either the firmware version of the autopilot or the compati-
bility with the ground station software, and sometimes both. In this way, the user is encouraged
to replace the autopilot, and even the whole UAV in the case of RTF type drones. For both
open-source and black box autopilots, it is essential to check the validity of the firmware version
before updating it. This can be done by consulting the manufacturer’s documentation and user
websites. If the drone system is working well, then it is perhaps not worth taking the risk of

updating the firmware.

1.3.2.2 Communication system

The communication system must be able to transmit the flight controls and flight plan to the
UAYV, and to control the payload. It must also be able to receive data on the status of the UAV and
the telemetry values (UAV position, alarms, remaining battery capacity, the voltage, current and
fuel levels for internal combustion engines, motor/engine speed of rotation, etc.), video feedback
(good continuity of images), and payload measurements. The transmission system can be im-
plemented by one or more transceiver units, preferably point-to-point (P2P) for UAV piloting
or via relay stations to increase the operational distance. Below, we present the main frequencies
and power levels that are used for UAV data transmission.

The 2.4 GHz band (2400-2483.5 MHz) is freely usable for wideband data transmission type
equipment (sub-class 22) compliant with European standard EN 300 328, which includes new
technology radio control units with spectrum extension. Since 2012, the permitted power level
is 100 mW.

The 5.8 GHz band with a power limit of 25 mW is used for the transmission of video feedback
and First-Person View (FPV) flight. The range can be improved by increasing the gain of the
omnidirectional quarter-wave dipole antennas to 2 dBi (decibels-isotropic) by lobe antennas
with better gain (5 dBi, 8 dBi, etc.).

The WiFi 802.11 standard (2.4 GHz and 5.8 GHz bands) offers a data rate of several hundred
Mbps and a range limited to 100 m. By correctly tuning the antenna gain and by reducing the
data rate to 150 Mbps, as is the case with WiFi Air Max 802.11n, ranges of several kilometres can
be reached in free-field conditions (output power 27 dBm).

The 4G LTE (Long Term Evolution) standard set up for mobile telephony to ensure very
high-speed wireless access to Internet (150 Mbit/s) allows communication with the UAV with-
out any distance concerns. Flying the UAV via the Internet can pose security problems (network
stability, latency, hacking). It is, therefore, advisable to use it only for piloting the on-board pay-
load.
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1.3.2.3 Motorization

Propeller motorization principle. Most of the UAV's described above are powered by one or
more propellers. The propeller is the interface between the engine or motor and the air in which
the UAV is flying. It provides the thrust required to move the UAV. The motor provides the nec-
essary power for the propeller to convert its power into thrust. To obtain the best performances,
it is necessary to ensure that the propeller lets the motor/engine run at its maximum power
rating. In general, it is the motor/engine manufacturers who size the drive unit with a small
range of propellers according to a specific range of use. It is important to respect that and not to
try changing only the size of propellers sizes to improve UAV performances. For the latter, it is
best to change the complete propeller motor/engine block. The advent of the electrical brushless
motor has revived the use of electric motors to power UAVs. This type of motor delivers high
power and has a high-speed dynamic. Its magnets are light and efficient. As it has no manifold,
there is no friction between the rotor and the stator. This results in low inertia and is the reason
why the motor is designated as ‘brushless.

Principle of verification of the correct motorization of a UAV. A UAV in level flight should
not use more than 50 % of the throttle. In other words, the thrust exerted by all of the motors at
50 % of their rotating speed (rpm) must allow the total weight of the UAV to be lifted at take-off.
Total take-off weight includes everything: empty UAV weight, payload weight in operational
configuration, and weight of all of the batteries necessary to ensure the desired autonomy. These
data allow for estimating, in theory, whether the UAV is correctly motorized.

Caution. The autonomy values announced for a UAV with a free payload (other than a com-
pact UAV) may be biased.

« They do not always account for the payload weight (test performed without payload).

o The maximum permissible payload weight may require additional batteries to advantageous-
ly increase autonomy.

o The maximum autonomy duration corresponds to the moment when the battery is comple-
tely run down (0 %). At 0 %, the drone falls out of the sky. It is, therefore, essential to always
factor in a margin of 15-20 %.

In the case of your application with a particular payload, the autonomy will be well below that
estimated by the manufacturer. Recalculating the theoretical autonomy from all the known data
(weights, propeller thrust, number of motors/engines, normal or push-pull assembly, etc.) will
make it possible to decide whether the proposed UAV is undersized with respect to the initial
requirement. Brushless motors require little maintenance other than listening for unusual nois-
es. These noises can mean that an attachment screw is coming loose, or that the propeller is
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forcing too much and creating play in the motor. It is important to deal with these issues quickly
to avoid a crash.

Batteries. Among the existing battery technologies (NiCd, NiMH, Li-ion, LiPo, LiFe, Pb, etc.),
we will mainly focus on lithium batteries for UAVs because, at equal voltage and capacity, they
are the lightest. The cells of a lithium polymer or LiPo battery (Figure 1.3-8) are connected in a
stack of layers in which the power is concentrated. This technology can provide a high current
without destruction. There are two important battery parameters:

The numbers of S and P. The battery pack is an assembly of parallel-connected (P) and se-
ries-connected (S) cells. It is designated by the number of associated cells.

Example: 4S2P thus corresponds to a combination of four series-connected cells and two
parallel-connected cells. If one cell has a voltage of 3.7 V and a capacity of 6,000 mAh, then
the pack designated 4S2P will have a resulting voltage of 4 x 3.7 = 14.8 V and a total capacity
of 2 x 6,000 = 12,000 mAh.

The number of ‘C’s indicated on the battery multiplied by the nominal value of the charge cor-
responds to the instantaneous current that can be delivered.

Example: a battery with a charge of 6,750 mAh means that it can deliver this current for one
hour. Multiplied by the number 25C indicated, it is capable of instantaneously supplying 25
X 6,750 or 168,750 A.

As lithium is a flammable material, it is considered a class nine product. Precautions must
thus be taken when using these batteries, and notably (a) never exceeding the indicated
charging current and (b) recharging in safety bag, in a ventilated area and under supervision.
In all cases, users should consult the maintenance and user booklet supplied with the UAV
and the battery usage instructions. Finally, when batteries are not use during several days,
it is recommended to storage them (use the storage function of the loader that manage bat-
tery charge to ~30-40 %); this recommendation increases the battery life time. Some kind
of battery known as ‘Intelligent Professional Battery (IPB)” are equipped with a microcon-
troller that estimates the level of charge left in the battery and activates storage mode after
three days of non-use.
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How to read a battery sticker ?

D Max capacity of the battery (mAh) : the battery can drive this current during one hour

Instantaneous discharge current : this number (here 25C) times the capacity of the battery -> 25 x 9000 = 225A,
QO Total battery voltage (internal cells mounted in serial). A cell voltage is 3.7 Volts; 65 means 6 cells x 3,7 = 22,2V

Lithium is flammable Safety bag fire retardant Shipping Lithium-based
(sticker class 9) (Lipo Guard) used for Batteries by Air
A YT T Th. transport, storage and See guide PI965 — IATA
| W charge regulations (BU-704a)
an -

UN 3480

Figure 1.3-8: How to read a battery sticker.
Image credits: Jérome Ammann LGO, CNRS - UBO.

Generally speaking, lithium batteries offer little autonomy for multirotor type UAVs (under
40 minutes for a compact UAV weighing less than 2 kg, and under ten minutes for UAV weigh-
ing 25 kg). Unlike the weight of the fuel of a combustion engine which decreases during the
flight and can improve a little autonomy, the weight of the on-board battery remains constant
throughout the flight even though the battery runs down. Depending on the UAV model, the
weight of the battery represents between 22 % and 35 % of total weight at take-off.

1.3.2.4 Internal and external safety
Geofencing is a geolocation technology that allows creation of a virtual perimeter over a real
geographical area that is commonly used to restrain UAV movements within a predefined pe-

rimeter. Associated with the UAV’s GNSS, the geofencing function will trigger an alert or an ac-
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tion (UAV shutdown) as soon as the virtual border of the authorized zone is crossed. Geofencing
zones are of two types:

1. The zone created voluntarily by the user (Figure 1.3-9A): The majority of advanced UAV con-
trol software includes a geofencing function that allows for determining, prior to each flight,
a zone from which the UAV will not be able to deviate. This function can be very practical in
the event of a flight close to a prohibited or sensitive area.

2. The zone created by the UAV manufacturers (Geo Fly zones) (Figure 1.3-9B): Some market
leaders have integrated geofencing zones into their control software. These zones, close to air-
ports, nuclear power plants and all sensitive places such as sports stadiums, Temporary Flight
Restriction Zones, etc., do not even allow the UAV to take off (engine blockage). However,

some of these zones can be temporarily unblocked on demand after the manufacturer has
identified your UAV.
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Figure 1.3-9: (A) Example of user-defined geofencing zone. This geofencing allows the UAV to fly
over the river but prevents it from flying over the group of houses. (B) Example of a geofencing
zone imposed by the UAV manufacturer. The colours indicate the degree of restriction (blue:
authorization via website; orange and red: authorization via provision of official documents).
Image credits: (A) Philippe Grandjean, Univ-Lyonl. (B) Jérome Ammann LGO, CNRS - UBO.

Anti-collision sensors allow the avoidance of obstacles as well as the maintenance of a safe alti-
tude for the UAV with respect to the ground. They also assist piloting inside buildings when sat-
ellites are inaccessible. Anti-collision sensors use a number of complex technologies that work
together to create a global system. There are many sensors that can be linked with each other
by software programming, and include mathematical modelling and algorithms for real-time
orientation (e.g. Simultaneous Localization and Mapping, SLAM).

54



1.3 Technical basics of UAV's

Table 1.3-2: Anti-collision sensor technologies. The combination of these various systems
makes it possible to cumulate the advantages of the different technologies
and eliminate the weaknesses associated with each system.

Anti-colli- Optical Ultrasonic Radar Infrared Laser
sion sensor
system
Function- 3D vision Detects large Precise and | Detects me- Efficient
ality highly de- obstacles, flat stable detec- | dium-sized processing
pendent on surfaces, trans- tion, little objects. Is sen- | speed under
reflectivity parent objects, the | disturbed by | sitive to direct difficult con-
and ambient | ground, and fol- other sys- sunlight, and ditions (tur-
light. lows topography. tems. does not detect | bulence).
Not influenced by transparent
brightness. obstacles.
Measuring 1-40 m 20-500 cm 100-400 cm | 20-500 cm 25 cm-100 m
range
Resolution Imm-10cm | 1cm 10 cm lcm lcm
distance
Opening 60° hori- 100° horizontal x 100° 5°-35° 1°-45°
angle zontal x 45° | 40° vertical
vertical

Emergency safety device against Fly Away. A Fly away is an incident due to unintended and
unwanted behaviour on the part of the autopilot sending the UAV away from the flight zone
and beyond the control of the pilot on the ground. To mitigate this risk, aviation regulations
on UAVs require the implementation of an emergency safety device that can be executed by
the drone pilot without any link to the general control system. An emergency safety device
manifests itself in the instantaneous shutdown of the motors/engines, thus causing the UAV to
fall out of the sky. However, a parachute can be added to this device to limit the impact on the
ground.

Air traffic detection system. Automatic detection of airplanes or helicopters flying in the
vicinity of a UAV will soon be possible. Indeed, UAVs will be equipped (from 2020) with a
receiver that will detect ADS-B signals transmitted by airplanes and helicopters. As soon as an
aircraft enters the range of the UAV, the drone pilot will be warned and will be able to see its

exact position on a map.
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Parachute. The main criterion for the choice of a parachute is its surface area, which, depend-
ing on the weight of the UAV, will determine the rate of fall. The latter must be calculated to
avoid any bodily injury during a UAV landing. However, the UAV and especially the on-board
sensors can be damaged during deployment of a parachute.

Table 1.3-3: Advantages and disadvantages of parachute extraction systems.

Extraction Mechanical Pyrotechnic
system
Operation An actuator releases a spring from its | A small pyrotechnic charge explodes in a
housing (tube or plate), causing the cavity located under the parachute, causing
parachute to be ejected. high instantaneous pressure to eject the
parachute.
Advantages Simple and reliable (high rate of Total opening of the canopy in under one
successful deployment). second; effective even at low altitudes (be-
tween 5 and 8 m).
Disadvantages | Ejection time (1.5 s), leaving 10 to High cost, delicate handling, and shelf life of
15 m of free fall before the parachute | pyrotechnic charges.
becomes effective.

Example: for a 4 m? parachute, the rate of fall will range from 2.6 m/s for a UAV weighing
2kgto 4.4 m/s for a UAV weighing 7 kg. The impact energy will be between six and 68 joules.

Airbag technology is still very little developed in the UAV world. Airbags are a complement to
parachute protection. They are mainly developed to protect the payload. Indeed, with the in-
creasingly high value of on-board sensors, it is necessary to protect them in the event of damage
to the UAV. A watertight box can also be used for equipment that has to fly over water.

Caution. these safety devices are not considered by the manufacturer at the time of design,
except in the specific case of custom UAVs. The weight of these devices will add to the total take-
off weight and will reduce the final autonomy of the UAV.

1.3.2.5 Adaptation of the payload on the UAV

During flight, the voluntary or involuntary movements of the UAV generate vibrations that af-
fect the on-board sensor. To compensate for this and to ensure the optimum functioning of the
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sensor, two- or three-axis pods can be used to stabilize it. A two-axis pod pivots on two axes,
roll (X) and pitch (Y), while a three-axis pod adds an additional axis, yaw (Z). Each type of pod
comprises at least one mechanical stabilization (silent block) to dampen the vibrations, located
at the interface between the UAV and the pod. The movements are also compensated by either
servomotors or brushless motors. Servomotors are used more on two-axis pods or for sensors
that require less accuracy. Brushless motors offer a movement accuracy better than 1/100th of
a degree and allow rotation through 360°. They are ideal for three-axis pods and for stabilizing
high-frequency acquisition sensors (video, LIDAR, hyperspectral, etc.).
The main characteristics of a pod include the:

« number of motion axes (usually two or three);

o axis travel and stabilization accuracy (in degrees);

o type of motor (servo or brushless);

o payload capacity (maximum weight and dimensions);

o electronics managing the stabilization (specific IMU or autopilot);

o specific position functionalities (nadir, follow-me, video tracking, etc.);
 power supply and consumption;

« intrinsic dimensions (length, width, height, weight).

1.3.3 Operation

1.3.3.1 Flight modes

Manual mode. Visual flight depends on the size and distance of travel of the UAV. It is used
primarily for the take-off and landing phases. By managing the climb and descent path properly,
the pilot can save battery time compared with landing in automatic mode. The pilot can follow
flight parameters displayed on a screen interface known as IOSD (Figure 1.3-10A and 1.3-10B).
Manual flight in First Person View (FPV) allows the UAV to be flown as if the drone pilot were
on board. The pilot is equipped with a head-mounted display (Figure 1.3-10C) that integrates
his/her entire view into the UAV. With this mode, the pilot can easily extend the distance and
forget the point of origin. It is thus recommended to have two pilots in FPV mode. The second
pilot, not equipped with a head-mounted display, monitors the UAV behaviour in direct view
and its movement on the map to avoid risks due to distance of travel (disorientation, loss of the
radio link, etc.) and collisions.

Automatic Mode. This is recommended for scientific operations (measurements, photographs,
etc.). The UAV flies in a more stable and regular manner than in manual mode. It follows its flight
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plan by linking a succession of GNSS waypoints programmed during the mission-planning phase.

Flying in automatic mode controls all actions during flight like sensor triggering at waypoints.

U RUNCAM

Figure 1.3-10: Interface On-Screen Display (IOSD): (A) It contains some flight indicators like
heading, speed, attitude, turn and slip, numbers of GNSS received and geographic position,
battery voltage level, UAV distance from ground station, map, flying mode. (B) IOSD on tablet
screen. C) 108D on helmet for FPV flight, comprising 2 radio antennas for connecting
with the UAV. Image credits: Jérome Ammann LGO, CNRS - UBO.

Specific Mode. Some UAVs offer specific flight modes, such as turning around an object at
a fixed distance and directing the camera or sensor at the object (turn around function), or
following a person wearing a transmitter (follow-me function). All these specific modes are
nothing more than flights in automatic mode where the form of the flight plan is pre-set by the
manufacturer’s software application.

1.3.3.2 Mission planning

Mission planning is the flight preparation phase. In this phase, all the data required is gathered
(flight zones, authorizations, resolution, and accuracy required, on-board sensors, UAVs to be
used, flight altitudes, weather, back planning of operations, etc.) and the flight plans are developed.

Flight plan and software interfaces. Most ground station software offers touch interfaces that
can be used on a tablet or smartphone. (Figure 1.3-11) The flight plan is programmed on a geo-
normed image by tracing the limits of the plan or via a KML file (Google Earth®). The waypoints
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are automatically positioned according to the sensor swath and the image overlap rate, the UAV’s
speed, and the flight altitude, which can be user defined.

Figure 1.3-11: Creation of a flight plan via a tablet or smartphone compatible with the flight
interface: (A) DJI GS PRO (works only with Apple IOS). (B) Litchi (works also with
IOS and Android OS). Image credits: Jérome Ammann LGO, CNRS - UBO.

It is important to consider the terrain topography when deciding flight altitude and take-off site

especially in the case of steep terrains. Altitude zero is set at the take-off place. The flight altitude

determines the spatial extent and resolution of the survey. (Figure 1.3-12)

What determines the flight
altitude ?

1
Flight
altitude
& Swath
across
. — track
Spatial Swath
resolution along track
(em/px)

Adapt the flight altitude to the

Flight altitude

local topography !

Swath and spatial
resolution are shorter

[ | a Be careful with
-~ high topography

Topography

Take-off place

«—— = Altitude 0

Swath and spatial
reselution are larger

™\ Choose the flight altitude and take-off

place according to the ‘worst case’

Figure 1.3-12: Adapt the flight altitude to the local topography.
Image credits: Jérome Ammann LGO, CNRS - UBO.
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It is also possible to orient the flight lines in relation to the terrain, the wind direction, or the re-
flection of the sun on the water (sun glint), with the software automatically readjusting the flight
plan. In principle, the UAV’s speed is controlled to remain constant in relation to the ground.
The autopilot adjusts the UAV’s speed and movements depending on the instantaneous wind
conditions. In the event of strong winds, it is advisable to postpone the flight. In principle, the
manufacturer provides a maximum limit value for the operating wind speed.

Most ground station software applications require an internet connection to retrieve the top-
ographic base. This is memorized after saving the flight plan. The software prompts the pilot to
choose three parameters (Figure 1.3-13): the image sensor model proposed in the list, the over-
lap rate between two images, and the desired ground resolution in pixel per cm. Depending on
these three parameters, the software calculates all the others (flight altitude and distance, UAV
speed, duration of the flight plan, etc.). The total duration of the flight, considering the time to
climb to and descend from the working altitude remains to be estimated in order to evaluate the
battery or fuel autonomy. It is important to increase the flight time to ensure a safety margin for
energy autonomy (20 % of energy remaining). It will therefore sometimes be necessary to divide
the site into several flight plans.

Setting autopilot’s user parameters for mapping

. 2.
Adjust selected Parameters tuned
parameters automatically by
software

Main sensor data
acquisition period
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Figure 1.3-13: Setting autopilot’s user parameters for mapping.
Image credits: Jérome Ammann LGO, CNRS - UBO.
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Checklist when planning a flight. The checklist process starts in the office and continues in the
field before the flight, then after the flight once back in the office. Here is a summary table of the

relevant actions in chronological order.

Table 1.3-4: Checklist of steps to prepare, carry out and complete a UAV flight.

Steps Actions Who
In the office/ | Preparation of the plans and the flight zone (loading of the UAV pilot and
workshop topographic base, geo-flying zone authorizations). Charging of | scientific mission
the batteries, equipment check, functional test of the UAV and | leader
payload. Monitoring of the weather.
In the field, Estimation of the flight conditions (environment, weather, wind | UAV pilot and
pre-flight speed). Ground beacons (markers for measurements, public participants
information on the presence of UAVs). Equipment check (as-
sembly, battery level, functional test of the UAV and payload,
the parachute system, etc.).
During the Take-off. Basic flight behaviour test. Loading of the flight plan UAV pilot
flight followed by its execution. Piloting the payload. Landing. Payload pilot
In the field, Ensuring the security of the UAV hardware and data. Logging UAV pilot and
post-flight of events and technical parameters (battery consumption, etc.). | participants
Recovery of the ground beacons.
In the office/ | Archiving. Storage. Flight debriefing. Data pre-processingand | UAV pilot and
workshop organization of data processing. scientific mission
leader
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Increasing operational capabilities of UAV's as well as improved hard- and software compo-
nents are raising severe concerns about public safety, privacy and data protection. Therefore,
more and more national and international authorities introduced legal provisions that regu-
late the use of UAVs. Such regulations significantly impact how, where, when and by whom
UAV-based data can be captured. This chapter is based on Stocker et al., 2017 and Stocker,
2021 and provides an overview of past and present developments as well as important aspects
of current regulatory frameworks.

1.4.1 Development of UAV regulations

1.4.1.1 From past to present at a global scale

The history of UAV regulations dates back to manned aviation and the emergence of aeroplanes
during World War II. In 1944, the international community established the first globally ac-
knowledged aviation principles—the Chicago Convention. Besides the main focus on require-
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ments for safe and secure flights in manned aviation, one article addresses pilotless aircraft and
highlights the need for special authorisation of UAV operations.

“No aircraft capable of being flown without a pilot shall be flown without a pilot over the
territory of a contracting State without special authorisation by that State and in accordan-
ce with the terms of such authorisation. Each contracting State undertakes to ensure that
the flight of such aircraft without a pilot in regions open to civil aircraft shall be controlled

as to prevent danger to civil aircraft” Article 8 (ICAO, 1944)

Due to the early developments of UAVs in the form of manipulated model aircraft, UAV opera-
tions were usually conducted under respective regulations for model aircraft. In the 2000s—after
years of technological research and innovation—UAV's developed into a commercially workable
system for a wide field of applications. Hence, in 2006, the International Civil Aviation Organi-
zation (ICAO) identified and declared the need for international harmonised terms and princi-
ples of the civil use of UAVs (ICAO, 2015). To strengthen the operation of UAVs throughout the
world in a safe manner, ICAO published Circular 328 AN/190 in 2011 as a first step to provide
a fundamental international regulatory framework through standards and recommended prac-
tices. In 2016, the same organisation published an online toolkit that delivers general guidance
for regulators and operators. ICAO further issued recommendations to the safe integration of
UAVs into controlled airspace. In those, UAVs are “(...) envisioned to be an equal partner in
the civil aviation system [that is] able to interact with air traffic control and other aircraft on a
real-time basis” (ICAO, 2015). As this manual mainly focuses on global harmonisation of UAV's
in air traffic-controlled environments, lower priority is granted to visual line-of-sight (VLOS)
operations (ICAO, 2015).

At anational level, the UK and Australia were the first nations that promulgated regulations in
2002. Some European countries, as well as the US, Canada, Brazil, and Russia, followed during
the next years. As visualised in Figure 1.4-1, the vast majority of countries — particularly in Asia
and Africa - remained without regulations during that time. Only after 2012, aided by guiding
documents of the ICAO as well as a continually growing UAV market, the number of countries
with enacted UAV rules and regulations increased significantly.
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Figure 1.4-1: Worldwide overview of the first release of UAV regulations
(source: Stocker, 2021).

As of October 2019, more than 50 % of all nations have documents containing specific instruc-
tions for the use of UAVs (Figure 1.4-2). Most of these documents refer to regulations which
are enforced by law whilst a few countries published only guidelines or public notices as the
law-making process is still in progress. In 2019, six nations banned the use or even the import
of UAVs in the country (Kenya, Egypt, Uzbekistan, Brunei Darussalam, Cuba and Morocco).

= No regulation in place

= Regulation in place

= Regulation pending

= Information could not be approved
= Ban of UAVs

Figure 1.4-2: Status of national UAV regulations at a global level.
Internet sources of relevant international UAV organisations or crowd-sourced platforms pro-
vide useful links and precompiled overviews to derive general information on the status of na-

tional UAV regulations, a shortlist of related resources is listed in Table 1.4-1. Due to the rapid

65



Claudia Stocker and Jaap Zevenbergen

emergence of and ongoing changes to UAV regulations, none of the collections provides a relia-
ble, complete and coherent picture of regulations and before undertaking any UAV mission in a

country, the information should always be validated with official documents of national aviation

authorities.
Table 1.4-1: Overview of online compiled lists handling UAV regulations.
Internet Presence Content
Joint Authorities for Regulation of Unmanned Systems
http://jarus-rpas.org/regulations (JARUYS): list 30 national UAV regulations and provide a de-

tailed comparison

Collaborative wiki: global UAV Regulations Database which is
L comprised of a country directory with summaries of national

https://droneregulations.info ) o )
drone laws, links to original regulatory documents and addi-

tional resources.

Co-funded by the European Union, the portal informs about
https://dronerules.eu the basic requirements and applicable drone-related laws and

regulations across the EU, Norway and Switzerland.

Besides the official ‘hard’ law regulations, soft law is increasingly gaining importance in guiding
the development of the UAV market as well. As an example, in 2019, the international stand-
ardisation organisation has published the first UAV-related standard (ISO, 2019) which specifies
internationally agreed and accepted requirements for safe commercial UAV operations. This
standard includes protocols on safety and security, data protection, the operator, the airspace,
facility and equipment, requirements, operations, and maintenance; and will support shaping
future UAV legislation.

1.4.1.2 European efforts towards harmonised UAV regulations

Besides national efforts to introduce UAV regulations, international organisations took initia-
tives in parallel. At the European level, the European Commission set up the European RPAS
steering group (ERSG)—a gathering of organisations and experts in this field. A critical step
towards the integration of civil UAVs into the European aviation system was made with the pub-
lication of the Riga Declaration on Remotely Piloted Aircraft in 2015. This declaration highlights
five main principles that should guide the regulatory framework in Europe (EASA, 2015):

66



1.4 Legal considerations of UAV flights

1. Drones need to be treated as new types of aircraft with proportionate rules based on the
risk of each operation;

2. EU rules for the safe provision of drone services need to be developed now;

3. Technologies and standards need to be developed for the full integration of drones in the
European airspace;

4. Public acceptance is key to the growth of drone service;

5. The operator of a drone is responsible for its use.

Regulation of UAVs below 150 kg was handled by all member states individually until August
2018, when with Regulation (EU) 2018/1139, the European Commission received the order
to regulate all sizes of UAVs (European Parliament, 2018). Following its mandate, EASA pub-
lished the first common European UAV rules in Summer 2019, which has come into effect as
of January 1* 2021 and will replace existing national provisions (European Commission, 2019).
Ultimately, this regulatory reform allows to harmonise the European UAV market and enables
UAV pilots to easily accomplish UAV flights in the EU without struggling with heterogeneous
national legislation. While aiming primarily at ensuring safe operations of UAVs, the European
regulatory framework will also facilitate the enforcement of citizen’s privacy rights and contrib-
ute to addressing security issues and environmental concerns. The current approach is risk-
based (1.4.2.1) and distinguishes three main categories applicable for commercial and recrea-
tional users alike: the low risk “open category’, the “specific category”, and the high risk “certified
category’. Specifications are outlined in Figure 1.4-3. In this scheme, European and national
aviation authorities share responsibilities for authorisation. The regulations are planned to be
fully implemented by national aviation authorities by January 2023.

Category of Open (low risk) Specific (medium risk) Certified (high risk)
operation
Authorization None Autharization from National Autharization from National
needed Aviation Authority based on risk  Aviation Authority or European
| assessment or specific scenario  Union Aviation Safety Agency
UAS G liant with Ce G liant with Certified UAS
Implementation Regulation on  included in the authorization
UAS
Operations Restricted to: Restricted to: Controlled airspace
allowed VLOS, altitude < 120m, other Operations specified in the U-Space
limitations defined by authorization and limitations

Commission Implementation
Regulation or national airspace
ones

defined by national airspace
ones

g Ce ission Impl ion R on UAS op on open Revision of existing aviation
and specific regulation
Commission Delegated No regulatory requirement
Regulation on UAS [UAS requirements included in

the authorization)

Figure 1.4-3: Categorisation of UAV operations according to Commission
Implementing Regulation 2019/947, based on EU, 2020.
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1.4.2 Content of UAV regulations

Besides the great advantage of UAV applications, two main risks are associated with its op-
eration; firstly the collision with other airspace users and secondly the impact of UAVs with
the ground and objects on the ground. Generally speaking, UAV regulations exist to manage
associated risks and to minimise potential harm to people and property to an acceptable level.
As to that, requirements towards operators, UAVs and pilots (1.4.2.2) as well as operational lim-
itations for flying (1.4.2.3) are inherent parts of UAV regulations. With an intensifying societal
debate about privacy and the potential misuse of UAV technology to seriously violate privacy,
an increasing number of UAV regulations also include provisions about privacy, ethics and data
protection (1.4.2.4).

1.4.2.1 Regulatory approaches

Different regulatory approaches can be taken to maintain air safety and public safety. In the
early days and to some extent even at present, UAV regulations are based on case-by-case au-
thorisation in which civil aviation authorities treat every application for a flight mission as a
stand-alone exercise. However, this approach is very time-consuming and mostly fails to provide
regulatory certainty as deemed necessary to accelerate the UAV industry. As an example of the
United States in 2010, (Rango & Laliberte, 2010) concluded that the regulations by the Federal
Aviation Authority are restricting the progress in UAV natural resources mapping.

Pushed by the quick development of numerous UAV applications and increasing demand for
more efficient and practical regulatory procedures, most countries follow a risk-based approach
nowadays. Regulations set out proportionate requirements following the rational of the level of
operational risk posed by a UAV (Washington et al., 2019). Most aviation authorities distinguish
risk categories based on the weight, the site, or the operational complexity. As a rule of thumb,
the higher the risk category, the stricter the operational conditions under which a flight author-
isation is granted.

Figure 1.4-4 shows the example of the Canadian regulatory approach illustrating the different
risk categories at hand. All UAVs under 250 g are exempted from the regulations. In the weight
category of 1 kg to 25 kg, sub-categories are distinguished according to the site of the UAV op-
eration. Remote areas are categorised at a lower danger level than built-up areas as well as areas
close to aerodromes. Independent of the weight, Beyond Visual Line of Sight operations are all
rated with a high-risk category which adds operational complexity as the third dimension to the

risk assessment.
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Figure 1.4-4: Canadian UAV risk categorisation as an example of a risk-based
regulatory approach. Based on a graphic representation by Spectral Aviation
Canada 2020 (http://spectralaviation.com/en/summary-new-drone-regulation/).

1.4.2.2 Requirements towards UAV, UAV operator and UAV pilot

Depending on the associated risk of the flight operation, requirements towards the UAV, the UAV
operator and the UAV pilot are part of all UAV regulations. Predominantly for commercial purposes
but increasingly also for recreational uses, most regulators call for formal registration as well as iden-
tification marks on the UAV. Even though compliance to a minimum level of technical airworthiness
is deemed necessary in most regulatory frameworks, special airworthiness certificates as mandatory
for manned aircraft are less relevant for small UAV up to 25 kg, except operated under special con-
ditions (cf. Federal Aviation Administration (2016)). Besides general airworthiness, most legislative
contexts require automated procedures to terminate the flight in case of system failure. Such emer-
gency cases can be caused by, e.g. breakdown of essential components for a safe flight (motor loss
or damage to wings), loss of data link or insufficient battery to complete the mission. Measures to
deal with such situations are called fail-safe systems or flight termination systems and must be able
to allow for human independent system guidance and ensure that all safety objectives are achieved.

Particularly for UAV flights that are not for recreational purposes, UAV regulators often an-
ticipate specific approval of the UAV operator, which is seen as the superior unit (such as a
company or a university) managing the UAV flights. The preparation of an operational manual
is vital for such organisations to become a UAV operator and is seen as a kind of contract be-
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tween the national civil aviation authority and the organisation. The main content includes risk
and site assessments, emergency procedures, technical details and operational limitations of all
UAVss as well as documentation of UAV pilot qualifications. In most cases, the proof of sufficient
third-party liability insurance is mandatory for UAV operators. Besides the UAV and the UAV
operator itself, many regulations include demands upon the UAV pilot. Here, practical training,
theoretical knowledge tests, aeronautical tests, and medical assessments encompass the most
common requirements (Stocker et al., 2017). In most countries, the level of required pilot skills
tends to depend on the risk category of the flight mission.

1.4.2.3 Operational aspects

Operational limitations refer to elements that pose certain restrictions towards UAV flight mis-
sions. Most prominently are so-called no-fly zones, which must not be entered by a UAV. Typ-
ically, no-fly zones are defined around airports and airstrips, natural protection areas, repre-
sentative buildings, or congested areas. In addition to permanent restricted areas, emergency
situations such as police operations or fire brigades might be subject to temporal UAV flight
restrictions in other areas, too.

To ensure clear segregation between manned and unmanned aircraft, UAVs are usually al-
lowed to operate only in uncontrolled airspace (airspace class G) which is not managed by air
traffic control (ATC). In contrast, controlled airspace around airports (airspace class B, C, D)
and at specific altitudes (airspace class A, E) is subject to ATC service provisions and designated
for manned aircraft. Thus, controlled airspace is commonly considered as a no-fly zone, and the
accomplishment of commercial or recreational UAV flights would require special authorisation
or a waiver (see Figure 1.4-5).
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Figure 1.4-5: Airspace guidance for UAV operators in the United States
Image credits: Federal Aviation Administration, 2018.

Another aspect that can be found in almost all UAV regulations worldwide refers to the maxi-
mum flight height. Despite a few exemptions, an altitude of 120 m (400 ft) above ground level
(AGL) is considered as the upper bound of permitted UAV flight height. This homogenous
criterion is closely linked to the minimum safe altitude for aircraft which is typically 150 m
(500 ft) AGL in non-congested areas and 300 m (1000 ft) above field elevation in congested
areas. Besides the precise definition of a maximum flight height, the horizontal distance be-
tween the UAV pilot and the UAV is also a typical yet differently defined aspect in national
UAV regulations (Stocker et al., 2017). As shown in Figure 1.4-6, three ranges can be dis-
tinguished: visual line of sight (VLOS), extended visual line of sight (EVLOS) and beyond
visual line of sight (BVLOS). In VLOS conditions, the pilot must be able to maintain direct
unaided visual contact with the UAV. If not amended by a specific distance, the required VLOS
range can be subject to various interpretations. EVLOS involves an additional person as an
observer during the UAV mission and extends the horizontal distance to the distance that the
external observer can keep visual contact with the UAV. The observer communicates critical
flight information and supports the pilot in maintaining a safe distance from other airspace
users. BVLOS refers to the range outside VLOS but still within the radio line of sight which is
required to keep full (manual) control over the UAV. Further operational limitations can in-
clude temporal aspects (day/night operation) or distances to people, vessels and infrastructure
amongst others.
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Figure 1.4-6: Schematic distinction between UAV flight ranges: visual line of sight (VLOS),
extended visual line of sight (EVLOS) and beyond visual line of sight (BVLOS).
Image from Stocker et al., 2017 (license: Creative Commons Attribution
http://creativecommons.org/licenses/by/4.0/).

1.4.2.4 Privacy and ethics-related aspects

The aspect of privacy and data protection in relation to the increasing use of UAVs under-
lines one currently widely discussed topic (Marzocchi, 2015; Nelson et al., 2019). As shown
in chapter 1.3, UAVs can be equipped with multiple payloads such as imaging equipment or
transmitters which can easily capture and record data of people, houses or other objects and
thus potentially violate the privacy and data protection rights of a citizen. In a survey, (Finn
& Wright, 2016) identified particularly private users and law enforcement as the category of
drone operators that pose a high risk to privacy, data protection and ethics. In 2017, the in-
clusion of privacy and ethics-related aspects in national UAV regulations remained very low
(Stocker et al., 2017). However, during the past two years (2019 and 2020), this issue gained
importance, and an increasing number of UAV regulations refer to existing national and inter-
national data protection and related privacy regulations such as the General Data Protection
Regulation in Europe.
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1.4.3 Joint responsibility

The key challenge appears to be to find an optimum balance between the demands of the various
actors; allowing for innovation on the one hand, but at the same time ensuring recognition and
support for safety, fundamental human rights and civil liberties. The future development of civil
UAV use will ultimately involve multiple interest groups and various motivations (Rao et al,,
2016). Government institutions and regulatory bodies holding political mandates want to en-
sure public safety and security, civil liberties, but also to promote UAV innovation and technol-
ogy innovation more generally. Stakeholders in research strive for UAV technical advancement.
Hardware and software manufacturers aim to sell products and are interested in lowering mar-
ket barriers and opening up new application areas. End users have their own needs and market
interests according to their priorities.

It can be predicted, that over the next decade, technology, societal acceptance and regulation
are converging. As showcased in this chapter, remarkable progress has already been made as
more and more countries are establishing risk-based regulations as a fundamental basis to un-
lock the full potential of UAVSs for their economies.

The bottom line is that all users should comply with the rules and regulations, even though
compliance assessment and compliance finding might be in the early stages of development
(Washington et al., 2019). Otherwise, if widely publicised incidents happen, the risk-based sys-
tem might get jeopardised, and the current balance for regulating UAV missions might be revis-
ited and even lead to a ‘no, unless ... system in many more cases.
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Every UAV mission should be planned and prepared carefully, to ensure safe operations and to
maximise the likelihood of successful data acquisition. Project aims and flight goals should be
defined first, from which suitable equipment can be identified and the necessary information
sourced for mission planning. Short missions may benefit from the portability and manoeuvra-
bility of small, battery-powered multi-copter-style UAVs, whilst larger mapping missions may
require the extended range of long-endurance fixed wing systems. Flight permissions, safety and
pre-flight checklists, as well as data acquisition and processing protocols, are essential pre-req-
uisites for effective UAV missions, and the importance of suitably trained and experienced pilot
and observer should not be underestimated.
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1.5.1 Flight settings

1.5.1.1 Pre-flight planning

The pilot must be familiar with the region in which the UAV will be used. If they are not already
experienced in the area through previous work, then maps, satellite and aerial images can be
studied to locate suitable areas for launch and landing, and to identify hazards such as power
lines. Any no-fly zones near the area need to be located and plans developed to ensure they are
avoided. For georeferencing data, good ground control point (GCP) locations can be estimated
whilst in the office to ensure optimal coverage of the area of interest.

The expected environmental conditions for each flight should be assessed beforehand. For
instance, elevated atmospheric salt concentrations might be considered for flights over a littoral
zone, forests can make ensuring visible line of sight challenging, and sand can damage engines
and rotors in desert environments. Weather is an important consideration and suitable mission
dates should be identified from forecasts of appropriate flight conditions, i.e. low wind speed, no
rain and, ideally, overcast cloud conditions for UAV photogrammetry. Of course, the prevailing
weather conditions should be continuously reviewed up to and during a flight. GNSS signal
availability should also be assessed (including possible interference from geomagnetic activity)
because this can influence the reliability of aircraft control. Multiple apps are available to deter-
mine the suitability of weather and GNSS conditions for UAV flights (e.g. UAV Forecast®).

Prior to each flight, all legal obligations must be met, keeping in mind that national and inter-
national regulations can be updated frequently (chapter 1.4). Where required, flight permissions
must be acquired and fully documented. The use of safety and pre-flight checklists, which in-
clude personnel information as well as mission details, UAV settings and safety issues, is highly
recommended. James et al. (2020a) provide examples* (see their supplementary material for a
‘UAV Project Aviation Safety Plan and Signatures’ form from the USGS, and a pre-flight check-
list) which can be adapted to individual requirements. Furthermore, a detailed documentation
of the data acquisition and subsequent processing should form part of any scientific UAV mis-
sion and an example protocol’ is provided by Eltner et al. (2016). Immediately prior to each
flight, and continuously during it, the vicinity should be checked for the presence of people

3 www.uavforecast.com.

*  https://doi.org/10.30909/v01.03.01.67114.
> https://doi.org/10.5194/esurf-4-359-2016.
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and other aircraft. Again, apps are available to monitor flight activity and flight zones (e.g. UAV

Forecast®, Airmap®).

1.5.1.2 Flight plan

An appropriate flight plan will optimise data acquisition under safety, environmental and equip-
ment constraints (e.g. maximum flight duration). These constraints will vary from site to site and
from mission to mission, so here we'll consider only the initial data acquisition aspects. In most
scenarios, UAV data acquisition should be carried out in autopilot mode to facilitate controlled
data capture. Data acquisition should be planned to generate suitable overlap (along and across
flight lines) to satisfy data processing requirements and to avoid data gaps. The recommended
overlap will vary depending on the sensor used; for example, UAV laser scanning (ULS, chap-
ter 2.6) has different requirements to those for UAV photogrammetry (chapter 2.2) or UAV
multispectral sensing (chapter 2.5).

UAV photogrammetry is widely used in environmental sciences, so we provide some specific
flight plan recommendations for acquiring suitable imagery. The science objectives guide survey
design by determining the smallest features needing to be detectable in imagery, or the spatial
accuracy needed within topographic products. For instance, mapping soil surface roughness
may require sub-centimetre resolution, whereas quantifying large magnitude river bank erosion
may require only decimetre spatial resolution and accuracy. These requirements will allow the
survey’s ground sampling distance (GSD) to be estimated, but note that the GSD influences, but
does not define, the survey accuracy (which is also a function of the photogrammetric image
network and georeferencing, chapter 2.3). Horizontal survey accuracy can often achieve a value
smaller than the GSD, but vertical accuracy is usually substantially poorer. However, carefully
acquired, high-quality image networks, that are well supported by GCPs, can achieve vertical
errors smaller than the GSD.

Considering GSD as the size of an image pixel on the ground relates it to the selection of cam-
era (e.g. focal length and pixel pitch) and flying height:

Gsp = PHEPIE ixel pitch flying height

focal length

¢ www.airmap.com.
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In many practical cases, there may be a limited or no choice in UAV or camera, and flight height
may be the only variable. For example, if a GSD of 2 cm is required and the available camera has
a focal length of 5 mm and a pixel pitch of 1.7 um, then a flying height of about 60 m is needed.
The camera and flight height define the size of the image footprint on the ground, from which
the distance between image acquisitions (i.e. the base, Figure 1.5-1) is determined to ensure
overlap between adjacent images. Along a flight line, image overlap should be a minimum of
60 % and, between adjacent parallel flight lines, overlap should be a minimum of 20 %. How-
ever, significantly higher overlaps along (80 %) and between (60 %) flight lines are usually rec-
ommended to increase the number of matched image points for photogrammetric processing.
Higher overlaps enable the same object point to be observed in more images with similar views,
which usually increases image matching success. This can be especially important in otherwise
difficult-to-match images, such as those from areas of extensive vegetation cover.
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Figure 1.5-1: (a) Influence of flying height, pixel pitch and focal length on ground sampling
distance (GSD) and image overlap. For a constant base (the distance between camera projection
centres), image overlap decreases with increasing focal length (a to b) and increases with
increasing flying height (b to c). All images were prepared by the authors for this chapter.

The most accurate topographic models are achieved from ‘strong’ photogrammetric image
networks in which the position and orientation of each captured image can be estimated relia-
bly, as well as the camera calibration parameters. Conventional aerial surveys (e.g. Figure 1.5-
2a) tend to result in a relatively weak image network, but networks can be strengthened by
capturing each feature in more images from a wider range of different camera orientations
and by including different viewing distances within the survey. Consequently, a flight plan
will usually represent a trade-off between spatial coverage and the strength of the resulting

image network.
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In general, flight planning should consider the most appropriate camera calibration strategy,
taking into account the accuracy demands and flight path options, which will be different for
fixed wing and rotor-based UAVs. If the UAV has sufficient flight endurance, additional cross-
strip flight lines should be carried out (Figure 1.5-2b). These increase the strength of the image
network geometry, and they can be particularly useful in directly georeferenced surveys (where
GCPs are not used; e.g. Gerke and Przybilla, 2016). A strong image network geometry is widely
recommended due to it facilitating the most accurate results by enabling a high-quality ‘on-the-
job’ camera calibration (chapter 1.5.2.4). Such calibrations are an effective approach because
they are based on the survey images themselves (so calibrations are optimised for the specific
surveys) and they don’t require additional flights or image sets solely for calibration. The flight
plan can strengthen the image network geometry further by including multiple flying heights
(especially over flat terrain or for images captured from high altitudes above the surface) and
convergent images where possible, to decrease the likelihood of systematic errors in 3D surface
models (chapter 2.3).
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Figure 1.5-2: Flight planning for UAV photogrammetry, considering (a) overlap along the
flight direction and across the flight strips, (b) improving the stability of the image network by
performing cross-strip flights, (c) decreasing the potential of systematic errors (such as domes)

by capturing convergent images (red) in addition to nadir images (green),
(d) improving focal length estimation by flying at different altitudes.
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1.5.1.3 Georeferencing

In most scenarios, survey georeferencing is required to enable scaled measurements and
multi-temporal analysis (chapter 2.1). Some sensors require direct georeferencing, which
is based on knowledge of the sensor position and orientation, i.e. ULS (chapter 2.6). Other
sensors, such as RGB and TIR cameras, can also be used with indirect georeferencing, which
relies on GCPs. For some applications, the use of a locally defined coordinate system can
be sufficient (for instance, defined by stable targets for which the inter-target distances are
known).

The choice of type and distribution of GCPs is important, particularly for photogrammetry.
The best results are usually achieved by using artificial (i.e. manufactured) targets as GCPs
rather than natural features in the scene. In this case, GCPs should be sized such that they
have widths of between ~5 and 20 pixels in the images, to provide good visibility and to enable
precise measurement of their centre. Therefore, GCP size should be considered once the GSD
has been determined for the flight. Different sensors (e.g. multi- and hyperspectral sensors,
chapter 2.5) will require different materials to ensure a strong GCP contrast against the image
background within measured wavelength bands. For instance, for a thermal sensor, materi-
al should be selected based on its radiance in the thermal spectral range (chapter 2.4). One
option is using black velvet, which is strongly absorbing, in front of a strongly reflecting heat
foil (Westfeld et al., 2015). Natural features can also be used as GCPs, but they do not usually
achieve the same accuracies as artificial targets due to their lower contrast and distinctiveness
in the images.

The use of consumer-grade sensors and platforms introduces substantially more variability
into UAV photogrammetric image networks than in conventional (survey-grade) aerial pho-
togrammetry. This limits the application of the direct relationships between GCPs and expect-
ed survey accuracy that have been developed for conventional aerial photogrammetry (e.g.
Kraus, 2007). Consequently, generalised recommendations cannot be provided to determine
the number, density or quality of GCPs required to achieve a specific UAV survey accuracy.
Survey accuracy will depend on the location, flight pattern, environmental conditions and the
SEensor.

In the ideal scenario, GCPs should be distributed equally across the full survey area to
provide valuable constraints for the shape estimated by the photogrammetry, as well as for
georeferencing. However, this is rarely implemented because GCP deployment is typical-
ly limited by practical considerations (e.g. difficulties accessing the entire survey area and
limited field time). Minimal GCP deployments can be based on conventional aerial pho-
togrammetry guidelines (e.g. Kraus, 2007), with GCPs in each corner of the survey area
and also along the area edges. Additional GCPs within the survey area are likely to strongly
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improve the height accuracy of any 3D model. If increasingly complex flight plans are used
to strengthen the image network geometry (which generally improves the shape accuracy of
topographic models, Figure 2.5-2¢, d), the number of GCPs can usually be decreased. Nev-
ertheless, wherever possible, more GCPs should be deployed than are needed, so that some
can be used as independent check points (CP). CPs are not included within the photogram-
metric processing, but are essential for providing unbiased estimates of the photogrammetric

accuracy.

1.5.2 Camera settings

Sensor settings (hardware and software) should always be checked for optimised data capture.
This can be particularly important when images are being acquired for photogrammetry, where
areas of poor data quality can impact the overall accuracy of results (O’Connor et al., 2017;
Mosbrucker et al., 2017).

1.5.2.1 Sensor size and image format

If the UAV allows the use of different cameras, then camera selection often primarily considers
camera type, weight and cost. Sensor size within the camera should also be considered due to its
influence on image quality. Larger sensors, with larger pixel sizes, should be preferred because
they generally have less image noise (larger pixels can collect more photons, to give a better
signal to noise ratio).

For many applications, recording image data in compressed file formats (such as JPG) will
be sufficient. Nevertheless, if possible, capturing images in a larger RAW format should be
considered, even if their subsequent processing is more involved. RAW imagery preserves
all the originally captured information and allows enhancements, such as exposure correc-
tion, where necessary. Thus, particularly for field campaigns with challenging light condi-
tions, RAW format is beneficial. Furthermore, use of RAW format makes it possible to avoid
the in-camera distortion corrections that many systems automatically implement in their
compressed image output, but which may have implications for photogrammetric processing
(James et al., 2020Db).
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1.5.2.2 Lens and focus

If the UAV camera allows different lenses to be selected, then the optimum focal length can be
considered. For a given sensor size, a shorter focal length gives a wider field of view, so fewer
images are required to maintain the same overlap for any particular flying height. The resulting
larger distances between image acquisitions lead to observations from wider angles, which can
improve the height accuracy of photogrammetric products. However, this advantage is offset by
accuracy reductions due to the increased GSD, and image matching tends to be less successful
because the appearance of objects changes more strongly between images from wider view-
points. However, fewer images will have to be captured to cover the survey area (Figure 1.5-3).

Wider-angle lenses usually display increasingly complex lens distortions that may be decreas-
ingly well represented by the distortion model used in most image-based 3D reconstruction
software. In most scenarios, greater distortion will just underscore the need for careful consid-
eration of camera calibration for accurate measurements (chapter 1.5.2.4). However, in extreme
cases such as fisheye lenses, alternative distortion and projection models may be required.
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Figure 1.5-3: Influence of the focal length to flying height ratio and the base on ray intersection
angles. For a similar image overlap from a given flying height, a smaller focal length (a) enables
a larger base compared to a larger focal length (b). However, this leads to smaller angles
between intersecting rays (b), which weakens height measurement accuracy
with respect to the GSD, when compared to larger bases.

The camera focus should be set to manual to avoid focus varying during the mission, which
would alter the camera’s interior geometry. This is important because photogrammetric process-
ing usually assumes that the camera model, which represents the camera’s interior geometry, is
the same (constant) for all images. In most data capture scenarios, the focus should to be set to
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infinity, except for very close-range flights, or if very large focal lengths are used. Lenses with a
fixed focal length are preferred over zoom lens because they generally offer a better geometric
stability (Eltner & Schneider, 2015). If the geometric stability of the camera and lens is of a con-
cern, then photogrammetric processing can be carried out using independent camera models
for each image, but this does run the risk of over-parameterization, and results are usually im-

proved if a fixed focal length lens can be used.

1.5.2.3 Exposure

In most scenarios, the camera ISO setting should be as low as possible to minimise image noise,
but using the auto ISO option is usually sufficient. Only under low light conditions might higher
ISO values be suitable. The shutter speed should also be as fast as possible to avoid motion blur
whilst maintaining an acceptable image exposure. The aperture should be set to a high aperture
number (i.e. a small aperture) to have a sufficient depth of field whilst, again, being aware of the
risk of under exposure if the aperture is too small. Finally, and particularly for photogrammetric
work, cameras with a global shutter (that exposes the image sensor all at once) should be preferred
over cameras with rolling shutter (that sequentially exposes the sensor pixels row-wise). Rolling
shutters can cause image distortions that can be especially problematic on fast moving platforms.

1.5.2.4 Geometric camera calibration

The geometric camera calibration strategy should be evaluated prior the UAV flight, with options
considered for either independent pre- and/or post-flight calibration, or ‘on-the-job’ self-cali-
bration (Gruen & Beyer, 2001; chapter 2.2). In general, on-the-job calibration is preferred, but
this requires strong image network geometries and, usually, a good distribution of accurately
measured GCPs, for reliable results. For a strong image network geometry, the UAV flight pat-
tern should include nadir and inclined images at different flight heights, and cross-strips for
images rotated around the Z-axis (Hastedt & Luhmann, 2015). If a gimballed camera system is
used and the survey area is not too extensive, point of interest (POI) flight paths can be adapted
to provide spatial coverage with a wide range of oblique imagery, resulting in high-quality pho-
togrammetric products due to the image network strength (Sanz-Ablanedo et al., 2020).
However, if flight pattern options are more limited, and the image network geometry is likely
to be weak (e.g. a single image strip, or multiple parallel strips at the same altitude, with only few
GCPs over low-relief topography), it can be beneficial to perform additional camera calibration
to avoid systematic errors in the reconstructed 3D model (Hastedt & Luhmann, 2015; Harwin
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et al., 2015; Eltner & Schneider, 2015). One such scenario might be a directly georeferenced
survey with no GCPs (chapter 2.1), for which re- and/or post-flight camera calibration could be
performed using a test object of known 3D coordinates (a test-range calibration; Fraser, 2001).
A more flexible option is to use a temporary calibration field (Figure 1.5-4), which is imaged
from different distances, angles and with camera rotations, to form a very strong geometry for a
self-calibrating image network (Luhmann et al., 2019).

Figure 1.5-4: Example image capture arrangement for pre- or post-flight camera calibration

with a temporary calibration field (for more details see Luhmann et al., 2019).
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In order to provide a spatial context of the information gathered with the UAV, the measure-
ments taken with the airborne sensor or the products derived from it have to be georeferenced
in some way. This can be realized by the determination of the position and the rotation of the
sensor directly, by the knowledge of the location of specific points in the observed environment,
or by a mixture of both. This chapter introduces a variety of coordinate systems, which are used
in praxis and it describes different methods to assign these coordinates to the data.

A major goal in UAV based environmental monitoring is to collect spatially distributed sensor
data and to derive useful information from those data. In most cases, this information consists of
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geometrical representations of the environment, such as 2D maps (e.g. orthomosaics), 2.5D maps
(e.g. digital surface models) or 3D maps (3D models or point clouds). Please note, that within this
chapter all of the above examples are called maps. Often these maps are augmented with spectral in-
formation, such as colour or temperature or spectral reflectance. Although there are many different
sensors and processing methods available to generate these maps, a common requirement is usually,
that the maps are provided in a well-defined coordinate system. This is necessary for the integration
of different data sources and models, as well as for the analysis of multi-temporal data sets.

Although any coordinate system with a given definition of the origin, the axis, and the coor-
dinate type may be suitable for this, it has some advantages to use global geodetic coordinates
systems, such as the ITRS (International Terrestrial Reference System). Because many different
coordinate systems are usually involved in a measurement campaign (sensor coordinate sys-
tems, national mapping coordinate systems, Global Navigation Satellite System (GNSS) coordi-
nates), it is useful to get an overview of their concepts and relationships.

The process of assigning geodetic coordinates to the data of interest (in our case the resulting
map) is called georeferencing. There are two general concepts of georeferencing:

Indirect Georeferencing. Here, objects or features with known geodetic coordinates are in-
tegrated into the map generation procedure or are used to transform a local map into a global
coordinate system in a post processing step. An example of indirect georeferencing is the classi-
cal aero-triangulation with clearly visible dedicated targets at known positions (Ground Control
Points), as it is realized in most software packages for UAV data processing.

Direct Georeferencing. Here, the global position and orientation parameters of the mapping
sensor (e.g., a camera or a LIDAR) at the time instances of their measurements is determined
and used during the map generation process. This method is usually used in airborne laser scan-
ning, where the position and orientation of the laser scanner are determined using an advanced
multi-sensor setup (GNSS/IMU unit, see below) in order to transform all laser measurements
into the global coordinate system.

Sometimes, the two concepts are combined in integrated approaches. An example is GNSS-aid-
ed aero-triangulation, where GNSS coordinates of the UAV at each image location are recorded
and integrated into the map generation process together with a set of ground control points.

The particular realization of these georeferencing concepts depends strongly on the used map-
ping sensor, available other sensors, and the application. In this chapter, we will give an overview
of the concepts and about the aspects, which are common to all of them, without going too much
into the details of certain mapping sensors. We will focus on the sensors which are used to deter-
mine position and orientation of the UAV, as they are used in direct and integrated approaches,
but also on sensors that are often used in indirect approaches. Details on the map generation
process, which also include georeferencing aspects, can be found in the chapters, which are fo-
cussing on Structure from Motion (chapter 2.2) or airborne laser scanning (chapter 2.6).
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Another term, which is often used in the context of georeferencing, is ‘registration’. Registra-
tion means in most cases the transformation of a set of spatial data (e.g. a point cloud as a result
of a laser scanner) from one coordinate system into another. If a point cloud taken with a ter-
restrial laser scanner from a certain position is ‘registered’ to a point cloud taken from another
position, then this means usually

o the determination of the transformation parameters between two point clouds using met-
hods such as ICP (iterative closest points) or using distinct 3D points, such as targets or
feature points and

o the transformation of one of the point clouds using these estimated parameters.

If the target coordinate system of the registration process is a global geographic system, then this
can be seen as a method for indirect georeferencing as described above. Even in the case, where
the transformation parameters are determined using sensor data, as in the case of direct georef-
erencing, the term registration is sometimes used. In the rest of the chapter we will no more use
the term registration, but the reader should be aware of its relation to georeferencing, especially
in the context of laser scanning.

The chapter is organized as follows. Firstly, different coordinate systems are described, which
are usually involved in the mapping process with UAV systems. This also includes a very quick
overview about global reference frames, heights, and map projections. Secondly, different sensors
are described, that are usually used within the georeferencing process. A major focus is on giving
an overview about the principles of GNSS receivers, but also inertial sensors as well as methods to
calculate the position and rotation of a UAV are shortly reviewed.

2.1.1 Coordinates

As the purpose of georeferencing is the determination of the coordinates of sensor data or a
derived product in some sort of global or at least common coordinate system, it is useful to un-
derstand the variety of coordinate systems and frames and the underlying concepts. This section
aims to provide a very brief overview of this equally important and confusing topic.

2.1.1.1 Coordinate systems

Coordinate systems are defined by their origin and their coordinate axis. In the context of UAVs,
the involved coordinate systems are:
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Earth Centred Earth Fixed: Global system attached to the Earth. The origin is in the mass
centre of the Earth, the z-axis is parallel to the Earth rotation axis, the x-axis is going through
the intersection of Greenwich meridian (0° longitude) and the equatorial plane, the y-axis is
completing a right-handed coordinate system. Coordinates in this system, as for example the
position of a UAV, are usually written as p*.

Body frame: Local system attached to the UAV. The origin is some point on the vehicle, e.g.
the centre of mass, the x-axis is pointing forward, the z-axis is pointing down and the y-axis is
completing the right-handed system (pointing to the right). Please note, that ground vehicles
often have a different definition with z pointing up and y pointing to the left and that this is also
often applied to UAVs. Coordinates in this system, as for example the position of a sensor on the
platform, are usually written as I°.

Sensor frame: Local system attached to the sensor. Raw sensor readings are given in this
system. Its definition strongly depends on the type of sensor. Coordinates in this system, as for
example the position of an object detected by a scanner, are usually written as x°.

Navigation frame: Local topocentric system. The origin is the same as for the body frame, the x-axis
is pointing towards North, the z-axis is pointing down (parallel to gravity), the y-axis is completing the
right-handed system, pointing East. This system is also called NED (North-East-Down). The rotation
information about the UAV is usually given as a rotation R} between the body frame and the naviga-
tion frame. If the UAV is levelled and the x-axis is pointing North, then the three rotation angles (roll,
pitch, yaw) are (0,0,0). Please note, that if the body frame is defined in a (Forward-Left-Up) mode, as it
is usually for ground vehicles, then the navigation frame is usually defined as (East-North-Up).
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Figure 2.1-1: Coordinate frames involved in the georefrencing of sensors data, taken with a moving
platform (e.g. UAV). Unless otherwise stated, all images were prepared by the author for this chapter.
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2.1.1.2 Global reference frames

The above definition of the Earth-Centred-Earth-Fixed coordinate system is a theoretical con-
cept and the question arises, how these coordinates can be actually measured, as the centre of
mass of the Earth is not physically accessible and neither are the axes. Apart from that, these pa-
rameters change over time due to continental drifts and other geophysical effects. To account for
this issue, the IAG (International Association of Geodesy) maintains the ITRF (International
Terrestrial Reference Frame), which realizes a global coordinate system by defining up to 1000
reference coordinates all over the planet and updating their values every few years based on
space geodesy methods. These methods (e.g. Very Long Baseline Interferometry, Satellite Laser
Ranging, and GNSS) use astronomical or celestial objects (satellites, quasars) as tie points to
determine the coordinates of points on the Earth surface. Due to the regular updates, the values
of a set of global coordinates need to be given with a frame description, which includes a year
number. The current version is ITRF2014. However, the changes between the different versions
are in the order of a few millimetres up to a centimetre and therefore mostly not relevant for
most UAV applications.

Another important global reference frame is the WGS84 (World Geodetic System). It is the
official reference frame of the Global Positioning System (GPS) and coordinates determined
with GPS receivers are usually using this convention. Although the system is maintained by the
National Imagery and Mapping Agency (NIMA) of the United States, it is nowadays very similar
to the current version of the ITRF and the coordinate values can be treated as identical. Please
note, that although WGS84 has the year number 84 in its name, it is still constantly updated
without changing this number. This is done for maximum confusion.

2.1.1.3 Geodetic coordinates

While the ITRF is represented in Cartesian coordinates (x,y,z), global coordinates can also be
given in geodetic coordinates, which are longitude, latitude and height (Figure 2.1-1). Here, the
Earth figure is represented as an ellipsoid, and a point on the Earth is described by two angles,
describing the east-west position (longitude, starting from the Greenwich meridian) and the
angle between the local normal and the equatorial plane (latitude). The third coordinate com-
ponent is the height above the ellipsoid. It is important to understand, that the values of these
coordinates depend on the definition of the ellipsoid parameters (e.g. length of the two half-ax-
es), and that these have to be known when using geodetic coordinates. In the example of GPS
coordinates, the used ellipsoid is the GRS80 ellipsoid. Ellipsoid parameters are usually defined

within a reference frame.
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2.1.1.4 Map projections and local coordinate systems

A very common type of coordinates is UTM coordinates (Universal Transverse Mercator).
UTM coordinates are the result of a so-called map projection, where the curved surface of the
ellipsoid is projected to a plane, in order to create a 3-dimensional metric coordinate system.
The x-y (East-North) plane represents the ellipsoid surface and the z-axis codes the orthogonal
deviation from that surface. Each longitudinal strip of the Earth figure (6° width) creates a new
projection plane, therefore the strip number needs to be part of the coordinate values (see ex-
ample below). Because the UTM projection only describes the projection method, the reference
frame and the ellipsoid parameters still need to be specified.

One of the main sources of confusion in the world of coordinates systems is that many coun-
tries or continents define their own ellipsoids, as they locally approximate the Earth figure better
than a global ellipsoid. This then also leads to different UTM coordinates. There are also local
reference frames, addressing the specific needs of certain regions. As an example, the ETRS89
(European Terrestrial Reference System) is a European reference frame. It is derived from the
ITRF in the year 1989 and has been kept nearly fix by then because mostly there are no continen-
tal drifts within Europe. It also uses the GRS80 as the reference ellipsoid and together with the
UTM projection it defines the official coordinate system of the Cadastre in Germany and some
other European countries. Note, that due to the regular updates of the ITRF (and the WGS84)
since 1989, which also considers continental drift, there is an offset of about 75 cm between the
official GPS system and the official European system, which does not so much considers conti-
nental drift.

2.1.1.5 Heights

In all the descriptions above, the ellipsoid is the reference surface for the height. This height
definition is called ‘ellipsoidal height’ and it is usually the output of GNSS receivers. Another
definition of height is the ‘orthometric height’, describing the height above an equipotential
surface of the Earth’s gravity field, which is called the Geoid. The shape of the Geoid is rather
irregular compared to the ellipsoid, as density variations within the Earth and other geophysical
effects lead to irregularities. The ellipsoid serves as a simplified model of the Geoid. However,
while no water can flow between two points with the same orthometric height, this is possible
for points with the same ellipsoidal height. This fact may also illustrate the importance of or-
thometric height values for many geodetic or geographic applications. There are models for the
difference between the orthometric and ellipsoidal heights, which is called the geoundulation.
The geoundulation depends on the position on the Earth and it can vary between -100 m and
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+100 m. In small areas (~km) the value is nearly constant. It is very important to understand,
which height value is provided by any source of coordinates. National coordinates systems most-
ly use orthometric heights, while GNSS receivers usually provide ellipsoidal heights. Sometimes

GNSS receivers also provide orthometric heights using a simple model for the geoundulation.

2.1.1.6 Examples

To demonstrate the issues of different coordinate systems, we pick the tip of the Eiffel tower in
Paris and show its coordinate in different versions.

Cartesian coordinates X¢ [m] Y¢ [m] Z¢ [m]
current WGS84/ITRF2014 4201189.03 168293.93 4780529.15
WGS84@1994/TTRF90 4201189.07 168293.95 4780529.13

Given, that continents (e.g. Europe and America) have moved away from each other roughly
25 cm between the 2 realizations of the coordinate system, the values are still the same within
the orders of centimetres, which nicely shows the benefit of regular updates.

UTM coordinates | Strip | East [m] North [m] | Ellipsoidal height [m] | orthometric height [m]

current WGS84 31 448212.12 | 5411973.40 | 403.55 359.00

current ETRS89 31 448211.55 | 5411972.90 | 403.55 359.00

It can be seen here, that there is a significant difference between the official European reference
system and the global system, which is for example provided via GNSS measurements. Similar
effects can be expected for other local systems. Also shown here is the difference between the
ellipsoidal height and the orthometric height. This difference (44.55 m at the Eiffel tower) can be
treated as constant in local areas, but changes for larger distances (e.g. 46.90 m at the Cologne
Cathedral, ~400 km away).

Geographic latitude longitude Ellipsoidal orthometric height
coordinates [degree] [degree] height [m] [m]

current WGS84 48.8585630 2.2939539 403.55 359.00

current ETRS89 48.8585584 2.2939463 403.55 359.00
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Of course, the geographic coordinates also differ between the two systems. It is helpful to
remember, that the 5" to 7 digits in a degree coordinate correspond to variations between
1 cm and 1 m depending on the location on the Earth and the actual direction (longitude or
latitude).

2.1.2 Sensors for georeferencing

In this section we describe sensors, which are often used during the georeferencing process. We
start with geodetic measurement equipment, which is usually used on the ground to determine
coordinates of specific points or features. We proceed with an overview about GNSS, which can
be used on the ground and also on the UAV. Finally, we describe other sensors, such as inertial
sensors to determine the full position and orientation parameters of the UAV.

2.1.2.1 Terrestrial geodetic measurement equipment

We shortly introduce some of the geodetic measurement equipment, that can be used for de-
termination of object coordinates on the ground. A detailed introduction into surveying tech-
niques and instruments can be found for example in (Breach & Schofield, 2007).

GNSS Receivers have antennas, which are mounted on tripods or poles and they receive sig-
nals from the Global Navigation Satellite Systems in order to determine a points position in a
global coordinate frame (Figure 2.1-2 left). Because UAVs also contain GNSS receivers, their
functionality and measurement principle are described in more detail in the next section.

Total Stations are instruments which can determine the direction and the distance of points
in the direct line of sight of the instrument using electro-optical distance measurements. These
points are often reflector prisms mounted on a vertical pole, which then can be used to measure
points on the ground. However, the reflecting object can also be an arbitrary surface patch. The
range can be up to hundreds of meters with an accuracy in the order of millimetres, depend-
ing on the type of the instrument, on the reflecting surface and on environmental parameters.
Following the notion from the section ‘coordinate systems, the total station measures a 3D co-
ordinate in its own sensor coordinate system. If an absolute (global) coordinate is needed, the
position and orientation of the total station system needs to be known in the global system.
Therefore, a total station cannot directly deliver global coordinates, but in combination with
multiple distance and direction measurements between multiple points (geodetic network),
where some points have known absolute coordinates, georeferencing of the full network is pos-
sible. The latter procedure is called network adjustment.
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Figure 2.1-2: Left: Terrestrial Geodetic measurement equipment on tripods (from left to right:
GNSS Antenna, Terrestrial Laser Scanner, Total Station). Right: Ground Control Point
(GCP) for indirect georeferencing. Image credits: Christoph Holst.

Terrestrial Laser Scanners (TLS) measure also directions and distances to points on surfaces
and therefore provide coordinates in the local scanner coordinate system (Figure 2.1-2, mid-
dle). Compared to total stations they are usually a bit less accurate and they also do not aim to
measure distinct points, but rather sample the full surrounding with a high data rate, leading
to a dense grid of measurements. Laser scanners usually provide the data of interest, similar as
airborne LIDAR in chapter 2.6. In order to georeference the data, known points, visible in the
scans, are necessary and a network adjustment as in the case of total station measurements needs
to be performed.

2.1.2.2 Global Navigation Satellite Systems (GNSS)

One of the main methods for generating global coordinates is the use of GNSS receivers. This
is the case for indirect georeferencing methods, where points in the object space are measured
using GNSS devices, as well as for direct methods, where the position of the sensing system (e.g.
the UAV) is determined directly. This section gives a brief overview of the basic principles of
GNSS by explaining, how it is possible to achieve centimetre level accuracy and what effects lead
to measurement errors. Further information on GNSS and their functionality can be found for
example in (Hoffman-Wellenhoff et al. 2008).

While the Global Positioning System (GPS), which is owned and operated by the United
States, serves as the system for the explanation in this chapter, other GNSS such as the Russian
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GLONASS, the European GALILEO or the Chinese BEIDOU follow the same measurement
principles.

Basic Concept The basic concept of GNSS is that a number of satellites in space with known
positions synchronously transmit radio signals, which are received by some device on Earth.
The time of flight of the signal, and by knowing that it travels with the speed of light, the dis-
tances between the receiver and the satellites are determined. Then, multiple distances to mul-
tiple known satellite positions allow the calculation of the receiver position using a trilateration
method.

Satellites The so called ‘Space Segment’ of GPS consists of about 30 satellites orbiting the
Earth two times per day in a height of 20 000 km (corresponding to a time of flight of the signal
of about 70 msec). Each of the satellites carries an atomic clock to create a common time base
and to allow for the synchronous transmission of signals. The whole system is monitored and
controlled by a collection of ground stations, which is called the ‘Ground Segment. The ground
segment also determines the exact position of the satellites and potential clock offsets between
individual satellites. Both are important for the operability of the system.

Correlation. The measurement principle to determine the time of flight of the signal between
the satellites and the receivers (the collection of all receivers is called ‘User Segment’) is based
on correlation. Based on the knowledge about the signal structure of all satellites, the receiver
internally creates a replica of the satellite signal at every time of transmission and then measures
the time shift between the received and the created signal using cross-correlation. Assuming,
that the receiver clock is synchronized with the satellite clock, this time shift corresponds to the
time of flight of the signal. In reality, the user and the satellite clocks are not synchronized, lead-
ing to a ‘receiver’ or ‘user’ clock offset, which needs to be known. As this offset is changing fast
and unpredictable (receivers do not have an atomic clock), it is actually an unknown parameter,
which has to be estimated every time the position of the receiver is determined.

Code Observations. In order to have a sharp correlation peak in the above-mentioned cor-
relation process, the signal needs to have a small autocorrelation coeflicient, as it is the case
for random signals. Furthermore, the transmitted signal needs to be unique for each satellite
in order to distinguish different satellites. To achieve both, the signal is realized as a so-called
pseudo-random-noise (PRN) code. This code is a noise-like but deterministic digital sequence,
which is unique for each satellite. The sequence consists of 1023 chips (zeros and ones), and it
repeats every millisecond. The chips (each of them having a length of about 300 m in vacuum)
are modulated on a carrier wave with a wavelength of about 20 cm. In the code-based measure-
ment, this code is reconstructed from the signal and then used for the actual correlation process.
Its ‘wavelength’ of 300 m determines the possible correlation accuracy of 1-10 m. The result
of a code observation is called ‘pseudo-range’ because it still contains the unknown receiver
clock-oftset.
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Most GPS satellites transmit two different codes (C/A and P/Y) on two different carrier fre-
quencies (L1: 1575.42 mHz & L2: 1227.60 MHz). The C/A code can be used by all GNSS receiv-
ers, while the P/Y is encrypted and can be used only by military users. Its shorter chip length
(10 m) leads to a higher correlation accuracy (0.1-1 m). While the above signals are specific to
GPS, other GNSS have similar signals and similar carrier frequencies.

Navigation Message. In addition to the capability of measuring the time-of-flight, the receiver
also needs information about the position of the satellites. This data is also modulated on the
signal with the PRN code, but with a much lower bit rate. The so-called navigation message
contains information about the satellite’s own position (accuracy ~1 m) and other status pa-
rameters, such as satellite clock offsets. The navigation message also contains the positions of all
other satellites (the so-called ‘Almanac’), which are needed before a receiver is able to provide a
position (‘cold start’).

Navigation solution. If a receiver determines its own absolute position based on code
measurements (pseudo-ranges) and the data from the navigation message, then this is called
‘Single Point Positioning” and the result is called the ‘navigation solution’ For each measure-
ment epoch (1-10 times per second), the receiver uses at least four satellites (leading to four
‘observation’) to estimate its position and the current receiver clock offset (four unknowns).
The absolute accuracy is in the order of 3-15 m depending on the measurement conditions.
This measurement mode is the standard mode for consumer grade GPS receivers as it is used
in mobile phones, navigation devices and most autopilots for UAVs. Note, that no other
information than what is transmitted by the satellite is needed to calculate the navigation
solution.

Geodetic grade positioning. When cm accuracy is needed, as it is usually the case for direct
and indirect georeferencing of UAV data, the navigation solution is not sufficient. In this case
other measurement techniques, such as RTK (Real time Kinematic), PPK (Post Processing
Kinematic) or PPP (Precise Point Positioning) are applied. These techniques use carrier phase
observations and differential processing (except in the case of PPP) to achieve higher accu-
racies.

Carrier Phase Observations. During the correlation process in the receiver, after the PRN
code has been removed from the carrier wave, the actual correlation procedure can addition-
ally be performed directly on the carrier wave, determining the phase shift between transmit-
ted and simulated signal from the satellite and receiver, respectively. This leads to a very high
correlation accuracy in the order of millimetres. These measurements are called carrier phase
observations, and the higher accuracy comes with some drawbacks. The main problem is that
due to the short wavelength of 20 cm, the determined time shift is highly ambiguous. We only
observe a fraction of a full wavelength, while the number of full cycles between the satellite and
the receiver remains unknown. These so-called integer ambiguities have to be resolved, which
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puts additional requirements to the receiver, the measurement process, and the processing al-
gorithm.

Observation errors. Both, code, and carrier phase observations are prone to measurement
errors. These result from various effects, which can be classified as satellite, transmission, and
receiver environment effects.

The major satellite effect is the uncertain position of the satellite at signal transmission time.
The position provided via the navigation message is only 1-2 m accurate, limiting the potential
accuracy of the final result.

Transmission effects are due to the refraction of the signal in the Earth Ionosphere and Trop-
osphere. The Ionospheric refraction mainly depends on the sun activities and leads to distance
errors of up to 100 m and can be reduced to about 20 m when the refraction is modelled based
on the knowledge about current parameters provided with the navigation message. The tropo-
spheric refraction depends on humidity, pressure, and temperature (weather) and introduces
errors below a meter. Both errors are the bigger, the lower the satellite is above the horizon, due
to the longer path through the atmosphere.

The major receiver environment errors are due to the so called multipath and non-line-of-sight
effects. In the case of multipath, the signal from a satellite interferes at the receiver with a ver-
sion of itself, which has been delayed due to reflection at a surface, such as the ground, a water
surface, or a building wall. In the non-line-of-sight case, the direct path between the satellite and
the receiver is blocked, but the signal still arrives with a delay at the antenna due to reflection
or refraction at a building wall or corner. Multipath errors can reach values of several tenth of
meters for pseudo-ranges and they are periodic with typical periods around10 to 30 minutes,
depending on the distance between the antenna and the reflecting surface (thus, building the
mean over a sufficient observation time, e.g. one hour or longer, can reduce this effect if the an-
tenna is static). Non-line-of-sight errors can be even larger and they are more difficult to detect
at the antenna.

Relative Positioning. The key to cm accuracy is the usage of the more accurate carrier
phase observations, but only if the ambiguities inherent with these measurements are solved.
In order to do so, it is necessary to reduce all observation errors to a minimum. This can be
achieved by relative positioning, which includes the usage of two receivers with a maximum
distance of about 10 km. The so-called master or base station is usually placed at a known
and fixed position and the so-called rover is placed at the position of interest. By building
differences between the observations of one satellite at the two receivers (single differences)
and by building differences between the single differences of two satellites (double differenc-
es), all satellite and transmission related errors can be removed or reduced. The differencing
procedure, however, leads to the loss of absolute information in the subsequent position
determination process, which then provides only the so-called base line vector between the
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master and the rover. However, this is possible with an accuracy of a few centimetres, if the
already mentioned integer ambiguities could be fixed successfully. Please note, that in order
to derive a precise rover position in real-time, the rover needs the observations from the base
station also in real-time, leading to the need for some sort of communication between the
two. The whole procedure is then called RTK (Real-Time Kinematic) GNSS. If there is no
communication between the two receivers, but all observations from the rover and the base
are processed later in a post processing phase, the procedure is often called PPK (Post-Pro-
cessing Kinematic).

Reference services. An alternative option to setting up an own base station for relative po-
sitioning is the usage of a so-called reference service. Reference service providers maintain a
network of base stations over large areas (or even the whole world). A receiver connects to
the service via the internet to be provided with observations from a close base station. As the
distance between single base stations is usually too large, the service uses a network of them
and some interpolation procedures to simulate the observations of a base station, which is very
close to the receiver. This simulated base station is also called Virtual Reference Station (VRS).
Reference services are sometimes provided by official state authorities (e.g. in Germany ‘SA-
POS’ by the Official German Surveying and Mapping) or by companies, such as Trimble, Leica,
or John Deer.

Please note, that the global coordinate frame of the resulting coordinate is determined by
the reference service. As the relative positioning procedure only estimates the relative vector
between the reference position and the receiver, the resulting absolute position provided by the
receiver is derived by adding this relative vector to the absolute coordinate of the base station.
If this coordinate, for example, is provided by the service provider in the ETRS89 coordinate
frame with orthometric heights, then the receiver results are also valid in this system. Please
be aware of this, as the receiver might not know about the reference system of the reference
station and it might state, that the results are in WGS84 with ellipsoidal heights as it does not
know it better.

PPP. In areas, where no base station observations are available, it is still possible to calcu-
late precise position information using carrier phase observations. This procedure is called PPP
(Precise Point Positioning) and it does not rely on building differences to reduce observation
errors. The main idea is to model all observation errors, which usually leads to the need for
a large number of model parameters that can quickly change over time and space. Theses pa-
rameters need to be provided by a PPP service provider. Additionally, the process of ambiguity
fixing takes more time. As a result, cm accuracy can be achieved, but sometimes only after an
observation time of about 10-20 minutes or even longer. In recent years, there has been a huge
progress in real-time PPP, so it can be assumed, that in the future PPP services will offer a similar
performance to RTK services.
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Figure 2.1-3: Basic principle of relative GNSS measurements. In order to achieve cm level
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accuracy, observations from a second receiver (master) or a reference network is necessary.
Without these additional observations, only a navigation solution with
a meter level accuracy is possible.

GNSS Receivers. Mobile phones, navigation devices and nearly all autopilot units in UAVs use
code based absolute positioning. The receivers are small, lightweight, and cheap. So far, geodetic
grade receivers, which are able to process carrier phase observations on multiple frequencies
and which provide communication interfaces to other receivers or to reference services, have
been in a cost range of about 10,000 € and were only used by professional surveyors. However,
most recently, geodetic grade receivers have become available for less than 1,000 €. This has been
taken up by the UAV industry and nowadays RTK/PPK receivers are commercially available on
small UAVs for direct georeferencing. Remember, that in any case where cm accuracy is needed,
it is necessary, that (a) the receiver is able to receive carrier phase observations, and that (b)
additional GNSS observations from a second GNSS receiver at a known position or a reference
service (RTK or PPK) or (3) very specific information about current and local observation errors
(PPP) are needed.
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2.1.2.3 Sensors for rotational information

While GNSS receivers provide information to locate objects in a global reference frame, the
rotation between the body frame and the navigation frame of the UAV needs to be derived from
other sensor modalities. Therefore, UAV's contain inertial sensors (gyroscopes and accelerom-
eters) and some of them use also magnetometers or dual antenna GNSS receivers to estimate
rotations.

Gyroscopes. Gyroscopes or angular rate sensors measure the angular rate ooi of the sensor
around its sensitive axis with respect to the inertial frame. The inertial frame is the coordinate
system, which is assumed to be fixed in the universe. As a consequence, a gyroscope lying
motionless on the ground would still measure the Earth rotation rate @’ . However, most gy-
roscopes, especially the ones used on UAVs are not sensitive enough to measure the Earth
rotation. Starting from a known orientation and assuming that the gyroscope sensor coordi-
nate frame is identical to the body frame, the data from a three-axis angular rate sensor can be
integrated over time to derive the orientation R, of the UAV with respect to the navigation
frame. Due to the fact, that also measurement errors are integrated, the error of resulting an-
gles grows over time and needs to be corrected using sensor fusion methods described below.
Details about working principles and properties of gyroscopes can be found for example in
(Titterton & Weston, 2004).

Accelerometers. Accelerometers measure the specific force f/ acting on the sensor along
its sensitive axis with respect to the inertial frame. The specific force is the non-gravitational
force per unit mass, which is basically an acceleration. A three-axis accelerometer attached
to a UAV free falling from the sky would measure 0 m/s? in any direction. An accelerometer
standing motionless on the ground measures 9.81 m/s’ antiparallel to gravity, as this is the
specific force of the ground acting on the UAV to prevent it from falling further down along
the gravitational field of the Earth. The readings of a three-axis accelerometer can be used
in two ways. In the case of a non-accelerating platform, it is possible to calculate two angles
between the platforms z-axis and the gravity vector gy, (rotations around the gravity vector
are not observable). In the case of an accelerating platform, the gravitational and the transla-
tional acceleration components can be separated if the rotation of the platform is known and
the translational component can be integrated twice to derive the position of the platform. For
further reading regarding on the working principles and properties of accelerometers, please
refer to (Titterton & Weston, 2004).

Magnetometers. A three-axis magnetometer, measuring the vector m;  of the Earth mag-
netic field m; . in the local sensor frame, serves as a compass and provides information about
the rotation of the platform around the gravity axis, which cannot be observed by accelerome-

ters. This is the reason, why magnetometers are integrated into most inertial measurement units
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(IMUs). A combination of gyroscope, accelerometer, and magnetometer theoretically allows for
the derivation of all three angles of rotation between the body frame and the navigation frame.
However, the Earth’s magnetic field in the close vicinity to UAVs is heavily disturbed by metallic
components of the platform or superimposed by other mostly stronger field sources such as high
currents driving the engines. Therefore, the usage of magnetic field sensors on UAVs is usually
avoided.

Dual Antenna GNSS Receivers. By attaching a GNSS master and rover antenna to the UAV
(Figure 2.1-4) with a distance of about 20-100 cm to the UAYV, it is possible to determine the
baseline vector Ab¢, .. between these antennas, given in the global coordinate system and with
cm accuracy using RTK processing. From this vector it is possible to derive 2 angles of the
rotation of the UAV with respect to the global coordinate system. The third angle, which is the
rotation around the baseline vector itself, remains unobserved. The angle accuracy depends
on the baseline length. There are GNSS receivers on the market, which are equipped with
two antenna inputs to derive these orientation angles automatically along with the position
information. However, because a proper carrier phase processing chain is needed, there are
so far not available in the low-cost segment. Please note, that for cm position accuracy the
UAYV also needs to contain a GNSS receiver, which serves as a rover, forming a longer baseline
with a master station somewhere on the ground or a virtual reference station. This rover of
the long baseline for positioning is usually the master for the short baseline for orientation
determination.

Master Z 4 Rover
- =
| e |

. fr}
<_(:"l)y }"_Y" ’;X o

Figure 2.1-4: Inertial sensors and a dual GNSS receiver can measure
the rotational state of the UAV.
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2.1.2.4 Trajectory estimation

For direct georeferencing and integrated approaches, the full 6D pose information of the aircraft
and therefore of the mapping sensor needs to be known at each time a measurement (e.g. an
image or laser scan) is taken. In most cases this realized by integrating readings from GNSS
receivers and inertial sensors (gyroscopes and accelerometer) as they are described above, using
recursive sensor fusion algorithms such as the Kalman Filter.

Strapdown Integration. Starting from known rotation angles, the orientation of a vehicle
can be updated using the relative information from consecutive gyroscope readings. Using this
orientation, the readings from an accelerometer can be corrected by the not measured gravita-
tional components, resulting in translational acceleration values, which can be integrated twice
to absolute position information, assuming known starting values for velocity and position.
This procedure to derive the trajectory of a vehicle is known as Strapdown Integration. The
drawback of the method is, that starting values are needed and that sensor errors lead to grow-
ing orientation and position errors over time. This is especially the case for low-cost sensors
that are usually implemented on UAVs. To reduce these drift effects, strapdown integration is
often combined with GNSS readings sensor fusion and filtering algorithms, such as the Kalman
Filter.

Kalman Filter. A Kalman Filter estimates the current state (and its uncertainty) of a system, by
combining knowledge about the system’s evolution (and its uncertainty) with all sensor observa-
tions (and their uncertainties) about the systems state up to the current time in a statistically opti-
mal way. In the case of UAV trajectory estimation, the state consists of the position and the orien-
tation of the vehicle, and the observations are given by the measurements from the GNSS receiver,
the inertial sensors, as well as from potential further sensors such as magnetometers. The current
pose estimation is recursively updated every time a new sensor reading is available, leading to
a full trajectory estimation. There are many variants of Kalman Filter implementations, which
depend mainly on available sensors and their quality (measurement models) and on knowledge
about the motion of the vehicle (system model). Kalman Filters are implemented in most autopi-
lot systems to provide position and orientation in real-time for navigation and flight control. For
these purposes, an accuracy in the order of meters and a few degrees is usually sufficient. Aerial
LIDAR based sensor units also use Kalman Filters for fusing GNSS and inertial sensors, but due
to the usually higher quality of the sensors and the missing requirement of a real-time estimation,
the filter can be realized in a different way, leading to more accurate results in the order of cen-
timeters and sub-degrees. This is necessary for direct georeferencing of LIDAR data as described
below and in chapter 2.6. A detailed introduction into trajectory estimation using GNSS, inertial
sensors strapdown integration and Kalman Filtering can be found in (Groves, 2013).
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2.1.3 Georeferencing concepts

2.1.3.1 Direct georeferencing

The most prominent example of the usage of direct georeferencing is airborne laser scanning.
The position and orientation of the aircraft is determined using the sensors and algorithms de-
scribed above. This information is used to transform the range and distance measurements of
the scanner into the global coordinate system. Another example of direct georeferencing is the
use of the aircrafts position and orientation parameters within the structure from motion pro-
cessing chain, in order to derive a georeferenced point cloud without the use of any ground
control point.

We use the geometric model of mobile laser scanning here to demonstrate the concept of
direct georeferencing (see also chapter 2.6). If a laser scanner measures an object point x* in its
sensor coordinate system, then the relationship between this measurement and the same object
point x° in the global coordinate system is given by the georeferencing equation:

x®(¢£)=p°(¢)+ R (¢) Ry (t)(lb +R % (t)) _

P R:(¢) and R}(¢) are results from the trajectory estimation, describing the position
and rotation parameters of the platform with respect to the global frame. Even when these
parameters are provided with accuracies in the order of centimetres and millidegrees, it is
still a challenging task to link these data spatially and temporally correct to the actual map-
ping sensor data. One reason for this is, that the transformation between the georeferencing
sensor unit coordinate system and the mapping sensor coordinate system has to be known.
The translational component of this transformation is called lever arm 1° and the rotation-
al components are called boresight angles (building the rotation matrix R” in the above
equation). The process of estimating these parameters is called system calibration. It aims
to reduce the systematic errors, which otherwise would be introduced into the resulting
map during the direct georeferencing process. There are many methods to derive lever arm
and boresight angles within dedicated calibration flights or procedures, assuming that the
parameters do not change over time. There are also methods, which use observations from
the actual mission to perform an in-situ calibration, which is especially of interest if the
parameters cannot be considered as temporally constant. Most of the calibration procedures
use objects with known coordinates or scales, such as control points, planes or features in
the environments to detect and correct misalignments induced by wrong calibration pa-

rameters.
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Figure 2.1-5: Position error (y-axis) corresponding to a synchronization error (x-axis) between
the trajectory and the mapping sensors, depending on the velocity of the vehicle.

Sensor synchronisation. Another important aspect in direct georeferencing is the temporal re-
lation between the georeferencing sensor and the mapping sensor. In the georeferencing equa-
tion, the laser measurement and the trajectory parameters have to be known at the exact same
time t. The velocity of the platform directly determines the influence of synchronisation errors.
If for example the sensor displacement error should be in the order of a view centimetres and the
platform moves with a speed of 50 km/h, then the synchronization error should be below 2 msec
(see Figure 2.1-5). This accuracy is not trivial to achieve without time deterministic processing
components on the UAV. There are two main concepts of synchronisation between mapping
sensors and GNSS/IMU units. One approach, which is often used with high performance laser
scanners, is to feed in the so-called PPS (pulse per second) signal, which usually can be extract-
ed from GNSS receivers. It corresponds to the time base of the GNSS/IMU unit and hence the
trajectory data. The scanner synchronizes its internal clock with this signal to directly assign
correct time stamps to the laser measurements. The second approach, which is mostly used with
cameras, is to extract a trigger signal from the mapping sensor in the exact moment, when it per-
forms the measurement, and then to feed this signal into the GNSS/IMU unit. The GNSS/IMU
unit stores the reception time of the signal with its own clock. A disadvantage of this method is
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that the association of the mapping measurement and the recorded time requires some assump-
tions on the reliability of the mapping sensor. It is further not always easy to extract a signal from
the mapping sensor. Consumer cameras can generate this signal via the hot shoe. Low-cost laser

scanners sometimes provide a signal which is synchronized with the internal measurement rate.

2.1.3.2 Indirect georeferencing

In the indirect georeferencing concept, the trajectory of the mapping sensor is not directly es-
timated as in the direct georeferencing case, but features or points with known coordinates in
object space are used to georeference the data.

Map transformation. A simple example for this approach is to first generate a (potentially
unscaled) map (3D or 2D) in an arbitrary local coordinate system using a sensor system and the
needed processing steps. Afterwards, a seven parameter Helmert transformation (three trans-
lational, three rotational and potentially one scale parameter) is used to transform the map to
the target coordinate system. The transformation parameters can be estimated by linking known
coordinates in the global coordinate system with local coordinates of the corresponding map
points. This approach is often used with terrestrial laser scanners, as they create point clouds
with a high internal accuracy. Also, orthophotos, which do have no or an insufficient georefer-
ence can be transformed to a global coordinate system in this way (e.g. using only four parame-
ters in this case: two translational, one rotational and scale).

Aerial Triangulation. However, in the case of UAV imagery and SfM based mapping, things
become a bit more complicated because the known coordinates of points or features in the real
world need to be incorporated into the actual mapping algorithm. As described in more detail
in chapter 2.2, ground control points (GCPs) are distributed over the whole mapping area and
their position is determined using GNSS or other geodetic measurement equipment. The GCPs
are detected and localized in the images and then used in the SfM pipeline. As a result, the re-
constructed map, and the derived products (e.g. orthophotos or digital surface models) are rep-
resented in the coordinate system of the GCPs. Additionally, the trajectory of the vehicle in the
form of a sequence of external camera orientation parameters (position and rotation, also in the
GCP coordinate system) is an output of this procedure. Using GCPs also helps to improve the
accuracy of the map by avoiding systematic reconstruction errors, such as drift or bowl effects,
which are inherent to the SfM procedure (see also chapter 2.2 and 2.3). Given a sufficient image
geometry, the mapping result can be georeferenced simply with only GCPs and no knowledge
about the vehicle trajectory. However, nowadays most UAVs comprise GNSS receivers leading
to image positions with an accuracy of at least several meters. Therefore, integrated approaches,
utilizing these data, have become the standard processing approach.
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2.1.3.3 Integrated approaches

In integrated approaches, observations of the object space, which come from the actual mapping
sensor, are combined with on-board navigation sensor data (IMU, GNSS) from the UAYV, in
order to generate a georeferenced map and simultaneously estimate the trajectory of the UAV
in the global coordinate system. The combination of known targets on the ground (GCPs) and
image positions recorded with on-board GNSS receivers is the most prominent example for this
approach (GNSS aided Arial Triangulation). Any combination between ‘no’ and ‘many’ GCPs
with ‘em-level’ or ‘m-level’ on-board GNSS accuracy is possible and has been investigated e.g. in
(Gerke & Przybilla, 2016) or (Benjamin et al., 2020).

If the on-board GNSS is using only code observations, as it is the case in most UAV auto-pilot
systems, the accuracy of the position is in the order of several meters. Therefore, without any
GCPs, the absolute accuracy of the mapping result can also not be better. Furthermore, the in-
ternal accuracy of the 3D point cloud may suffer from systematic effects, such as the bowl effect
(see chapter 2.3). The additional usage of GCPs will increase the absolute and relative accuracy,
depending on the accuracy and the distribution of the GCP positions.

The usage of high accuracy differential carrier-phase based GNSS receiver on the drone offers
the potential of cm accurate results, even without any GCPs. However, the usage of a few GCPs
still provides a higher robustness and improves the estimation of the internal camera param-
eters, which is in most cases part of the reconstruction process. Especially in missions with a
constant flight height, reconstruction algorithms have difficulties to separate the camera focal
length parameter from the object distance and therefore a single GCP, which provides a good
measure of the object distance, will help.

The position of a very slow flying drone (e.g. walking speed = 1 m/s) changes about 10 cm
between two GNSS measurements. In the example of a vertical distance of 30 cm between the
GNSS antenna and the camera, a tilt angle of the drone of 20° degrees leads to a horizontal
shift of the camera position of about 10 cm. These two examples show, that the usage of RTK
GNSSS receivers on the drone in order to derive camera coordinates with an accuracy of 1-3 cm
comes with some technical challenges. The synchronization between the GNSS observations
and the actual time stamp of the image exposure, as well as the current spatial relation between
the GNSS antenna and the camera focal point (lever-arm) have a significant influence on the
accuracy.

The accuracy of UAV LIDAR systems can also be improved by integrated approaches. As de-
scribed in chapter 2.6 overlapping laser observations, e.g. from various flight strips, can be used
to improve the trajectory estimation and therefore the overall result.
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2.1.3.4 Available systems

The applicability of direct georeferencing and integrated approaches mainly depends on the
accuracy of the on-board georeferencing sensors and the level of integration of the mapping
sensors. Some researchers presented prototype systems already in 2013, where on-board RTK
GNSS receivers were used to track the position of the UAV (e.g. Turner et al., 2013; Eling et
al., 2014; Rehak et al., 2014). These systems where custom designed solutions and required a
deep understanding of the technical and algorithmic integration. In recent years more and more
commercial systems became available, which offer the possibility of tagging the images with
RTK GNSS generated coordinates. These systems, however, mostly do not allow the integration
of custom sensors or other cameras than the ones provided by the vendor. These are mostly
closed systems, where a sensor or a camera cannot easily be changed. The reason is, as men-
tioned above, that a proper spatial and temporal relationship between the mapping sensor and
the navigation sensors need to be maintained. However, it can be expected, that the number of
commercially available system will increase even more in the future and that the modularity of
these systems will increase as well, enabling the usage of arbitrary sensors.
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This chapter provides a general overview and a simplified description of the basics of photo-
grammetry for image-based 3D reconstruction. It starts with a brief introduction of the main
principles that are essential to the understanding of photogrammetry. The second and main part
of the chapter explains the classical workflow, including image orientation, image matching and
the generation of 3D point clouds, DSM and orthomosaics. In this context, traditional as well
as modern approaches are presented. In-text references are provided for further reading and
deeper insights into technical details. For a more complete explanation on the technical and
mathematical details of photogrammetry please refer to (Forstner & Wrobel, 2016, Kraus, 2007,
Mikhail et al., 2001).
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2.2.1 Principles of photogrammetry

Photogrammetry is the science of using 2D image measurements to extract 3D information
about the position and the geometry of an object as it is shown in Figure 2.2-1. The goal of pho-
togrammetric multi-image approaches is to revert the transformation process, which takes place
when a 3D-scene is projected into a 2D camera image. The basic input of photogrammetry is
given by two or more images acquired from different positions in space and visualising the same
part of a static scene’.

Figure 2.2-1: From UAV images to 3D information
(illustrated with dataset from James et al., 2020).

The photogrammetric workflow allows processing a set of images to generate 3D geo-spatial
information. The following paragraphs provide insights into the main theoretical principles that
ground photogrammetry.

2.2.1.1 Pinhole camera model

The pinhole camera model describes the mathematical relationship between the coordinates of
a 3D point in the object space and its projection into the image plane (Figure 2.2-2). The pinhole
camera model assumes that the images capture central perspective projections of the scene. In
the central perspective, the light of a scene converges into a single central point inside the sensor
lens, called projection centre. In the perspective projections, the point of the object scene (A),

7 Please note that dynamic scenes can also be reconstructed in 3D acquiring synchronized images with
dedicated multi-camera systems.
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the corresponding point in the image (a) and the projection centre (O) are arranged along the
same line. These three points are also called collinear as they stand together on the imaging ray
(from Latin: co = together and Linea = line).

2.2.1.2 Principle of collinearity

The collinearity principle is the basis of photogrammetry as it establishes a mathematical func-
tion between each point in the image and the corresponding point in the object space. The
collinearity equations are:

1

Where:

o xand y are the image coordinates in the camera system,
o U, V, Ware the ground/object coordinates of the point,
o ¢, x_andy aretheinterior orientation parameters of the camera: focal length, and principal
P PP
point coordinates, respectively

o ¥ Tt T, 1, T 1 T r,arethe elements of a rotation matrix and are computed from

13 720 22 23 T3P 32 733
the three rotation angles omega, phi, kappa rotating around W, V and U, respectively

r 12

o U, V, W are the coordinates of the image projection centre within the ground/object co-
ordinate system
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Figure 2.2-2: Collinearity principle. Unless otherwise stated, all images were
prepared by the authors for this chapter.

An important finding is that while a 3D-point from the scene will be projected to a distinct point
in the image (as it can be inferred from Equations 1), an observation in the image will lead to an
infinite viewing ray in object space: this means that a single image cannot be used to define the
position of points in the 3D object space.

2.2.1.3 Single image orientation - spatial resection
The spatial position and orientation of an image can be determined through the spatial resec-
tion, using a set of points of known coordinates on the ground and their corresponding coordi-

nates in the image as input. As spatial resection is not a linear process, existing methods (such
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as Direct Linear Transform, DLT) linearise the collinearity equations and determine the final

solution according to an iterative process.

2.2.1.4 Stereo-pair images

Two images can define a so-called stereo-pair. Given an object point visible in both images, its
3D coordinates can be determined by exploiting the collinearity principle and intersecting cor-
responding imaging rays in space (Figure 2.2-3, right). The intersection of two or more imaging
rays in the space is called forward intersection.

Figure 2.2-3: Single image and stereo pair: why photogrammetry needs at least two images.

2.2.1.5 Ground Sampling Distance (GSD)

The Ground Sampling Distance is the size of the image pixel projected in the object space. The
bigger the GSD size, the lower is the spatial resolution of the image. Typical UAV-based projects
have a GSD in the range between one to 5 cm.

2.2.2 Photogrammetric workflow

The photogrammetric workflow can be divided into three main steps: (i) the image orienta-
tion, (ii) the point cloud extraction and surface modelling and (iii) the orthophoto genera-
tion. The image orientation determines the positions and the attitude of the images in the 3D
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object space. The point cloud extraction produces dense point clouds that allow generating
detailed 3D models and meshes, i.e. surface models, while the orthophoto generation steps
produce an orthoimage (or orthophoto) that can be directly used as a base for topographic
mapping. In the following paragraphs, a detailed description of each of these steps will be

given.

2.2.2.1 Image orientation - classical approaches

The image orientation is the process of establishing the relationship between the camera cap-
turing the image, the image itself and the terrain, thus establishing the relationship between the
image coordinate system and the ground/space coordinate system. The image orientation is the
prerequisite to extract any geometric information from the images. In the image orientation

process, three different types of coordinate systems can be defined:

1. Image coordinate system: This is a left-handed Cartesian 2D coordinate system, defined as
pixel addresses by row and column numbers (1;¢). The origin point of the system is on the
upper left of the image, with the positive x-axis to the right and the positive y-axis downwards
(Figure 2.2-4a) and the unit is normally expressed in pixel. In analogue cameras, distances
between points in the image were measured in millimetres, defining the origin of this referen-
ce system in the centre of the image. For this reason, most commercial software still reports
both image coordinate systems.
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Figure 2.2-4: Image (a), camera (b) and ground (c) coordinate systems.
2. Camera coordinate system: This is a 3D Cartesian, right-handed coordinate system. The ori-
gin point is the projection centre O, the (x, y) plane is parallel to the image plane, the positive

x-axis is parallel to the flight direction, and the z-axis is the optical axis. The z value for any
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image point in the camera coordinate system is equal to -c (calibrated focal length), as shown
in Figure 2.2-4b. The unit is usually expressed in millimetre (or number of pixels).

3. Ground (terrain/object) coordinate system: This is a 3D Cartesian, right-handed coordinate
system (U, V, W). It can be the national mapping system of the country or just a local coordi-
nate system (Figure 2.2-4c) while the unit is usually expressed in meter (chapter 2.1).

The image orientation process can be divided into two main steps: (i) estimation of the interior
orientation and the (ii) exterior orientation (Figure 2.2-5). The interior orientation defines the
geometry “inside” the camera, while the exterior orientation determines the position (given by
its coordinates Uo, Vo, Wo) and attitude of the camera (given by three angles around the carte-
sian axes X, X, X ) in the object space. The exterior orientation process can further be divided in
(i) relative orientation and (ii) absolute orientation.

In the first step, the relative position of the images is determined. Neither scale nor positioning
of the images in the object space is determined: the images are placed in the so-called photo-
grammetric relative model. In the absolute orientation, the position and attitude of the images is
determined in the real object space: the measures and the positions recovered from an absolutely
oriented image block correspond to reality.

Camera or Image space — Interior orientation

A

|— Object space — Exterior orientation

*

Figure 2.2-5: Interior and exterior orientation.
a) Interior orientation
The camera model relates back to the pinhole camera assumption, resembling a perspective

projection. To perform geometric computations, e.g. as shown above in the collinearity equation,
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three main parameters of the idealised pinhole system must be known: The principal distance (or
focal length in case the focus is at infinity) describes the orthogonal distance from the projection
centre to the image plane (i.e. along the optical axis). The point where this virtual axis intersects
with the focal plane is called principal point — since this point is a 2D entity, two parameters are
needed to describe it. Only when those three parameters are known for the camera, the geometry
of the so-called bundle of rays, passing through the projection centre and imaged on the focal
plane can be described mathematically. Those parameters need to be computed for each camera/
lens individually, e.g. in a lab, or during bundle adjustment (self-calibration; see below).

The pinhole model, however, is an idealised model. In practice, the lines in the image do not
resemble straight lines within the optical system, the image plane might be deformed, or pixels
might not be strictly quadratic. Therefore, an additional set of distortion parameters are defined
and computed for each camera individually, as well. In sum, the interior orientation is composed
of the following parameters:

o Principal distance or focal length (c): the distance between the projection centre (O) and the
focal plane.

o Principle point (pp): the orthogonal projection of the projection centre (O) with respect to
the focal plane (also called image plane).

o Lens distortions: these distortions can be radial, affine and decentring. They model the de-
formations of the image plane comparing it to a regular array made of squared pixels of the
same size. They are usually no dimensional, and their values depend on the model adopted
for the camera calibration.

To convert pixel and metric units, the sensor size or pixel size needs to be known for digital
cameras. For metric airborne cameras, all these parameters are usually provided by the camera’s
manufacturer through camera calibration reports. These parameters can be directly adopted for
the image orientation as they are supposed to be valid for any flight performed with this camera.
Camera calibration parameters are valid for some years, and they are updated from time to time.
On the other hand, the cameras installed on a UAV are usually no metric cameras. It means that
the parameters determined in a calibration procedure are not stable over time as they can change
every time the camera is shut down. This circumstance makes the self-calibration procedure
necessary, where the camera parameters of the interior orientation are estimated together with

the exterior orientation process.
b) Relative orientation (of a stereo-pair)
Let’s consider the case of a simple stereo-pair. The unknown parameters of a stereo-pair are twelve

in total (i.e. six exterior orientation parameters for ea