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La ingenieria civil viene usando los modelos digitales de elevaciones (DEMs) y
las ortofotos como material basico para poder redactar y ejecutar cualquier
proyecto de ingenieria, asi como para controlar la geometria de las
construcciones de forma periddica.

Dentro de los medios técnicos posibles para obtener este tipo de
informacidn, los vehiculos aéreos no tripulados (unmanned aerial vehicles
UAVs) estdn imponiendo, cada vez mas, su uso debido a la reduccion de
costes, la flexibilidad y la mejora en la resolucién obtenida. Este éxito se ha
debido, en parte, a la evolucién de la fotogrametria digital y al uso de
algoritmos especiales como el Structure-from-Motion (SfM).

Muchos son los autores que desde hace varios afios vienen estudiando las
aplicaciones de la fotogrametria UAV y la influencia que determinados
pardmetros tienen en la precisién de los productos resultantes.

Esta Tesis Doctoral ha pretendido profundizar en el estudio de aplicaciones
fotogramétricas desde UAVs para situaciones de topografia extrema, como
pueden ser los deslizamientos de taludes de desmonte en obras lineales, asi
como analizar la influencia que la altura de vuelo, la morfologia del terreno y
el numero de puntos de apoyo Ground Control Points (GCPs) tienen en la
precision de DEMs y ortoimdgenes obtenidas mediante fotogrametria UAV a
través de software basado en el algoritmo SfM.

Los resultados obtenidos han demostrado que la fotogrametria UAV
constituye una técnica util y adecuada para proyectos de ingenieria
relacionados con la reparacién y gestion de deslizamientos de taludes en
desmontes de carreteras. Asimismo, se ha constatado que la morfologia del
terreno y la altura de vuelo tienen poca influencia sobre la precisidon
planimétrica alcanzada, debido principalmente al bajo rango de altura de
vuelo en el que suelen operar los UAVs (50-120 m). También se ha
corroborado, igual que otros estudios, que la precisidn altimétrica disminuye
conforme aumenta la altura, aportando esta Tesis Doctoral que esa
consecuencia es mas notable conforme disminuye el nimero de GCPs. Por
ultimo, se ha arrojado luz sobre la influencia que el nimero de GCPs tiene en
la precision final de los productos obtenidos, concluyéndose que el uso de un
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numero alto de puntos de apoyo (15-20) optimiza los resultados, tanto en
planimetria como en altimetria, llegando a permitir, incluso para alturas de
120 m y segun las normas del ASPRS, la creacidn de mapas cartograficos a
escala 1:150.
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ABSTRACT

Civil engineering has been using digital elevation models (DEMs) and
orthophotos as a basic tool to design and construct any engineering project,
as well as to check the geometry of the construction site periodically.

Within the technical means possible to obtain this type of information,
unmanned aerial vehicles (UAVs) are implemented, increasingly, due to
reduction of costs, flexibility and the improvement in the resolution obtained.
This success has been due, in part, to the evolution of digital photogrammetry
and the use of special algorithms such as the Structure-from-Motion (SfM).

There are many authors that have been studying the photogrammetry UAV
applications and the influence that certain parameters have in the accuracy of
the resulting products for several years.

This thesis has sought to deepen the study of photogrammetric applications
from UAVs for extreme topography situations, as can be the landslides of
slopes in linear construction, as well as analyze the influence of flight altitude,
the terrain morphology and the number of ground control points (GCPs) in
the accuracy of DEMs, and orthoimages obtained through photogrammetry
UAV using software based on the SfM algorithm.

The results obtained have shown that the photogrammetry UAV constitutes a
useful and suitable technique for engineering projects related to the repair
and management of roads cut slopes construction. Also, it has been found
that the terrain morphology and flight altitude have little influence on the
planimetric accuracy achieved, which is due mainly to the low altitude range
of flight in which the UAVs usually operate (50-120 m).

It has also been corroborated that, like other studies, the altimetric accuracy
decreases with altitude, providing this thesis that this consequence is more
notable if the number of GCPs decreases.

Finally, it has shed light on the influence that the number of GCPs has in the
accuracy of the final product obtained, and concluded that the use of a high
number of GCPs (15-20) optimizes the results, both in planimetry and
altimetry, arriving to allow, even for altitudes of 120 m and according to the
rules of the ASPRS, creating cartographic maps at a scale of 1:150.
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INTRODUCCION

Introduccion General

La disponibilidad de ortofotos y de informacion digitalizada de muy alta
precisidon sobre el terreno, resulta de especial importancia para todas las
actividades que requieren datos topograficos de precision (Hugenholtz et al.
2015; Mancini et al. 2013).

La ingenieria civil usa los modelos digitales de elevaciones (DEMs) y las
ortofotos como material bdsico para poder redactar y ejecutar cualquier
proyecto, asi como para controlar la geometria de forma periddica, por lo que
es necesario conocer la precisidn que presentan y que ésta esté dentro de los
limites admisibles (D’Oleire-Oltmanns et al. 2012; Nelson, Reuter, y Gessler
2009; Ruzgiené et al. 2015).

Con el fin de caracterizar todo tipo de superficies, existen varias técnicas que
pueden utilizarse para obtener los DEMs, a saber, estaciones totales de
topografia (TS), Sistemas Globales de Navegacion por Satélite (GNSS), laser
escaner terrestre (TLS) y sensores aerotransportados como LIDAR (Light
Detection and Ranging) o camaras fotogramétricas (Sallenger et al. 2003).

Especial mencién pueden tener diferentes morfologias de terreno tales como
los taludes de desmonte de carreteras, de grandes longitudes en
comparacion con la altura, asi como de pendientes elevadas lo que facilita
que surjan problemas de estabilidad que pueden dar lugar a deslizamientos y
deformaciones superficiales de dificil accesibilidad (Ai et al. 2015; Rieke et al.
2011).

En tales casos o bajo condiciones extremas, los levantamientos topograficos
con medios clasicos pueden estar limitados por el nimero de puntos
medibles debido a problemas de accesibilidad. Ademas, los TLS requieren
largas sesiones de trabajo en campo y tediosos célculos en post-procesos, y
tienen como inconveniente adicional la aparicion de posibles zonas ocultas en
la superficie. Asimismo, los sistemas LIDAR o cdmaras fotogramétricas sobre
plataformas aéreas convencionales con piloto a bordo son ideales para
grandes superficies, pero con costes demasiado elevados fuera de estas
condiciones, ademas de la imposibilidad de conseguir una alta resolucion
espacial y temporal.
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La fotogrametria terrestre también podria ser usada; sin embargo, en
determinadas ocasiones, y debido a las limitaciones del espacio de trabajo y
de posicionamiento en altura, la orientacién de las fotografias desde el punto
de vista terrestre estaria lejos de ser la ideal respecto al objeto del estudio, lo
gue podria producir grandes aberraciones, ademas de la posible aparicién de
zonas ocultas.

El uso de vehiculos aéreos no tripulados (UAVs) en la
Ingenieria Civil

La fotogrametria a partir de imagenes tomadas desde vehiculos aéreos no
tripulados UAVs (unmanned aerial vehicles) ha sido acufiada como
“fotogrametria UAV” (Eisenbeil’ et al. 2009) y se basa en usar los UAVs como
plataformas que actlan controladas remotamente, de forma total o
parcialmente autdnoma, sin piloto en su interior.

En los ultimos anos, el uso de UAVs con fines civiles se ha incrementado de
manera notable. Desde que se utilizaron los primeros globos para transportar
sensores fotogramétricos hasta la actualidad, el desarrollo de las plataformas
aéreas y la tecnologia asociada para este uso ha sido enorme. Esto se ha
debido al desarrollo de los componentes electrénicos que los forman, los
cuales han evolucionado reduciendo su tamafo y precio, y aumentando sus
prestaciones técnicas (Rock, Ries, y Udelhoven 2011). Una descripcion
detallada de esta evolucién y el estado del arte se puede encontrar en
Colomina y Molina (2014).

El uso de UAVs equipados con camaras digitales no métricas para conseguir
este tipo de informacidn se esta investigando desde hace algunos afos para
superar las limitaciones que imponen las técnicas topograficas clasicas (Nex y
Remondino 2014).

Los UAVs han supuesto claras ventajas frente a las aeronaves convencionales
con piloto a bordo o los satélites, tales como el bajo coste econdmico, la
flexibilidad en las operaciones, asi como la mejora en las resoluciones
obtenidas, tanto geométricas como temporales (Harwin y Lucieer 2012;
Hugenholtz et al. 2013; Immerzeel et al. 2014; Laliberte et al. 2010).

TESIS DOCTORAL |
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El uso de cdmaras no métricas y el software de bajo coste para procesar las
imagenes, alcanzando precisiones adecuadas, son otros factores que influyen
en la viabilidad econémica de la fotogrametria UAV (Vallet et al. 2012).

Desde el punto de vista de las dimensiones de las zonas de trabajo y para la
obtencién de imdgenes de alta resolucién, donde no es rentable el uso de
medios aéreos convencionales o el uso de imdagenes de satélites, los UAVs
también han terminado implantando su uso (Nex y Remondino 2014).

Ademads, los UAVs requieren de menos tiempo para la adquisicién de datos lo
que también reduce el coste econédmico comparado con los medios clasicos
pilotados (Aber et al. 2010).

Segln Eyndt y Volkmann (2013) la fotogrametria UAV se ha usado con éxito
en la inspeccién de infraestructuras, geodesia, sistemas de informacién
geografica, cartografia, mapas topograficos, aplicaciones catastrales,
emergencias, cambios por erosidn, etc.

Varias obras manifiestan la idoneidad de la fotogrametria UAV para la
vigilancia y mantenimiento de infraestructuras, y en concreto, para el andlisis
de deslizamientos (Metni y Hamel 2007; Wang, Wu, y Zhang 2009).

Una revisién de las aplicaciones de los UAVs a la ingenieria civil en general, y
a la obtencidn de productos cartograficos en particular, puede encontrarse en
Liu et al. (2014) y Nex y Remondino (2014).

El proceso fotogramétrico desde un UAV. El algoritmo SfM
(Structure-from-Motion)

La fotogrametria UAV ha abierto un abanico de nuevas aplicaciones en el
campo de la fotogrametria de objeto cercano al combinar técnicas de
fotogrametria aérea y terrestre, lo que permite contar con las ventajas de
ambas. Asi, el campo de aplicacion de la fotogrametria UAV en el ambito de la
ingenieria civil puede situarse entre aquellas que usan técnicas clasicas
terrestres (estaciones totales, GPS, etc.) y las que se basan en fotogrametria a
partir de imagenes tomadas desde aeronaves convencionales (aviones o
satélites), al representar una alternativa econémicamente viable.
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En su origen, la fotogrametria surge como el resultado de la accién incansable
del ser humano por representar las tres dimensiones. Es definida por el
Manual de la Sociedad Americana de Fotogrametria como la ciencia, arte y
tecnologia de obtener informacién fiable de los objetos y su entorno
mediante el registro, medida e interpretacion de imdgenes fotograficas y
datos obtenidos a partir de energia electromagnética radiante y otros
fenédmenos.

Desde que en el siglo XIX se inventara el primer estereoscopio, y tras afios de
evolucion, la fotogrametria ha pasado de complejos dispositivos mecanicos a
intuitivas herramientas informaticas.

La aplicacién de técnicas de visidn computacional a la fotogrametria
(Atkinson 2001; Hartley y Zisserman 2003) ha facilitado la posibilidad del uso
de imdgenes tomadas a diferentes alturas con diferentes orientaciones,
dando flexibilidad y resultados de alta calidad (Fernandez-Hernandez et al.
2015). Varios son los softwares de bajo coste que permiten, en la actualidad,
la obtencidn, a partir de fotografias tomadas con cdamaras convencionales, del
modelado 3D de superficies asi como el estudio geométrico de objetos
cercanos. La mayoria de estos softwares basan su funcionamiento en la
obtencion de nubes de puntos mediante algoritmos especiales, tales como
Structure-from-Motion SfM (Fonstad etal. 2013; Javernick, Brasington, y
Caruso 2014; Westoby et al. 2012).

El algoritmo SfM opera bajo los mismos principios basicos que la
fotogrametria estereoscépica, es decir, las estructuras 3D pueden resolverse
a partir de series de solapamiento entre imagenes. Sin embargo, a diferencia
de la fotogrametria cldsica, la geometria de la escena, las posiciones de la
camara y la orientacidn, se resuelven automaticamente sin necesidad de
especificar previamente una red de elementos con coordenadas
tridimensionales conocidas (Furukawa y Ponce 2010; Snavely, Seitz, y Szeliski
2008; Vasuki et al. 2014; Westoby et al. 2012).

En contraposicion a la fotogrametria clasica aérea que exigia planificaciones
rigurosas de vuelos y la caracterizacion previa de las camaras (Kamal y Samar
2008), el SfM aporta espontaneidad al proceso, no siendo necesaria una
planificacién exhaustiva ni calibraciones de camaras, incluso siendo posible el
uso de imagenes procedentes de diferentes cdmaras fotograficas.
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El resultado de un proceso de SfM es en primer lugar una nube de puntos
discreta, la cual puede variar en densidad en funcién de las correspondencias
detectadas entre imagenes. En los procesos tradicionales de ajuste manual de
puntos comunes entre imagenes, estas nubes no estaban muy pobladas; sin
embargo con el algoritmo SfM dichas nubes pueden llegar a tener miles de
puntos. Dichos puntos pueden ser establecidos manualmente, o en el caso
del SfM son detectados automaticamente mediante lo que se conoce como el
algoritmo SIFT (Scale Invariant Feature Transform). Lowe (2004) y Snavely,
Seitz, y Szeliski (2008) aplicaron este algoritmo para la deteccién de puntos
clave en la generacion de nubes de puntos 3D a partir de fotografias. Varios
estudios han concluido que este algoritmo es uno de los mas potentes para
detectar puntos o caracteristicas comunes entre pares de imdgenes
permitiendo cotejar un gran nimero de fotografias (Juan y Gwun 2009;
Remondino y El-hakim 2006).

A diferencia de la fotogrametria tradicional, las posiciones de la camara
derivadas del algoritmo SfM, no cuentan con la escala y la orientacién
proporcionadas por las coordenadas de los puntos de apoyo.
Consecuentemente, la nube de puntos 3D se genera en coordenadas
relativas, referentes al sistema de coordenadas imagen. La georreferenciacion
de dicho modelo se lleva a cabo, generalmente, utilizando un reducido
namero de puntos de apoyo (Ground Control Points, GCPs) situados en
elementos claramente visibles tanto en la nube de puntos como en el terreno
y en cada una de las imagenes.

Aunque estas nubes discretas pueden arrojar informacién suficiente para la
creacién de DEMs, el paso final de los procesos de SfM suele ser una nube de
puntos densa con millones de puntos que describen con mas detalle las
superficies y geometria de objetos, aportando coordenadas tridimensionales
tipo XYZ y una descripcidon colorimétrica en el modelo RGB.

Todos estos avances han desembocado en un nuevo concepto: la
fotogrametria UAV-SfM.

El control de calidad y la precision obtenida

En aplicaciones para levantamientos topograficos, es primordial poder
georreferenciar a un sistema concreto los datos generados en el proceso

| INTRODUCCION



pL0¥{:W UNIVERSIDAD DE ALMERIA |

fotogramétrico. Como ya se ha comentado, para ello se usan dianas de
referencia con coordenadas conocidas y altamente precisas, claramente
visibles en las imagenes y que se distribuyen de forma dispersa en el suelo
antes de realizar el vuelo con el UAV. También es posible el uso de dianas
naturales, a saber, postes de electricidad, esquinas de construcciones, tapas
de pozos, etc. Las coordenadas de estos GCPs deben ser obtenidas con
métodos precisos tales como GPS diferencial o estaciones totales. Segun
Rosnell et al. (2012) se necesitan al menos 3 GCPs para georreferenciar el
proceso fotogramétrico, aunque es recomendable aumentar el nimero de
estos puntos para alcanzar mejores precisiones. Tahar (2013) concluyd que
diferentes configuraciones, distribuciones y nimero de GCPs contribuyen a
obtener diferentes errores en el ajuste del bloque fotogramétrico.

La literatura ha recogido cldsicamente el uso del estadistico Root Mean
Square Error RMSE (error medio cuadratico) como el mas comun y vélido para
la evaluacién de los productos obtenidos mediante fotogrametria UAV. Este
estadistico se aplica sobre una serie de puntos de control (PC) que se
disponen sobre las superficies de estudio a la vez que los GCPs, y a los que se
miden sus coordenadas de forma precisa mediante GNSS o TS para su
posterior comparacion con las coordenadas estimadas a partir del DEM vy la
ortofoto.

El error medio cuadratico de las componentes X, Y y Z sera calculado segln
las siguientes expresiones:

l n
RMSE, = HE ,(XPCm ~ Xpce )2
—

1 n
RMSE,, = EZ(yPCm ~ Ypce )2
i1

RMSE, =

S|

n
z (ZPCm ~ Zpce )2
1
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donde el subindice PCm significa componente medida del punto de control,
PCe significa componente estimada del punto de control, para las tres
componentes X, Yy Z, y n es el nUmero de puntos de control tenidos en
cuenta.

Segun el US National Standard for Spatial Data Accuracy (FGDC 1998) , si no
existen errores sistematicos en los datos, las precisiones vertical y horizontal
(P,, Py, respectivamente) con un intervalo de confianza del 95% pueden ser
computadas de la siguiente manera:

P, = 1.9600 x RMSE, P, = 1.7308 X RMSE,

donde RMSE,, es el error medio cuadratico horizontal, dado por:

RMSE,;, = J (RMSEZ + RMSES)

Con estos valores, y teniendo en cuenta un valor de 0.2 mm como limite de
percepcién visual humana, se podra estimar la mayor escala a la que se
puede representar el terreno:

D, > P,/0.2

donde P, estd expresado en mm, y D, representa el denominador de la
escala.

En los ultimos afios se han abordado numerosos estudios para evaluar la
precision de los productos obtenidos mediante fotogrametria UAV. Harwin y
Lucieer (2012) evaluaron la precisién de nubes de puntos generadas a partir
de imagenes procedentes de UAVs para elaboracion de cartografia de
paisajes naturales, utilizando software de cdédigo abierto basado en el
algoritmo SfM. Llegaron a obtener precisiones de 0.025-0.040 m con vuelos
con un alto grado de solape entre imagenes y un suficiente nimero de GCPs
distribuidos a lo largo del area de estudio.

Turner, Lucieer, y Watson (2012) usaron UAVs de ala rotaroria con una
camara digital réflex de longitud focal fija (DSLR) para generar ortomosaicos
con alta precision.
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Anders et al. (2013) generaron modelos digitales de superficie (DSMs) usando
UAVs de ala fija, y obteniendo, para alturas de 90 m errores absolutos de
0.350 m, y de 0.450 m para alturas de 180 m.

Mancini et al. (2013) estudiaron la validacion de nubes de puntos y DSMs de
un conjunto de dunas de playa usando imagenes procedentes de un UAV de
ala rotatoria equipado con una camara réflex digital. A su vez, compararon
estos resultados con los obtenidos con un Iladser escdner terrestre
demostrando que el uso de UAVs es sencillo y la precision similar a la
obtenida con la tecnologia TLS.

M3as recientemente, Lucieer etal. (2014) generaron DSM de musgos
antarticos a partir de imagenes UAV y obtuvieron un RMSE de 0.420 m.

Immerzeel et al. (2014) aplicaron la metodologia UAV para la monitorizacién
de la dindmica glaciar. A tal fin, usaron un UAV de ala fija portando una
camara digital de bajo coste para generar DEMs y ortoimagenes con
resultados satisfactorios, concluyendo que con esta metodologia se
alcanzaban resoluciones y precisiones que no podian ser alcanzadas a través
de imagenes procedentes de satélites.

Lucieer, de Jong, y Turner (2014) también usaron imagenes UAV para la
caracterizacién topografica de deslizamientos, obteniendo ortoimagenes con
0.01 m de resolucién y RMSEyy de 0.070 m y RMSE; de 0.062 m.

Pierzchala et al. (2014) llevaron a cabo un estudio para generar, mediante
fotogrametria UAV, el DSM de una superficie agricola tras una cosecha vy
compararlo con el obtenido previamente a la cosecha mediante TLS, y
evaluar, de esta manera, las variaciones del suelo. El RMSE del DSM obtenido
a partir de las imagenes del UAV fue de 0.082 m.

Tonkin et al. (2014) usaron un UAV de ala rotatoria para obtener imagenes
para realizar levantamientos topograficos y obtener DSMs. A su vez, llevaron
a cabo una comparacién entre los datos obtenidos a través de fotogrametria
UAV-SfM vy los obtenidos a través de una estacion total de topografia,
concluyendo que los datos generados a partir de las imagenes UAV estaban
en consonancia con los obtenidos con la estacién total en cuanto a precisidn
se referia.
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Mesas-Carrascosa et al. (2014) estudiaron la calidad posicional de ortofotos
obtenidas a partir de imagenes tomadas con un UAV de ala rotatoria y una
camara digital. Los resultados mostraron que las ortofotos pasaron las
pruebas de calidad espaciales propuestas por diversos organismos nacionales
de cartografia.

Eltner et al. (2015) midieron los cambios a corto plazo en superficies con
eventos de erosién usando las imagenes procedentes de un UAV de ala
rotatoria. A su vez, el DSM generado fue comparado con el obtenido a través
de un TLS alcanzando precisiones de menos de 0.01 m y concluyendo que los
DSMs generados con imagenes UAV suponen una técnica ventajosa para
cuantificar y clasificar los cambios en la superficie del suelo.

Harwin, Lucieer, y Osborn (2015) investigaron la influencia del método de
calibracién de la cdmara en la precision obtenida en las nubes de puntos
obtenidas mediante imagenes UAV, en concreto, para acantilados costeros.
Concluyeron que es necesario desplegar un alto nimero de GCPs y combinar
fotografias tanto verticales como oblicuas para que la precalibraciéon o la
calibracién automatica de la cdmara produzcan modelos fiables.

Uysal, Toprak, y Polat (2015) llevaron a cabo un estudio de precisiones de
DSMs generados mediante fotogrametria UAV concluyendo que se puede
usar esta metodologia para obtener levantamientos topograficos y
cartografia para aplicaciones de ingenieria, todo ello con metodologias de
bajo coste y minimizando tiempos de trabajo en campo.

Ruzgiené et al. (2015) han estudiado la calidad de DSMs generados usando
fotogrametria UAV vy la influencia que tienen los GCPs en la precisidon
obtenida.

A la vista de todos estos resultados, significativos por su heterogeneidad, se
puede deducir que es necesario llevar a cabo un intenso trabajo que de luz
sobre la puesta a punto de la metodologia y las precisiones que se pueden
alcanzar en los DEMs y ortofotos obtenidos a partir de fotogrametria UAV, en
funcién de los factores mas significativos que intervienen en el proceso, como
por ejemplo la altura de vuelo, la orografia del terreno, la resolucion de las
imagenes, o el tipo de UAV.
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HIPOTESIS Y OBJETIVOS

Como hipdtesis comun a los tres capitulos expuestos en esta Tesis Doctoral, y
en pos de la puesta a punto de la metodologia y la optimizacidon de la
precision en la obtencion de DEMs y ortoimagenes, se han usado UAVs de ala
rotatoria, en detrimento de los de ala fija, ya que proporcionan imagenes mas
estables y con mayor control de la posicidon desde la que son tomadas, lo que
a priori se supone debe favorecer la obtencién de mejores resultados. Sin
embargo, los de ala fija tienen una mayor autonomia de vuelo y pueden ser
mas adecuados cuando se trabaja con superficies extensas.

El objetivo principal del Capitulo 1 es el desarrollo de una metodologia util
para la caracterizacidn topografica de determinados tipos de superficies con
altos grados de inclinacidon, como pueden ser los deslizamientos producidos
en los desmontes de carreteras, mediante fotogrametria UAV a partir de
software no basado en el algoritmo SfM.

Para ello, se establecen una serie de hipdtesis acerca de la influencia de la
orientacién del eje de la fotografia respecto a la superficie bajo estudio sobre
la calidad de los productos obtenidos en el proceso fotogramétrico. En este
sentido, el objetivo que se persigue es comparar los resultados obtenidos con
imagenes tomadas con el eje perpendicular a la superficie objeto de estudio,
y otras realizadas clasicamente de forma cenital.

Debido a la inaccesibilidad de este tipo de superficies, se establece como
segundo objetivo del Capitulo 1 la evaluacién de la ubicacidn idénea de cada
uno de los 3 GCPs, numero minimo necesario para poder realizar la
georreferenciacién absoluta del ajuste fotogramétrico.

Aunque la literatura estd aumentando paulatinamente los estudios relativos a
la precisidon obtenida en DSMs y ortofotos a partir de fotogrametria UAV y la
influencia que diferentes parametros como la altura de vuelo, la distancia
focal, la morfologia del terreno, el nimero de GCPs, etc. tienen en la
precisidn, es necesario llegar a una profunda comprension de la influencia de
estos parametros para la mejora de las precisiones obtenidas en todos los
productos derivados de fotogrametria UAV.

Con tal fin, el objetivo del articulo que constituye el Capitulo 2 es analizar la
influencia de la altura de vuelo, la morfologia del terreno y el nimero de
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GCPs en la precision de DEMs y ortoimagenes obtenidas a través de
fotogrametria UAV a partir de software basado en el algoritmo SfM.

Asimismo, el objetivo del Capitulo 3 es profundizar en el conocimiento de la
influencia que el numero de GCPs tiene sobre la precision de DSMs y
ortofotos obtenidos mediante fotogrametria UAV a partir de software basado
en el algoritmo SfM.
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CAPITULO 1. EFFECTS OF IMAGE ORIENTATION AND GROUND
CONTROL POINTS DISTRIBUTION ON UNMANNED AERIAL

VEHICLE PHOTOGRAMMETRY PROJECTS ON A ROAD CUT
SLOPE

ABSTRACT

The morphology of road cut slopes, such as length and high slopes, is one of
the most prevalent causes of landslides and terrain stability troubles. Digital
elevation models (DEMs) and orthoimages are used for land management
purposes. Two flights with different orientations with respect to the target
surface were planned, and four photogrammetric projects were carried out
during these flights to study the image orientation effects. Orthogonal images
oriented to the cut slope with only sidelaps were compared to the classical
vertical orientation, with sidelapping, endlapping, and both types of
overlapping simultaneously. DEM and orthoimages obtained from the
orthogonal project showed smaller errors than those obtained from the other
three photo- grammetric projects, with the first one being much easier to
manage. One additional flight and six photogrammetric projects were used to
establish an objective criterion to locate the three ground control points for
georeferencing and rectification DEMs and orthoimages. All possible sources
of errors were evaluated in the DEMs and orthoimages.

Keywords: Unmanned Aerial Vehicle Photogrammetry, Digital Elevation
Model, Orthoimage, Cut slope, Images Orientation, GCP distribution

1. INTRODUCTION

For Engineering and Architecture projects, graphical data is a necessity. The
object to be transformed in the project has to be geometrically defined in the
previous state, including the terrain where any project activities will be
carried out’. To control and manage different projects, terrain measurements
must be carried out. Additionally, during the course of the project, the
geometry has to be periodically controlled and corrected. One of the best
tools to carry this out is Digital Elevation Models (DEMs) with a high spatial
resolution and vertical accuracy”® and orthoimages with high planimetric
accuracy”. Other studies®” have been carried out to validate measurements
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with robust processing methods to ensure quality. Road cut slopes are
generally characterized by large lengths compared to widths, and high slopes.
This morphology, combined with other factors, can produce stability
problems, which can result in landslides and surface deformations. According
to Avyala et al.® a complete characterization of landslide cut slopes should
include geometric and morphological data (e.g., profiles, DEMs and
orthoimages), geological and geotechnical characteristics, hydrogeological
features, and any other external causes. Once again, high resolution DEMs
are critical to design controls and correction actions.

Several techniques can be used to obtain DEMs of cut slope surfaces,
including the use of surveying devices, such as receivers of surveying accuracy
quality based on Global Navigation Satellite Systems (GNSS), Terrestrial Laser
Scanning (TLS) or Total Stations (TS)?, and airborne sensors such as LIDAR
(Light Detection and Ranging) or photogrammetric cameras™. In general,
surveying techniques are very workforce intensive'’. At extreme topography
conditions, surveying can be limited by the number of measurable points that
can be done due to accessibility troubles. TLS requires long surveying sessions
and consumes significant computing time during post-process assessments to
avoid hidden parts of the surface. TS is especially labour demanding and is

limited in the amount of possible measured data>**

that can be gathered.
However, both LIDAR and photogrammetric cameras mounted to
conventional aerial platforms are suitable for covering large extension areas.
However, the costs associated with these methods are high and the
measurement data are not as accurate as those obtained from TLS and
GNSS™. Terrestrial photogrammetry could be used to characterize road cut
slopes, but the associated errors may be excessive due to the aberrant
orientation of the cut slope surface with respect to the terrestrial point of
view. Orthogonal orientation toward the cut slope can improve the results if

hidden parts of the surface are minimized.

Unmanned Aerial Vehicles (UAVs) have been used as aerial platforms for

remote sensing purposes in several areas, including agriculture,*"

18, 19 3,20

archaeology, and environmental studies. An extensive overview of

UAV applications may be found in Ref.”*. Unmanned Aerial Vehicle

22,23

Photogrammetry (UAV-Ph) is a versatile technique“™ “°, that can be used to

geometrically and morphologically characterize a landslide cut slope due to
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its high flexibility at adopting the necessary scale to reach high accuracy
cartographic products, and the possibility to orient the axes of the images
orthogonally to the surface cut slopes, which are generally characterized by
high slopes. The main aim of UAV-Ph is to achieve similar or higher accuracies
than are obtained when using airborne-based systems**?’. According to
Mesas-Carrascosa et al.® and Eyndt and W. Volkmann®, UAV-Ph has been
successfully performed for infrastructure inspection, geodesy, geographic
information system, cartography, topographic mapping, cadastral
applications, mapping for emergencies, erosion, and change detection or

measuring the area of lands plots for land policies.

Several works are found in the bibliography that relate to the monitoring and
maintenance of road infrastructure’*>°, which shows that UAV-Ph is an
efficient technique for road cut slope control.

In this work, classical photogrammetric techniques® are adapted to obtain
high resolution DEMs and orthoimages from images taken by a nonmetric
compact digital camera mounted on a UAV. The main objective of this work
was to evaluate the possibility of orienting the axes of the images
orthogonally to the target mean surface, the road cut slope, and comparing
the images used in classical photogrammetry, oriented orthogonally to the
horizontal reference plane, versus oblique images obtained from UAV-Ph
projects.

Once the images are taken, postprocessing UAV-Ph can be adapted to its
scale level. The relative and absolute orientation process using classical close
range photogrammetry workflow implies the use of blocks of images to
assess the coordinates of Ground Control Points (GCPs) located within the
overlapping image areas®’. In these cases, rigorous flight planning and a
surveying campaign to collect the GCPs are carried out prior to any flights®.

Alternatively, point-clouds can be obtained by specially indicated algorithms
for the UAV-Ph data, such as Structure from Motion (SfM)**** or
autocorrelation. This significantly reduces the surveying campaign, the

37, 38

absolute orientation process, the postprocess labor needs and the

computing time.
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To obtain accurate results, one of the critical steps in DEM and orthoimage
assessment is the absolute orientation process, which is also known as
registering or assignment of the reference system to the photogrammetric
block adjusted by the relative orientation process.*

If nonlinear distortions over the road cut slope are assumed to be
insignificant, a rigorous spatial Helmert three-dimensional (3-D)
transformation® can be applied to perform the registration process, which
includes seven unknowns, that is, three translation components, three
rotation angles and a scale change factor. The minimum data to achieve the
characterization of Helmert 3-D transformation is the knowledge of the three
GCP coordinates, which generates three equations per each GCP. It was not
of interest in this work to calculate how the accuracy of the registration
process improves through increasing the redundancy, thus only three GCPs
were considered.

The secondary objective of this work was to evaluate where the three GCPs
need to be located over the road cut slope to ensure the accuracy of the DEM
and orthoimages. This includes taking into account that the accessibility
troubles force the use of only the top of the images and the cut slope surface
and carrying out a rigorous geometric validation of the resulting DEMs and
orthoimages from several sets of three different GCPs.

2. STUDIED CUT SLOPE

The studied cut slope is located at the A92, a dual carriageway between the
Almeria and Granada provinces in southeast Spain, with geographic
coordinates of 37°9'2.09"N latitude and 2°45'58.61"W longitude. The cut
slope is nearly 100 m long and the elevation difference between the ditch and
the top of the cut slope is 20 m.

Kilometric point 339 is within the municipality of Abla, Almeria. The instability
of the terrain was confirmed quickly after the beginning of servicing on the
road. It was necessary to install a small retaining wall made of stones. Some
months after, a new landslide appeared (Fig. 1). No significant vegetation was
present at the cut slope, thus it was not necessary for some removal process.
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3. MATERIALS AND METHODS

The chosen UAV platform was a Microdrones md4-200** (Fig. 2), which is a
vertical takeoff and landing small aircraft that can carry a load of up 200 g. It
was equipped with several navigation devices and remotely controlled by
flight routes programmed from GPS waypoints. Signals from the navigation
devices are transmitted to the base station via radio and are saved on the
onboard flight microSD card, including inertial data at shut positions, which
can be used for exterior orientation processing. A stabilized platform
supported a 12 megapixel Pentax Optio A40 digital camera. The camera
orientation and shutting actions can also be remotely controlled and
programmed.

b)

FIG. 1. Studied area: (a) kilometric point 339 of A92, a dual carriageway located between the
Almeria and Granada provinces, shown prior to the landslide in 2010 and (b) the same kilometric

point after the landslide.
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All the photogrammetric operations were carried out with the Photomodeler
Scanner V2012*, a low-cost multi-application software, which can be used
for both convergent and parallel photogrammetric operations®>.

FIG. 2. UAV Microdrones model md4-200, base station and hand held remote control transmitter.
Both the flight routes and flight controls were planned and programmed, respectively, using the
md-Cockpit Standard Edition V2.8.0.6 software package, which is compatible with the Microdrones
UAV.

The coordinates of the GCP were measured using a Trimble R6 GPS Receiver®?
in the Real Time Kinematic (RTK) Mode, and applying a postprocess operation
using time data corrections saved to the Calar Alto station, and belonging to
the Positioning Andalusian Network (RAP),** which is 20.8 km from the study
area. To determine the statistics to estimate any errors and perform quality
control on the photogrammetric operations, 33 check points were measured
with the same method. Both the GCP and check points marked on the terrain
using Ad-format target points (Fig. 3).
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FIG. 3. Target points detail from one of the photogrammetric project image.

3.1. ORIENTATION OF THE IMAGES AXIS AND OVERLAPS

To evaluate the benefits of the photogrammetric projects based on
orthogonal images to target ground surfaces, two flights were programmed
to cover the entire cut slope. The first flight was planned using conventional
maps of the cut slope and included 11 transversal profiles to the main
direction of the cut slope, which were overlapped to determine the average
slope (Fig. 4). The altitude of the flight was ~50 m with respect to the road
level and image axis was tilted 35 deg from vertical.

The horizontal projection of the route path was parallel to the centerline of
the road. Only nine images, with 75% overlapping, were sufficient to cover
the cut slope surface.

The second flight was composed of three paths parallel to each other and to
the centerline of the road. There were a total of 36 vertical axis images, with
a 75% overlap in both the sidelap and endlap directions.
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35

a)

FIG. 4. (a) Overlapping transversal profiles to obtain the average slope of the cut slope and the
altitude of the flight and (b) Horizontal projections of the 11 transversal profiles.

From both flights, four photogrammetric operations were arranged following
the same workflow:

Al. Orthogonal axis images to the cut slope surface with sidelapping.
A2. Vertical axis images with sidelapping.
A3. Vertical axis images with sidelapping and endlapping.

A4. Vertical axis images with endlapping.

3.1.1. SEQUENTIAL WORKFLOW USED TO OBTAIN DEM AND
ORTHOIMAGES

Geometric errors introduced by the camera lens into the images were
characterized by a lab calibration process and then a field calibration process
was conducted prior to the flights to correct any variations due to instability
of the camera calibration parameters, which was based on a set of 60 target
points with known coordinates. The height of the programmed calibration
flights was the same as the height of flights carried out in this work.

The lab and field calibration quality values obtained included an overall
residual root mean square (RMS) of 0.375 mm, a maximum residual of 1.510
mm and photo coverage of 82%.

TESIS DOCTORAL |



| PATRICIO JESUS MARTINEZ CARRICONDO |@PAekIS

The calibrated camera parameters included the focal length, format size of
the CCD camera sensor, location of the principal point, two radial distortion
function coefficients and two decentering distortion function coefficients®.
All the images from the photogrammetric projects were resampled using the
distortion functions obtained from the calibration process (Table 1).

Focal length (mm) 8.1841

Format size (micro-m) 7.4853 x 5.6132

Principal point (micro-m) 3.7223, 2.6773
K1 2.820e-003

Radial distortion function parameters

K2 -1.526e-005
Decentering distortion function Pl 5.139e-005
parameters P2 -4.462e-004

TABLE 1. Calibration report of Pentax Optio A40 camera after lab pre-calibration and field
calibration post-process.

The relative orientation process*® was carried out based on an
autocorrelation algorithm®’, which identified sets of common points in each
of the overlapped pairs of images, known as tie points. An overall error
estimation of the block adjustment and the root squared mean error (RMSE)
relative to each tie point was obtained.

All the flights included in this work were carried out in very similar light
conditions due to short-time consumption by the UAV system for completing
each of missions. That was the reason why by-default parameters of a
correlator algorithm were used, taking into account that a previous visual
inspection of images did not show dramatic shadow troubles nor histograms
significant differences.

The absolute orientation process® was applied using a Helmert 3D
transformation, which uses translation, rotation and scale changing, based on
the coordinates of three measured points following the criteria explained in
Location of the GCPs for the absolute orientation process section. The
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photogrammetric block was fit to the Universal Endlap Mercator UTM
coordinate system, northern hemisphere and zone number 30, with the
European Terrestrial Reference System 1989, the official datum in Spain, and
the geoidal model Ibergeo.

Once the photogrammetric block is adjusted and re-projected to the
reference system, a three-dimensional point cloud is built through the unique
block generated. After editing and noise filtering, a triangulated surface is
derived from the point cloud. Due to grid DEMs being more frequently used
to define the terrain morphology than triangular DEMs, DEMs with a new grid
scheme were obtained, with one point each 0.5 m being interpolated by the
radial basis function method* *°.

The DEM and the adjusted mosaic of images are the input data to the
orthorectification process, consisting on two steps: a reprojection of the
mosaic based on the morphology of DEM, then an interpolation process
applying the nearest neighbour algorithm®” to fill all possible gaps in the
orthoimages. The spatial resolution of the obtained orthoimages from all the
photogrammetric projects was 0.01 m/pixel.

3.1.2. QUALITY CONTROL

To control the accuracy of the obtained DEMs and orthoimages by including
all possible sources of errors, a rigorous statistical study was applied to all the
photogrammetric projects that were performed. The well-known RMSE

value®® #

was calculated by comparing the true coordinates of the check
points, which were measured using a high precision GPS device, and the
obtained coordinates from both the cartographic products at the same check
points. Therefore, the number and spatial distribution of the statistical
sample of the check points were designed taking into account the
accessibility limits of the cut slope and the statistical criteria to arrive at a
quality control metric based on a representative sample of the surface
morphology at a certain confidence level. Furthermore, the RMSE value is
used in this paper to establish an objective criterion to compare the relative

accuracy between different photogrammetric projects.

Orthoimages contain only planimetric information, whereas DEMs contain
both planimetry and altimetry. Therefore, planimetric and altimetric statistics
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were estimated separately and designated as RMSExy and RMSEz,
respectively. See equation (1) and equation (2):

(EXZ +...+ EX3_5) + (Ey? +..+ EyZ )
N-3 1)

RMSE,, = . [RMSE? + RMSE? =\/

where RMSEx and RMSEy represent the RMSEs for both the X and Y axes,
respectively, Ex; and Ey; are the differences between the true X and Y
coordinates measured using GPS and the X and Y coordinates obtained from
the orthoimages at the i-order control point, respectively, and N is the total
number of target points registered during the surveying campaign. Three of
the target points are reserved for use as GCPs in the absolute orientation
process:

Ez’ +..+Ez
RMSEZ:\/( : N 3 vs) (2)

where RMSEz represents the RMSE for the Z axis and Ez; is the difference
between the true Z coordinates measured using the GPS and the Z
coordinates obtained from the DEM at the i-order check point.

Because the targets points were not always perfectly visible in the
orthoimages due to sunlight reflections, the corresponding Ex; and Ey; were
weighted based on the following criterion: high confidence identified points
were given a weight factor of w; = 0.7 and low confidence identified points
were given a weight factor of w; = 0.3. In these cases, equation (1) is
reformulated to become equation (3):

AMSE :\/(Exfwl+...+Ex§,3wN3)+(Eyfwl+...+Eyf,3wN3)
Xy

(W, +...+ Wy 5) (3)
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3.2. LOCATION OF THE GCPS FOR THE ABSOLUTE ORIENTATION
PROCESS
Once the relative orientation of the photogrammetric blocks is completed,

the assignment of absolute coordinates must be performed to register the
project over an official projection system for Spain. The absolute orientation
in this work was carried out by a rigorous Helmert 3-D transformation, which
implies the solution of a transformation system of equations with seven
unknowns: three translation vector components, three rotation angles and a
scale factor. To determine the transformation system, the 3-D coordinates of
the three GCPs must be known, which use X, Y and Z coordinates for two of
them and a Z coordinate for the third one, reaching the same number of
equations and unknowns.

The Helmert algorithm relies on a linear procedure. Hence, nonlinear
distortions are considered over the cut slope surface. This is assumed due to
the small size of the target surface and the relative uniformity of its slope.

Nevertheless, this hypothesis must be confirmed via quality control. The
three GCPs must be located to try to represent as well as possible the
variability in X, Y and Z at the site of the study. However, accessibility troubles
can make arriving at the optimal location difficult. Therefore, a specific flight
was designed to examine the same cut slope, which consisted of three flight
paths with 54 images with 80% sidelap overlap and 60% endlapping at an
altitude of 50 m to study the influence that the three GCP locations have on
the final cartographic product quality.

A set of 35 well-spaced targets points, located at the top or the bottom of the
cut slope, were measured with a high precision GPS device.

Then, the photogrammetric block obtained from the relative orientation was
absolutely oriented using six sets of three GCPs selected from the 35 target
points to obtain six photogrammetric projects, designated L1 to L6 (Fig. 5),
with their corresponding orthoimages and DEMs. Once again, the selected
GCPs used to carry out the absolute orientation were excluded from the
quality control assessment. The remaining 33 target points were used as
check points for quality control carried out for each of the six projects and
followed the same method described in quality control section.
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FIG. 5. Distribution of the 35 target points over the cut slope surface. Projects L1 to L6 show the
six sets of the chosen three GCPs used to generate the six photogrammetric projects.
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4. RESULTS AND DISCUSSION

4.1. SAMPLE SIZE

Orthoimages obtained from the photogrammetric projects contain
14,000x14,000 pixels, which may be considered infinite for the purposes of
the sample size estimation. The number of check points N to distribute in an
orthoimage to achieve a statistically representative sample is estimated using
equation (4):

N = 4)

where Z is a statistic reliability parameter that measures the reliability and
depends on the confidence level, 6° is the variance of the population and e is
the acceptable sample error.

The variance of population relative to the RMSE associated with the check
points is unknown a priori. Therefore, 0=0.05 obtained from Ref.*® under
similar conditions is used here. Table 2 shows the sample sizes obtained at
different confidence levels and acceptable sample errors.

e (%)
Confidence level (%) z 1 2 3 4
90 1.65 68 17 8 4
95 1.96 96 24 11 6
98 2.24 125 31 14 8
99 2.58 166 41 18 10

TABLE 2. Sample size defined by the number of check points depending on the confidence level
and acceptable sample error, e.

A total number of 64 check points were measured over the four
photogrammetric projects designed to study axis image orientation. The
results imply that we can achieve a sample error of < 2% with a confidence of
99%. However, 32 check points were measured and designated to be used to
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study the influence of the Helmert GCP location, which implies a sample error
of less than 2% with a confidence of 98%.

The total error obtained after correcting the differential data recorded by the
GPS device was estimated through a total RMS of 0.0124 m at a 95% level of
confidence.

4.2. EFFECTS THAT THE THREE GCP LOCATIONS USED IN ABSOLUTE
ORIENTATION HAVE ON THE QUALITY OF THE DEMS AND
ORTHOIMAGES

The planned flight for this purpose covered the entire extension of the cut
slope with three parallel strips of 18 images each. All the images were taken
on the vertical axis, using 85% and 60% sidelap and endlapp, respectively.

Although image distortion introduced by the camera lens was corrected
analytically by the photogrammetric software, the deformations were
geometrically checked. Figure 6 shows how the straight lines are rectified
after the distortion correction process.

FIG. 6. (a) One of the original images taken in the flight (b) the same image after distortion error
correction.

The relative orientation process was carried out by identifying sets of
common tie points in each overlapping pair of images. A total number of
8,451 tie points were automatically identified during the relative orientation
process using 54 images, which was sufficient to cover the entire target
surface. A total of 41 main overlaps were identified between the images.
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Relative orientation is carried out using an iterative method, which calculates
the overall error estimation of the block adjustment. The RMSE relative to
each tie point is used. After the fourth iteration, the system converged. The
overall error was 0.607 pixels, and the maximum RMSE was 0.832 pixels.

Six photogrammetric projects were derived from the adjusted block by
processing the absolute orientation based on the GCPs represented in Fig. 5,
and designated L1 to L6. Each was processed following the same workflow.
The 3-D point clouds were generated by autocorrelation and well-distributed
over the model (Fig. 7).

FIG. 7. Point cloud covering the entire cut slope obtained by the autocorrelation algorithm and
following the normal distribution function.

After editing and noise filtering over the point clouds, a triangulated surface
with ~150,000 triangles was derived from ~78,000 mesh points over the six
projects. Then a DEM from each of the six projects was extracted with 234
rows and 286 columns. Therefore, six corresponding orthoimages were
obtained, using one interpolated point for each 0.5 m interval and by
registering and resampling the images from these DEM:s.

Quality control was applied to each of the DEMs and orthoimages. The X, Y
and Z residuals are adjusted to a normal distribution over the six projects by
the Kolmogorov-Smirnov test™'.

Figure 8 shows the photogrammetric projects for which absolute orientation
was carried out using three aligned GCPs in the bottom of the cut slope, such
as L3 and L5, which exhibited high RMSEs. In contrast, L1, L2, L4 and L6 have
at least one GCP in the top of the cut slope, dramatically reducing both the
RMSEs.
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B RMSExy (m)

B RMSEz (m)

L1 L2 L3 L4 L5 L6

FIG. 8. Planimetric and altimetric RMSE (m), obtained from the six photogrammetric projects L1 to
L6.

In this subgroup of projects (L1, L2, L4 and L6), L6 exhibits the highest RMSE
due to the GCPs being located at the bottom of the cut slope and not well
centered. This is followed by L4, which has no GCP at the bottom of the cut
slope. This fact suggests that the GCP has to be centered and distributed
between the top and bottom, which was only observed for L1 and L2.

Project L2 exhibits three small advantages with respect to L1: the vector sum
of the planimetric and altimetric RMSEs is lower than L1, its corresponding
orthoimage has fewer errors, and its GCP accessibilities are better than L1’s.

4.3. ORTHOGONAL AXIS ORIENTATION TO THE CUT SLOPE VS.
VERTICAL AXIS PHOTOGRAMMETRIC PROJECTS

Two photogrammetric flights were carried out for comparison proposes. One
had the orthogonal axis pointed at the cut slope for only one path with nine
images containing a 75% overlap and the other had the vertical axis pointed
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at the cut slope with two paths and 36 images containing 75% sidelapping
and endlapping. In both photogrammetric flights, the front part of the drone
and the camera support were orthogonal to flight direction for better angle
camera control and for achieving the orthogonally of the images with respect
to the cut slope. Thus, sidelapping was established along the flight direction.

A photogrammetric project was processed from the orthogonal flight,
following the previously described workflow, and designated as Al. Three
projects were extracted from the vertical flight that considered the sidelap,
endlap and both types of overlaps, respectively, and designated A2, A3 and
A4. The locations of the GCPs used for absolute orientation in the four
projects matches that used on the L2 project.

Table 3 summarizes some characteristics of photogrammetric projects Al to
A4, including the number of overlaps that were used to extract point clouds
covering the entire cut slope.

Axis Image Type of Number

Project . . Paths 9 % Overlap yp of
orientation overlaps

overlaps
Al Orthogonal 1 9 75 Sidelap 8
A2 Vertical 2 18 75 Sidelap 34
A3 Vertical 2 18 75 Sidelap and 52

Endlap

A4 Vertical 2 18 75 Endlap 18

TABLE 3. Characteristics of photogrammetric projects Al to A4.

The point cloud density has a suitable accuracy of ~5,000 points per overlap.
In this sense, Al covers the target surface with fewer points and,
consequently, fewer interpolated triangles, ~86,000, are used to represent
the surface. This is in opposition to A3, which uses 52 overlaps and delivers
125,000 triangular surfaces. Projects A2 and A4 are in an intermediate
position between Al and A3. Due to the orthogonal orientation to the target
surface in Al, this project is the most efficiently designed and reaches the
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desired accuracy using less data. Furthermore, fewer computational
resources are required.

Applying the radial basis function algorithm, the regular 0.5 m/pixel DEMs
were interpolated from Al to A4. This was always performed after the
filtering and editing processes to produce four 0.01 m/pixel orthoimages (Fig.
9).

FIG. 9. Perspective view of the MDS of the A1 photogrammetric project, draped with the texture
obtained from the corresponding orthoimage.

For quality control, a small set of GCPs caused visibility troubles in the
orthoimages, due to unpredictable reflections of the target points. This was
solved by weighting the residuals in the RMSE calculations. Table 4 shows the
planimetric and altimetric RMSEs for the four projects.

Al A2 A3 A4
RMSExy 0.058 0.064 0.071 0.079
RMSEz 0.100 0.100 0.172 0.181

TABLE 4. Planimetric and altimetric RMSEs of photogrammetric projects Al to A4, expressed in
m.
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In photogrammetric projects in which endlapping existed were used, such as
A3 and A4, the errors were higher. The reason for this is that lateral areas of
the images exhibit higher distortion errors due to increased distance from the
centre of the image.

Comparing Al and A2, the altimetric errors are practically the same, whereas
the planimetric errors are similar. Even Al is somewhat smaller, which is
quite remarkable since the management of the orthogonal axis is much
simpler, both for outdoor campaigns and postprocessing, resulting in fewer
errors than vertical orientation of principal axis versus oblique orientation.

5. CONCLUSIONS

Two conclusions were derived from this work and corresponded to the
established objectives. For the location of the GCPs to assign absolute
coordinates to a photogrammetric project and in the context of a landslide
cut slope, the three GCPs do not have to be aligned. One GCP has to be well
centred in the cut slope, and the other two GCPs have to be far from each
other and on the bottom of the cut slope. Summarizing, the triangle formed
by GCPs needs to have as large an area as possible, with a vertex in the centre
of the top line of the cut slope and the other two vertices on both ends of the
bottom of the cut slope. This configuration is very convenient for this type of
surface for which accessibility is complicated.

With respect to the orientation of the image axes, the new UAV-Ph technique
can be applied in a landslide cut slope context, and orienting the images axes
orthogonal to the target surface avoids endlapping.

Finally, planimetric and altimetric errors of 0.058 and 0.100 m, respectively,
are suitable for engineering projects related to the repair and management of
landslides in road cut slopes.
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CAPITULO 2. ACCURACY OF DIGITAL SURFACE MODELS AND
ORTHOPHOTOS DERIVED FROM UNMANNED AERIAL VEHICLE

PHOTOGRAMMETRY

ABSTRACT

This paper explores the influence of flight altitude, terrain morphology and
the number of Ground Control Points (GCPs) on Digital Surface Model (DSM)
and orthoimage accuracies obtained with Unmanned Aerial Vehicle (UAV)
photogrammetry. For this study, 60 photogrammetric projects were carried
out, considering five terrain morphologies, four flight altitudes (i.e. 50, 80,
100 and 120 m) and three different numbers of GCPs (i.e. 3, 5 and 10). The
UAV was a rotatory wing platform with eight motors and the sensor was a
non-metric mirrorless reflex camera. The Root Mean Square Error (RMSE)
was used to assess the accuracy of the DSM (Z component) and orthophotos
(X, Y and XY components RMSEy, RMSEy and RMSEyy, respectively).

The results show that RMSEy, RMSEy and RMSEyy were not influenced by flight
altitude or terrain morphology. For horizontal accuracy, differences between
terrain morphologies were observed only for 5 or 10 GCPs were used, whick
were the best accuracies for the flattest morphologies. Nevertheless, the
number of GCPs influenced the horizontal accuracy; as the number of GCPs
increased, the accuracy improved. Vertical accuracy was not influenced by
terrain morphology, but both flight altitude and the number of GCPs had
significant influence on RMSE; as the number of GCPs increased, the
accuracy improved. Regarding flight altitude, vertical accuracy decreased as
flight altitude increased. The most accurate combination of flight altitude and
number of GCPs was 50 m and 10 GCPs, respectively, which yielded RMSEy,
RMSEy, RMSEyy and RMSE; values equal to 0.038, 0.035, 0.053 and 0.049 m,
respectively.

In view of these results, the map scale according to the legacy American
Society for Photogrammetry and Remote Sensing (ASPRS) map standard of
1990 will be approximately 1:150, and an equivalent contour interval of 0.150
m is sufficient for most civil engineering projects.

Keywords: Unmanned Aerial Vehicle (UAV), photogrammetry, Digital Surface

Model (DSM), orthophoto
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1. INTRODUCTION

The availability of digital terrain information and orthoimages at high spatial
and temporal resolution and accuracy is of increasing importance for all
activities that require accurate topographic data sets (Mancini et al., 2013;
Hugenholtz et al., 2015). The use of Unmanned Aerial Vehicles (UAVs) with
non-metric digital cameras to recover this information is being investigated to
overcome the limitations of classical techniques (Nex and Remondino, 2014).
UAVs are a relatively new type of remote sensing platform that has distinct
advantages over conventional piloted aircrafts and satellites, especially their
low cost, operational flexibility and better spatial and temporal resolution
(Laliberte et al., 2010; Harwin and Lucieer, 2012; Hugenholtz et al., 2013).
From the point of view of the scene dimensions, there is a gap between
conventional airborne and very-high-resolution satellite imagery mapping
applications that can be filled by UAVs (Nex and Remondino, 2014). In such
cases, UAVs require less time in data acquisition and therefore reduce the
cost compared to that for classical manned aircraft (Aber et al., 2010).
Furthermore, the capital value of UAVs is much lower than manned aircraft,
and so the per-hour cost is also lower.

Moreover, UAV imagery provides results at resolution and accuracy that
cannot currently be met by satellite-derived products (Immerzeel et al.,
2014); more important is that the spatial resolution from UAV imagery is
better than that which manned aircraft sensors can achieve. The significant
development of these systems in recent years and the miniaturization of
sensors have increased the civil applications of UAVs (Lambers et al., 2007).
From the time at which the first balloons were used to carry
photogrammetric sensors until now, the development of aerial platforms and
associated technology for this use has been huge. A detailed description of
this evolution and the state-of-the-art can be found in Colomina and Molina
(2014). Furthermore, a review of the applications of UAV in civil engineering
in general and in three-dimensional (3D) mapping applications in particular
can be found in Liu et al. (2014) and Nex and Remondino (2014), respectively.

The integration of photogrammetry and computer vision (Atkinson, 1996;
Hartley and Zisserman, 2003) has provided advances in automation as a result
of the possibility of collecting images from different heights and in different
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directions, greater flexibility and high-quality results (Fernandez et al., 2015).
As a result of these developments, the Structure-from-Motion (SfM)
technique is widely applied. SfM is a photogrammetric technique that
automatically solves the geometry of the scene, the camera positions, and
the orientation without requiring a priori specification of a network of targets
that have known 3D positions (Snavely et al., 2007; Westoby et al., 2012,
Vasuki et al., 2014). SfM incorporates multi-view stereopsis (MSV) techniques
(Furukawa and Ponce, 2007), which derive the 3D structure from overlapping
photography acquired from multiple locations and angles. Lowe (2004) and
Snavely et al. (2007) applied the Scal-Invariant-Feature-Transform (SIFT)
operator for key-point detection for generating 3D point clouds from
photographs. Certain studies concluded that this operator is one of the most
robust to large image variations (Remondino and El-Hakim, 2006; Juan and
Gwun, 2009). Recently, research was carried out using UAV imagery and SfM
techniques with geomorphologic and terrain mapping purposes; Harwin and
Lucieer (2012) evaluated the accuracy of the point cloud generated from UAV
imagery for natural landscape mapping using open source software that uses
the SfM technique. They found accuracies of 0.025-0.040 m when the flight
planning ensured a high degree of overlap (70-95%) between images and a
clearly visible sufficient number of Ground Control Points (GCPs) were
distributed evenly throughout the study area. Turner et al. (2012) used a
rotary wing UAV with a digital single lens reflex (DSLR) camera to generate
georectified mosaics with accurate results. Anders et al. (2013) produced
Digital Surface Models (DSMs) using imagery taken from a fixed-wing UAV.
For images taken 90 m above ground level (AGL), the absolute deviation
achieved in the DSM was 0.350 m; with images taken at 180 m, the absolute
deviation was 0.450 m. Lucieer et al. (2013) generated a high-resolution DSM
of Antarctic moss beds from UAV imagery and obtained an overall root mean
square error (RMSE) of 0.420 m. Mancini et al. (2013) studied the creation
and validation of point clouds and DSM of a beach dune system using images
taken by a rotary-wing UAV equipped with a DSLR camera. They also
compared their results to those from a Terrestrial Laser Scanner (TLS) survey.
The UAV-based approach was demonstrated to be straightforward, and the
accuracy of the vertical data set was comparable to that obtained by TLS
technology. More recently, Immerzeel et al. (2014) applied the UAV
methodology to monitor glacier dynamics. To that end, they used a fixed-
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wing UAV carrying a low-cost digital camera attached to generate Digital
Elevation Models (DEMs) and orthoimages with satisfactory results, and they
concluded that UAV imagery provides resolution and accuracy that cannot
currently be met by satellite-derived products. Lucieer et al. (2014) used UAV
imagery for mapping landslide displacements. DEMs and orthoimages were
exported at 1 cm resolution, resulting in a RMSEyy of 0.070 m and a RMSE; of
0.062 m. Pierzchala et al. (2014) carried out a study to generate a detailed
postharvest surface model using UAV photogrammetry and compared it to a
preharvest surface model that was made by using airborne laser scanning to
measure soil displacement. The total RMSE of the DSM produced from the
UAV images was 0.082 m. Tonkin et al. (2014) used a rotary wing UAV to
recover images for topographic surveys. The images were used to produce a
DSM of moraines. They carried out a direct comparison between total
station-based data acquisition and the UAV-SfM method. They concluded
that the DSM produced from the UAV imagery was in good agreement with
that from the total station survey points. Eltner et al. (2015) measured
surface changes of short-term erosion events by using images taken from a
rotary-wing UAV. The DSM generated from the UAV imagery was compared
to a DSM produced with TLS data. They pointed out that DSMs have an
accuracy of less than 1 cm; hence, the use of UAV imagery to generate DSM is
an advantageous technique fot quantifying and qualifying soil surface
changes at field scales. Harwin et al. (2015) investigated the impact of camera
calibration method on the accuracy of derived point clouds using UAV
Multiview stereopsis of a coastal cliff. They found that if a dense array of
high-accuracy GCPs is deployed, and the UAV photography includes both
vertical and oblique images, then camera precalibration or an on-the-job self-
calibration will yield reliable models. However, the accuracy of these models
decreased when the accuracy of the GCPs was degraded and when the
density of the points was reduced.

Therefore, although in the literature there are increasing data comparing the
accuracy of derived DSMs and orthophotos, there is still a lack of data
regarding the influence of terrain morphology, flight altitude and the number
of GCPs on the accuracy that can be achieved in the production of DSM and
orthoimages with UAV photogrammetry.
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The aim of this study was to analyze the influence of flight altitude, terrain
morphology and number of GCPs on the accuracy of DSMs and orthoimages
obtained with UAV photogrammetry.

2. MATERIALS AND METHODS

2.1 STUDY SITE

The study area was located in Campo de Nijar (Almeria), southeast Spain (Fig.
1). This area has a semi-arid climate and an average annual rainfall of 260
mm. Nevertheless, the field dedicated to horticultural crops, including
tomato, cucumber, or watermelon growing in plastic greenhouses, is growing
rapidly, being currently the most dynamic zone in the province in terms of
greenhouse spreading, with approximately 10000 ha concentrated in an area
of 18000 ha. The water for irrigation comes from wells or a desalination
station located in Carboneras, 25 km away. In both cases, the water is
distributed through a network of pipes. Furthermore, many industries are
represented in the area, including crop processing, plastics, greenhouses,
industrial buildings, and road building. All this infrastructure requires a
knowledge of the morphology of the land to carry out construction projects.

4098000
Motorway

4093000 950 km to Barcelona

—
Campohermusu
o F CABO DE GATA
- RES!

Motorway
4083000 110 km to Almeria city

4073000

012345Km MEDITERRANEAN SEA

4063000
556000 566000 576000 586000 596000

Figure 1. Location of the study area (rectangle), where main villages and roads are located. Coordinates are

UTM meters (Zone 30, ETRS89).
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To cover varying terrain morphologies, data used in this study were collected
from five experimental surfaces in Campo de Nijar, with different
topographies. Table 1 shows the southwest and the northeast coordinates of
each experimental area and summarizes some relief features that are closely
connected to the terrain’s variability, such as standard deviation of slope,
mean slope, or standard deviation of normalized normal vectors
perpendicular to the topographic surface (SDUV). These parameters were
calculated from a pre-existing 2 m resolution DSM by using orthometric
elevations, map projection Universal Transverse Mercator (UTM) Zone 30,
and European Datum 1950. The experimental surfaces were named Ty, T,, T3,
T, and Ts, and were ordered from highest to lowest SDUV. Vegetation present
in all these terrains is scarce and limited only to low scrub.

Table 1. Location (UTM, zone 30N, ETRS89) and general characteristics of the topographic surfaces studied.

Terrain descriptor T, T, T3 T, Ts
Minimum elevation (m) 189.90 194.57 192.82 218.37 217.95
Maximum elevation (m) 213.52 234.46 228.43 249.13 226.10
Average elevation (m) 199.67 216.89 214.05 231.31 222.47
Elevation coefficient of

0.027 0.029 0.021 0.011 0.006
variation (%)
Average slope (%) 29.72 27.32 26.06 25.33 19.01

Standard deviation of

18.70 19.49 18.57 17.60 17.05
slope (degrees)

Standard deviation of

0.257 0.200 0.169 0.105 0.047
unitary vectors (SDUV)
X minimum 582741 582202 582606 582244 582021
Y minimum 4093462 4092827 4093477 4093452 4093939
X maximum 582889 582545 582722 582416 582165
Y maximum 4093608 4092965 4093605 4093585 4094077
Area (mz) 21608 47334 14848 22876 19872
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To obtain a better understanding of the morphology of every studied surface,
Fig. 2 shows a perspective block diagram.

Figure 2. Perspective block diagram of every one of the five topographic surfaces studied, ordered from
higher (T1) to lower (T5) standard deviation of unitary vectors.

2.2 IMAGE COLLECTION

The images used in this work were taken from a rotatory wing UAV with eight
rotors and MikroKopter (Moormerland, Germany) electronic boards and
motors. It has a payload of approximately 2.5 kg and is equipped with a
motion-compensated gimbal for the sensor. In this case, the sensor was a
Sony (Tokyo) Nex 7 digital camera with a lens of 16 mm fixed focal length.
This camera had a Complementary metal-oxide semiconductor (CMOS)
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sensor of 24.3 effective Megapixels, with a size of 366.6 mm? (23.5 mm x 15.6
mm). Fig. 3 shows the entire system.

Figure 3. UAV oktokopter used as a photogrammetric platform.

To determine the influence of flight altitude on the accuracy of DSMs and
orthophotos produced, four photogrammetric projects per surface were
carried out, differing in flight altitude (50, 80, 100 and 120 m). Table 2
summarizes some photogrammetric flight characteristics for each flight
altitude: surfaces covered per image and ground sample distance (GSD).

Table 2. Area covered per image and GSD for every flight altitude

Terrain covered per

Flight altitude (m) GSD (mxpixel ™)

image (mxm)
50 72 x 49 0.012
80 115x 78 0.019
100 143 x 98 0.024
120 172 x117 0.029

The flight projects were carried out in navigation mode which means that the
UAV flew following a previously programmed and loaded path, via the
MikroKopter-Tool software. The camera was triggered every 2 seconds by a
controller on the UAV, and the flight speed was set to obtain forward and
side overlaps of 90% and 80%, respectively.
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Before image acquisition, several targets were scattered on every studied
surface for georeferencing (Ground Control Points, GCPs) and assessing the
accuracy of the DSM and orthophoto (Check Points, CPs).
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Figure 4. GCP and CP configuration for photogrammetric block, considering 3, 5 and 10 GCPs and every
studied terrain. The number of CP varied depended on the case.

Fig. 4 shows the GCP and CP configuration for the photogrammetric block,
considering 3, 5 and 10 GCPs, and every studied terrain. These configurations
were the same for all the flights. For any combination of GCP number, the
strategy in this study was to spread these points uniformly over the entirety
of every experimental surface: the largest equilateral triangle inscribed (3
GCPs), 1 GCP at each corner and 1 in the middle (5 GCP), and 1 GCP at each
corner and 1 at each midpoint of the sides, plus 2 GCPs around the middle.
The number of targets in each terrain was 25 for T1 and T5, 33 for T2, 28 for
T3, and 26 for T4. Of these amounts, 3, 5 or 10 were taken as GCPs, and the
rest were taken as CPs. The 3D coordinates of these points were measured
using Global Navigation Satellite Systems (GNSSs) working with differential
corrections in real-time kinematic (RTK) mode, with the base station on a
geodesic pillar located closer than 1 km from the studied surfaces. The 3D
coordinates of the geodesic pillar, named Cerro Gordo Il (Instituto Geografico
Nacional, 2015), by the Spanish National Geographic Institute are
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582.655,945 m, 4.093.630,095 m and 240,883 m, respectively. The horizontal
coordinates are referred to as UTM Zone 30N (European Terrestrial
Reference System 1989, ETRS89) and the elevation is referred to as the mean
sea level, using the EGMO08 geoid model. Both rover and base GNSS receivers
were Trimble R6s. For the RTK measurements, these dual-frequency geodetic
instruments, which track the GPS and Global Navigation Satellite System
(GLONASS) signals simultaneously, have a manufacturer’s stated accuracy
specification of 8 mm+1 ppm RMS horizontal, and +15 mm+1 ppm RSM
vertical. Therefore, the maximum horizontal and vertical RMS was 9 mm and
+16 mm, respectively.

2.3 IMAGE PROCESSING

Image processing was performed using the software package
AgisoftPhotoScan Professional, version 1.0.4 (Agisoft 2013). The SfM
procedure of SfM routines incorporated in PhotoScan and commonly used
parameters are described in Verhoeven (2011). The workflow of this software
is a three-step process. The first step is the alignment of the images by
feature identification and feature matching. This task was carried out with
the PhotoScan accuracy set to high. Imagery were not geotagged. The result
of this step is the camera position corresponding to each picture, the internal
calibration parameters and the 3D coordinates of a sparse point cloud of the
terrain. In the second step, a densification of the point cloud is achieved by
using the height field method that is based on pairwise depth-map
computation (Agisoft, 2013), which resulted in a more detailed 3D model that
could be used to identify the GCPs and CPs. The third step applies a texture to
the mesh obtained in the previous step, and the point cloud is referenced to a
local coordinate system (ETRS89 and frames in the UTM, in the case of this
study). The bundle adjustment can be carried out using three GCPs at least,
but higher accuracy results are obtained if more GCPs are used, and the
recommendation is to use more than three to obtain optimal accuracy
(Rosnell and Honkavaara, 2012). Taking into account this and the results of
Tahar (2013), who observed that accuracy increased when the number of
GCPs varied from four to nine, to study the influence of the number of GCPs
used in the bundle adjustment on the accuracy of the results, this task was
repeated using 3, 5 and 10 GCPs uniformly sparse on every surface, for every
photogrammetric project, as described in the previous section.
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Finally, the orthophoto is exported and a grid DSM can be generated from the
point cloud.

2.4 ACCURACY ASSESSMENT

Taking into account all combinations of studied surfaces, flight altitude and
number of GCPs used for georeferencing gives a total of 5 x 4 x 3 = 60
photogrammetric projects.

For every photogrammetric project, the accuracy assessment in easting (X),
northing (Y), horizontal (XY) and height (Z), were carried out on the surveyed
points that had not been used for georeferencing (CPs). Although
identification of GCPs and CPs in the AgisoftPhotoScan software is performed
in the imagery before running the final bundle adjustment once the photo
locations have been taken out of these points and before point cloud
densification and orthophoto production, the accuracy assessment was
carried out from the point of view of an end-user of the products. In this way,
the CPs were identified in the orthoimages and their coordinates were
compared to the surveyed GNSS coordinates, resulting in RMSEy, RMSEy and
RMSEyy horizontal accuracy measures:

Y (Xoi—XgNssi)?
n

RMSEy = J (1)

Y (Yoi-YgNssi)?
n

RMSE, = J (2)

Y [(X0i—Xonss)?+ (Y 0i—Yanssi)?]
n

where n: number of CPs tested for this project; Xp;, Yoi: X and Y coordinates,
respectively, measured in the orthophoto for the i™ CP; and Xgnss, Yonss: X
and Y coordinates, respectively, measured with GNSS for the i™" CP.

Vertical accuracy was derived in two different ways. In the first method, the
height value was derived from the grid DSM for the X and Y coordinates of
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the CPs on the orthoimage, and it was also compared to the GNSS
observations, producing an RMSE; accuracy measure for the Z direction:

n

n _ N2
RMSE,, = JZL=1(ZOL ZGNssi) (4)

where Zp; is the height in the ithCP, derived from DSM, taking into account its
X and Y coordinates, measured on the orthophoto; and Zgyssi: Z coordinate of
the i CP measured with GNSS.

This method was followed as it would be the way that a user would
determine the Z component of a point identified on the orthophoto.
Nevertheless, this method, to some degree, removes the effect of the
horizontal error from the process. Therefore, the second way to assess the
vertical accuracy was to compute the difference between the DSM and GNSS
measured CPs. Then, the RMSE was calculated as follows:

Y1 (Zpi—Zgnssi)?
n

where Z,; is the height in the i CP, derived from DSM, taking into account its
X and Y coordinates, measured with GNSS; and Zgyss: Z coordinate of the it
CP measured with GNSS.

For each photogrammetric project, the orthophoto and DSM were generated
at a resolution equal to its own ground pixel size. The DSM was derived from
the generated point clouds by using the inverse distance to square power,
taking into account the eight nearest points. Then, the distance from the
interpolated grid point to the eight nearest points used for interpolation was
less than 15 cm. In this way, the generated DSM fit with the points cloud.

3. RESULTS AND DISCUSSION

Fig. 5 shows RMSEy, RMSEy and RMSEyy for every terrain morphology studied,
the number of GCPs and the flight altitudes. In Fig. 5, solid lines represent
mean values considering the five terrain morphologies. In general, for every
number of GCPs, the values of RMSEy and RMSEy were quite similarly
independent of flight altitude, which had no significant influence on the
accuracy of X and Y. For RMSEy, the ranges of variation were 0.135-0.224 m
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for 3 GCPs (0.089 m), 0.036—0.088 m for 5 GCPs (0.052 m), and 0.018-0.059
m for 10 GCPs (0.041 m). For RMSEy, the ranges of variation were 0.118—
0.195 m for 3 GCPs (0.077 m), 0.025-0.081 m for 5 GCPs (0.056 m), and
0.022—-0.063 m for 10 GCPs (0.041 m). For RMSEyy, the ranges of variation
were 0.183-0.286 m for 3 GCPs (0.103 m), 0.046—0.108 m for 5 GCPs (0.062
m), and 0.028-0.081 m for 10 GCPs (0.053 m). For easting and northing
components and 3 GCPs, all values were aproximately 0.150 m; for 5 GCPs
these values were around 0.05 m, and for 10 GCPs practically all values were
under 0.050 m. For 3 GCPs, RMSEyy was around 0.225 m, aproximately 0.075
m for 5 GCPs and aproximately 0.050 m for 10 GCPs. These ranges are
summarized in Table 3. In all cases, the maximum RMSE values were found
for 3 GCPs, whereas minimum values were observed for 10 GCPs.
Furthermore, the ranges’ amplitude decreased as the number of GCPs
increased; values for the X and Y components were quite similar for each
given GCP number.

Table 3. Ranges of RMSE (m) values for X, Y and XY components, taking into account the five studied
surfaces and considering then GCPs number.

Number RMSE, RMSEy RMSEyxy
of GCP

Min. Max. Range Min. Max. Range Min. Max. Range
3 GCPs 0.135 0.224  0.089 0.118 0.195 0.077 0.183  0.286 0.103
5 GCPs 0.036 0.088 0.052 0.025 0.081 0.062 0.046  0.108 0.062
10 GCPs 0.018 0.059 0.041 0.028 0.081 0.053 0.022  0.028 0.006

For all morphologies studied, horizontal accuracy improved as the number of
GCPs increased. The horizontal accuracy increment (RMSE decrement) was
higher from 3 to 5 GCPs than for 5 to 10 GCPs; these increments were similar
for all terrains and flight altitudes. Taking into account all terrains and flight
altitudes, the mean RMSE increments of horizontal components from 3 to 5
GCPs were -0.107 m, -0.109 m and -0.152 m for X, Y and XY components
respectively, whereas the RMSE increments of these components from 5 to
10 GCPs were -0.019 m, -0.013 m and -0.023 m for X, Y and XY components
respectively.
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In general, when the GSD increases because the flight altitude increases,
horizontal accuracy tends to decrease. Nevertheless, the results of this study
show that horizontal accuracy was not influenced by flight altitude. In this
case, the increment of GSD went from 1.2 cm, for 50 m flight altitude to 2.9
cm for 120 m flight altitude (Table 2), which was insufficient to yield
differences in horizontal accuracy.
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Figure 5. RMSEy, RMSEy and RMSEyy (m) for every terrain morphology studied, number of GCPs and flight
altitude (m). Solid lines represent mean values considering the five terrain morphologies studied.

Furthermore, for a given number of GCPs, Fig. 5 does not show any significant
horizontal accuracy differences between the studied morphologies: these
differences were smaller as the number of GCPs increased. Very small
horizontal accuracy differences between morphologies were observed for
only for 5 and 10 GCPs between the flattest terrains (T4 and T5, lowest
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horizontal RMSE values) and the rest. If the terrain complexity differences
had been higher, the differences between the horizontal accuracies would
have been higher, too.

Fig. 6 shows RMSE;o and RMSE;p calculated with Egs. (4) and (5), respectively,
for each flight altitude and terrain. In Fig. 6, solid lines represent mean values
considering the five terrain morphologies. The ranges of variation for RMSE;
were 0.072—-0.176 m for 3 GCPs (0.104 m), 0.052-0.170 m for 5 GCPs (0.118
m), and 0.032—-0.080 m for 10 GCPs (0.049 m). RMSE,, values were 0.043—
0.160 m for 3 GCPs (0.117 m), 0.010-0.170 m for 5 GCPs (0.160 m), and
0.025-0.080 m for 10 GCPs (0.055 m). Fig. 7 shows RMSE; versus RMSE,
values for all photogrammetric projects. In all cases for a given project,
RMSE;o was lower than RMSEzp.
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Figure 6. RMSE;p and RMSE;o (m) versus flight altitude (m), for every terrain morphology studied and
number of GCPs. Solid lines represent mean values considering the five terrain morphologies studied.

For all studied terrains, the lowest values were found for 50 m flight altitude
and 10 GCPs. For 3 and 5 GCPs, the RMSE;; and RMSE;, trends were to
increase when the flight altitude increased: taking into account the five
studied terrains, the average RMSE,, for 50, 80, 100 and 120 m flight altitude
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was 0.104 m, 0.110 m, 0.114 m and 0.151 m, respectively, for 3 GCPs, and
0.060 m, 0.117 m, 0.120 m and 0.148 m, respectively, for 5 GCPs. For 10
GCPs, the RMSEyp value for the 50 m flight altitude (0.049 m) increased to
0.074 m for the 80 m flight altitude and to 0.069 for the 80 to 100 m altitude,
maintaining practically the same value from the 100 m to the 120 m flight
altitude (0.068 m). For the 50, 80, 100 and 120 m flight altitude, the
equivalent values for RMSE;o were 0.085 m, 0.084 m, 0.098 m and 0.126 m,
respectively, for 3 GCPs, and 0.028 m, 0.100 m, 0.102 m and 0.125 m,
respectively, for 5 GCPs. For 10 GCPs, the RMSE;, increased from the 50 m
(0.035 m) to the 80 m flight altitude (0.053 m), maintaining the same value
for the 100 m (0.059 m) and 120 m flight altitudes (0.061 m). In all cases,
RMSE;o values were lower than their equivalents RMSE; values. This is, as
has been explained before, because the method for calculating RMSEz
removes the effect of the horizontal error from the process. If the Z
coordinate of a point identified on the orthophoto is to be calculated, RMSEo
will be the correct accuracy.
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Figure 7. RMSE o versus RMSE;p, (m), for every photogrammetric project studied. Straight line represents 1:1
line.

m TESIS DOCTORAL |



| PATRICIO JESUS MARTINEZ CARRICONDO |@PAekIS

If RMSE;, values for 10 GCPs are studied separately according to flight
altitude, a significant linear correlation can be observed between the average
slope of every terrain (Table 1) and its corresponding RMSEz, (r=0.918), for
the 50 m flight altitude. This trend was similar for the other flight altitudes,
but the correlation coefficients were not significant (0.579, 0.151, 0.148 for
the 80 m, 100 m and 120 m flight altitude, respectively). Correlation
coefficients were similar when the studied relation was SDUV versus RMSEp.
Therefore, when the conditions were optimal for higher vertical accuracy (i.e.
50 m flight altitude and 10 GCPs), there was a relationship between vertical
accuracy and terrain complexity: more complex terrain was associated with a
higher RMSEz5. The minimum RMSEz, (0.032 m)was found for the flattest
terrain (T5), and the maximum RMSEz, (0.059 m) was found for the more
complex terrain (T1). In view of these results, it can be concluded that both
flight altitude and number of GCPs influence the vertical accuracy in all
studied cases.

Regarding the number of GCPs, there are few studies that were concerned
with the influence on the accuracy results of photogrammetric projects from
UAVs. Most of them only reported the number of GCPs that were used. Tahar
(2013) concluded that different configurations in distribution and number of
GCPs (from 4 to 9) contributed different errors in the photogrammetric block.
This work concluded that the most accurate results are reached from 8 GCPs.
Although the number of GCPs used was different, the results of this study
showed the same trend. Niethammer et al. (2012) generated a digital terrain
model from a quad-rotor UAV-based image data set taken between 100 and
200 m as the flight altitude (0.030-0.080 m GSD), using 16 GCPs with VMS
close range photogrammetry software (VMS, 2010) and an image-matching
algorithm from University College London, on an area of 850 x 250 m. They
found a mean horizontal error equal to 0.5 m and in the vertical direction an
RMSE equal to 0.310 m. In an Antarctic environment site of approximately
200 x 100 m, Lucieer et al. (2014) used a fixed number of 12 GCPs in a UAV
photogrammetric project with an altitude of 50 m above ground level. They
used the Agisoft Photoscan Professional (0.85) software for the 3D
reconstruction of terrain features.They also observed a geometric accuracy of
0.060 m in planimetry and 0.044 m in the Z component, which are both
similar to the results presented here for a combination of 10 GCPs and 50 m
flight altitude: the mean values, considering the five morphologies, of RMSEy,

| CAPITULO 2



pL0¥{:W UNIVERSIDAD DE ALMERIA |

RMSEy, RMSEyy and RMSE; were 0.038 m, 0.033 m, 0.051 m and 0.049 m
respectively. Turner et al. (2012), working in similar conditions to those of
Lucieer et al. (2014), found accuracies of 0.100 m and 0.150 m in the XY and Z
components, respectively.

Mancini et al. (2013), worked with the same software, a flight altitude of 40
m and 10 GCPs. In their conclusions, they supposed that a reduction in the
number of GCPs will not influence the accuracy, and will reduce the effort for
acquiring ground-based references for the georeferencing of SfM products.
This conclusion disagrees with the results shown in Figs. 5 and 6, which
indicate that values of horizontal and vertical RMSEs decreased when the
number of GCPs increased from 5 to 10. Hugenholtz et al. (2015), with a
rotatory-wing UAV, 10 GCPs and 100 m flying height, performed two aerial
surveys of a stockpile before and after a portion of this pile was excavated
and reported vertical RMSE values of 0.106 m and 0.097 m, respectively.
These results are worse than all results observed in any of the terrains
studied here, taking into account 10 GCPs and 100 m flight altitude, which
ranged from 0.060 m to 0.075 m. This poorer accuracy might be associated
with the GCP distribution, which was positioned around the stockpile and was
not uniformly sparse. Cryderman et al. (2014) carried out a study on a
stockpile, too, by using a fixed-wing UAV with a flight altitude of 118 m and
taking into account 11 GCPs. They yielded values of RMSEyy equal to 0.039 m,
which agrees with the results observed in this study. Nevertheless, the value
of RMSE; reached by Cryderman et al. (2014) was 0.049 m, whereas the
equivalent RMSE; value in the present study (120 m flight altitude and 10
GCPs) was 0.068 m; it was necessary to fly at 50 m to reach an accuracy of
0.049 m. Udin and Ahmad (2014) used an UAV system for large-scale stream
mapping, and compared the accuracies of the orthophotos and DSMs by
using the horizontal and vertical RMSE values at several flight altitudes (i.e.
40, 60, 80 and 100 m), which were associated with GSDs ranging from 1.5 to
3.6 cm. They worked with 23 GCPs on only one terrain. Their results showed
that RMSEyy values had no clear trend when the flight altitude varied, which is
similar to the results obtained in the present study. Furthermore, RMSE;
values increased with flight altitude, in agreement with the trend of vertical
RMSE observed in the present study.
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4. CONCLUSIONS

In this study, several kinds of terrain morphologies, flight altitudes and
number of GCPs for a georeferencing task were taken into account to
evaluate the accuracy of DSMs and orthophotos produced from images taken
from a mirroless reflex camera mounted on a rotatory wing UAV.

The results obtained demonstrate that neither the studied terrain
morphologies nor flight altitude have a significant bearing on the accuracy of
X, Y or XY. For the size and resolution of the camera sensor used in this work
and the range of flight altitudes covered (50-120 m), the GSD ranged from
1.2 cm to 2.7 cm and did not influence the horizontal accuracy. For horizontal
accuracy, very small differences between terrain morphologies were
observed only when 5 or 10 GCPs were used, which were the best accuracies
fot the flattest morphologies (T4 and T5).

The number of GCPs has a significant influence on the accuracy of X, Y and XY;
the highest values are obtained with 10 GCPs. Furthermore, differences
between terrain morphologies in horizontal accuracy decrease as the number
of GCPs increases.

Regarding the Z accuracy, terrain morphology has a significant bearing on this
component only for optimal conditions (i.e., 50 m flight altitude and 10 GCPs).
In this case, higher accuracies are obtained for the flattest terrains. A similar
trend is observed for other flight altitudes studies, although the relationship
was not as evident as that observed under optimal conditions.

For the studied flight altitudes, Z accuracy decreases when flight altitude
increases. Both RMSE;o and RMSEy, increases with flight altitude are more
notable for 3 and 5 GCPs than for 10 GCPs. For 10 GCPs, RMSE; increases at
50 to 80 m flight altitudes; at altitudes from 80 to120 m, it is almost constant.

The most accurate combination of flight altitude and number of GCPs studied
in this work is 50 m and 10 GCPs, which yields mean RMSEy, RMSEy, RMSEyy,
RMSE;pand RMSE,g values equal to 0.038 m, 0.035 m, 0.053m, 0.049 m and
0.035 m, respectively. For 10 GCPs and 80, 100 or 120 m flight altitude,
horizontal accuracy values are quite similar to those found for 50 m flight
altitude, and RMSEp increases to 0.074 m, 0.069 m and 0.068 m for 80, 100

and 120 m flight altitude, respectively.
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According to the American Society for Photogrammetry and Remote Sensing
(ASPRS) positional accuracy standards for digital geospatial data (ASPRS,
2015) and taking into account the mean RMSEy (0.038 m), RMSEy (0.035 m),
RMSEyy (0.053 m) and RMSE; (0.049 m) values for 10 GCPs and 50 m flight
altitude, the horizontal and vertical accuracies at the 95% confidence level
are equal to 0.092 m and 0.096 m respectively. The equivalent map scale
according to the legacy ASPRS map standard of 1990 (ASPRS, 1990) will be
approximately 1:150, and an equivalent contour interval is 0.150 m.

The results of this study come from experiments carried out under a wide
range of conditions (viz. terrain morphologies, flight altitudes and number of
ground control points), and support the findings of other researchers with
respect to the accuracy and mapping suitability of UAV photogrammetry.
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CAPITULO 3. ASSESSMENT OF PHOTOGRAMMETRIC MAPPING
ACCURACY BASED ON VARIATION GROUND CONTROL POINTS

NUMBER USING UNMANNED AERIAL VEHICLE

ABSTRACT

Digital Surface Models and orthoimages at high spatial and temporal
resolution and accuracy are of increasing importance for many applications.
From several years ago photogrammetry-UAV is being used to produce these
topographic products. The aim of this study is to analyse the influence of the
number of Ground Control Points used for georeferencing on Digital Surface
Model and orthoimage accuracies obtained with UAV-photogrammetry. In
this purpose, 160 images were taken on a 17.64 ha surface at 120 m altitude
above ground level, and five replications of photogrammetric projects taking
into account 4, 5, 6, 7, 8, 9, 10, 15, and 20 GCPs were made. Root Mean
Square Error (RMSE) was used as accuracy measurement.

Optimal results for RMSEy, RMSEy and RMSEyy meantstandard deviation
values were reached for 15 GCPs: 3.3%+0.346, 3.2+0.441, 4.6+0.340 and
4.5+0.169 cm respectively. Similar conclusion was derived for vertical
accuracy: lower RMSE; meantstandard deviation values were reached for 15
and 20 GCPs: 5.8+1.21 cm and 4.7£0.860 cm respectively.

In view of these results maps at 1:150 scale and contour interval of 15 cm can
be obtained from UAV-photogrammetry.

Keywords: UAV, Photogrammetry, Georeferencing, Orthophoto, Accuracy
evaluation.

1. INTRODUCTION

Digital Surface Models (DSM) and orthoimages at high spatial and temporal
resolution and accuracy is of increasing importance for many applications
[1,2]. From several years ago, Unmanned Aerial Vehicles (UAVs) with non-
metric digital cameras are being used to produce these topographic products
because they have distinct advantages over conventional piloted aircrafts and
satellites, especially their low cost, operational flexibility and better spatial
and temporal resolution [3,4,5,6]. UAVs require less time in data acquisition
therefore reduce the cost in comparison with classical manned aircraft [7].
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The great development of these systems in recent years and the
miniaturization of sensors have increased the civil applications of UAVs [8]. A
detailed description of UAV evolution and applications can be found in [9].
Furthermore, a review of the applications of UAV in civil engineering in
general is made in [10], and a review of UAV applications in 3D mapping can
be found in [11].

As a result of the integration of photogrammetry and computer vision
[12,13], the Structure from Motion (SfM) technique is widely being applied
because this integration allows the possibility of collecting images from
different heights and in different directions, greater flexibility and high quality
results [14]. SfM is a photogrammetric technique which solves automatically
the geometry of the scene, the camera positions and orientation, without the
need to specify a priori a network of targets which have known 3-D positions
[15, 16, 17]. SfM incorporates multi-view stereopsis (MSV) techniques [18],
which derives 3D structure from overlapping photography acquired from
multiples angles. In [19] and [15], the Scale Invariant Feature Transform (SIFT)
operator was applied for key-point detection for generating 3D point clouds
from photographs. There are works concluding that this operator is one of
the most robust to large image variations [20, 21]. All these developments
have led to a new concept: UAV-photogrammetry.

In surveying applications is essential to geo-reference generated data in the
photogrammetric process, which can be applied by measuring reference
targets clearly visible in the images that were scattered on the ground before
the flight or other objects as base of electricity poles, building corners, well’s
covers, etc. 3D coordinates of these Ground Control Points (GCPs), must be
surveyed with a suitable survey method, as differential GPS or tachymetry. At
least three GCPs are needed for this process, but it is recommended to use
significantly more to reach better accuracies.

Recently, some works have been carried out using UAV imagery and SfM
techniques with geomorphologic and terrain mapping purposes: in [4], the
accuracy of the point cloud generated from UAV imagery of a natural
landscape mapping using an open source software that uses SfM technique is
evaluated. They found accuracies of 2.5-4.0 cm when the flight planning
ensured a high degree of overlap (70%—-95%) between images and clearly
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visible sufficient number of Ground Control Points (GCPs) were evenly
distributed throughout the study area. In [22], a study was carried out
employing a rotary wing UAV with a digital single lens reflex (DSLR) camera in
order to generate georectified mosaics with accurate results. In [23], high
resolution DSM of Antartic moss beds was generated from UAV imagery
obtaining an overall root mean square error (RMSE) of 4.2 cm. In [24], author
used UAV imagery for mapping landslide displacements. DSMs and
orthoimages were exported at 1 cm resolution resulting RMSEyy of 7.0 cm and
RMSE; of 6.2 cm. In [25], a rotary wing UAV was used to recover images for
topographic surveys. The images were used to produce a DSM of moraines. In
this work, authors carried out a direct comparison between a total station
base data acquisition and the UAV-SfM method. They concluded that the
DSM produced from the UAV imagery was in good agreement with the total
station survey points. In [26], changes of short term erosion events were
measured using images taken from a rotary-wing UAV. In this work, the DSM
generated from the UAV imagery was compared to a DSM produced with
terrestrial laser scanning data. They pointed out that DSMs have an accuracy
of less than one centimetre; hence the use of UAV imagery to generate DSM
is an advantageous technique to quantify and qualify soil surface changes at
field scales. Uysal et al. [27], carried out an accuracy analysis of DSMs
generated with UAV photogrammetry and they concluded that is possible to
use this methodology as map producing, surveying and some other
engineering applications with the advantages on classical methodologies of
low-cost, time conservation, and minimum field work. In [28], combinations
of several terrain morphologies, flight altitudes and number of GCP were
used to study their influence on DSM and orthophoto accuracy. The work of
Mesas-Carrascosa et al. [29], had the purpose of using the UAV remote
multispectral images for spectral discrimination of bare soil and vegetation
(crop and weeds). They studied the effect of combination of flight altitude,
flight mode (stop and cruising modes) and GCPs configuration on weeds
detection an concluded that a balance between spatial resolution and
spectral discrimination is need to optimize the weed detection .Ruzgiene et
al. [30], studied the quality of DSMs generated using UAV photogrammetry
techniques and the influence of the number of GCPs on the accuracy. In [31],
the positional quality of orthophotos obtained from images taken from a
multi-rotor UAV and standard camera were studied. Results showed that the
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orthophotos passed the spatial quality tests proposed by various national
mapping agencies. So, although in the literature there are increasing data
relative on the accuracy of derived DSMs and orthophotos and the influence
of some parameters (flight altitude, camera focal length, terrain morphology,
number of GCPs, etc) on the accuracy, it is necessary to deepen the
understanding of the influence of these parameters to achieve better
accuracies in the products derived from UAV photogrammetry.

The aim of this study is to analyse the influence of the number of GCPs on
DSM and orthoimage accuracies obtained with UAV photogrammetry.

2. MATERIALS AND METHODS

2.1 STUDY SITE

The study area is located in Campo de Nijar (Almeria), Southeast Spain (figure
1). The south-west and the north-east coordinates UTM (Zone 30, ETRS89) of
this area are (581915, 4094210) and (582335, 4094630), respectively. So, its
dimension was 420x420 m, which covers an area of 17.64 ha. The selection of
the study area was based on its morphology, which includes a wide range of
slope values. The elevation range is about 60 m, varying from 187 m to 247 m
above mean sea level.

-
4098000 1

N
4093000 f

Motorway
950 km to Barcelona

Motorway
4083000 {10 km to Aimeria city

4073000

o MEDITERRANEAN SEA

4063000
556000 566000 576000 586000 596000

Figure 1. Location of the study area (shadow rectangle), where main villages and roads have been located.

Coordinates are UTM (Zone 30, ETRS89).
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2.2 IMAGE COLLECTION

Images used in this work were taken from a rotatory wing UAV with eight
rotors and MikroKopter electronic boards and motors [32]. It has a payload of
2.5 kg approximately and is equipped with a motion compensated gimbal for
the sensor. In this case, the sensor was a Nikon D-3100 digital reflex camera
with a lens of 16 mm fixed focal length. Figure 2 shows the entire system.

Figure 2. The UAV oktokopter used in this work as photogrammetric platform.

The flight projects were carried out in navigation mode. This means the UAV
flies following a previously programmed and loaded path, via the
MikroKopter-Tool software. The camera was triggered every two seconds by
a controller on the UAV and the flight speed was set to get forward and side
overlaps of 90% and 80% respectively. Flight altitude was 120 m above
ground level which implies a surface of 190x113.75 m?® covered by every
photo and an equivalent ground sample distance of 3.291 cm.

Previous to the images acquisition, 72 targets were scattered on the studied
surface for georreferencing (Ground Control Points, GCPs) and assessing the
accuracy of DSM and orthophoto (Check Points, CPs) purposes. Location of
these targets is showed in figure 3. 3D coordinates of these points were
measured with a GPS receptor working in RTK mode, with the base station on
a geodesic pillar located closer than one kilometer of the studied surfaces. 3D
coordinates of the geodesic pillar, named Cerro Gordo Il [33], by the Spanish
National Geographic Institute are 582655.945 m, 4093630.095 m and 240.883
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m, respectively. Horizontal coordinates are referred to UTM Zone 30N
(European Terrestrial Reference System 1989, ETRS89) and the elevation is
referred to the mean sea level, using the EGMO08 geoid model. Both rover and
base GPS receivers were Trimble R6. For RTK measurements, these dual-
frequency geodetic instruments have a manufacturer’s stated accuracy
specification of 1 cm+1 ppm RMS horizontal, and £2 cm+1 ppm RSM vertical.
As distance between base station and study area was 670 m approximately,
horizontal and vertical errors were around 1 cm and 2 cm.

4094630

4094210
581915 582335

- 1
0 100 m

Figure 3. Location of the 72 targets used as GCP or CP. Coordinates are referred to UTM Zone 30N
(European Terrestrial Reference System 1989, ETRS89).
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2.3 IMAGE PROCESSING

Image processing was performed by the software package Agisoft PhotoScan
Professional edition, version 1.0.4 [34]. The SfM procedure of SfM routines
incorporated in PhotoScan and commonly used parameters are described in
[35]. While carrying out images alignment, this software estimates both
internal and external camera orientation parameters, including nonlinear
radial distorsion. Only an approximate focal length value is required, which is
extracted automatically from the EXIF metadata. The workflow is a three-step
process. The first step is the alignment of the images by the feature
identification and feature matching. This task was carried out with the
PhotoScan accuracy set to high. The result of this step is the camera position
corresponding to each picture, the internal calibration parameters and the 3D
coordinates of a sparse point cloud of the terrain. In the second step, a
densification of the point cloud is achieved using height field method that is
based on pair-wise depth map computation. This resulted in a more detailed
3D model that can be used to identify the GCPs and CPs. The third step
applies a texture to the mesh obtained in the previous step and the point
cloud is referenced to a local coordinate system (ETRS89 and frames in the
UTM, in our case). The bundle adjustment can be carry out using three GCPs
at least but more accuracy results are obtained if more GCPs are used, being
a recommendation to use more of then to obtain optimal accuracy [36].
Attending to this affirmation, this task was repeated in this work using 4, 5, 6,
7, 8,9, 10, 15 and 20 GCPs uniformly sparse on the terrain. Furthermore, for
every number of GCPs, five replications were carried out changing the
combination of selected points. Figure 4 shows the GCPs distribution for
every studied combination. Finally, the orthophoto is exported and a grid
DSM can be generated from the point cloud.

2.4 ACCURACY ASSESSMENT

Taking into account combinations of number of GCPs used for georeferencing
and replications, a total of 9 x 5 = 45 photogrammetric projects were carried
out.

For every photogrammetric project, the accuracy assessment in Easting (X),
Northing (Y), horizontal (XY) and height (Z), was carried out on the surveyed
points which have not been used for georeferencing (CPs).
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Figure 4. GCPs distribution for every number of GCPs and replication studied.

So, the number of CPs ranged from 52 to 69 depending on the number of

GCPs used in the photogrammetric project. These CPs were identified in the

orthoimages and their coordinates were compared to the surveyed GPS
coordinates, resulting RMSEyx, RMSEy and RMSEyy horizontal

measures:
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where:

n: number of CP tested for this project.

Xoi, Yoi: X and Y coordinates measured in the orthophoto for the i"" CP.
Xapsi, Yepsi: X and Y coordinates measured with GPS for the i" CP.

Furthermore, the height value was derived from the grid DSM for the X and Y
coordinates of the CP on the orthoimage and it was also compared to the GPS
observations, producing RMSE; accuracy measure for the Z direction:

Y1 (Zoi~Zgpsi)?
n

RMSE, =

where:

Zoi is the height in the i CP, derived from DSM, taking into account its
coordinates X and Y, measured on the orthophoto.

Zepsi: Z coordinate of the i" CP measured with GPS.

For each photogrammetric project, the orthophoto and DSM were generated
at a resolution equal to its own ground sample distance (3.291 cm). DSM was
derived from the generated cloud points by using the inverse distance to
square power, taking into account the eight nearest points. Then, distance
from interpolated grid point to the eight nearest points used for interpolation
was less than 15 cm. In this way, the generated DSM fits with the points cloud
generated during the photogrammetric process.

3. RESULTS AND DISCUSSION

A total of 160 images were used in every photogrammetric project studied in
this work. Figure 5 shows camera location of every picture and indication of
the image overlap. In view of this image, it can observe that the whole
studied surface was covered by more than nine pictures, which is optimum
number for the image matching algorithms used in SfM.
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Figure 5. Camera location of every picture and indication of the image overlap (black circles). Color scale
indicates the number of pictures which have covered the same ground point. Black square indicates the
studied area.

Figure 6 shows the mean value of the five replications of RMSEyx, RMSEy and
RMSEyy (cm) found for every combination of GCPs. In this figure, extrems of
the bars indicate mean value plus and minus standard deviation. Based on
this figure, it can conclude that RMSEy, RMSEy can be agruped in three levels:
the first one include 4, 5 and 6 GCPs and yielded values around 6 cm for
Easting and Northing components and around 8 cm for RMSEyy. The second
level includes 7, 8 and 9 GCPs and shows values around 5 cm for Easting and
Northing components and around 6 cm for RMSEy, and the third level
includes 10, 15 and 20 GCPs, which shows values around 3 cm for Easting and
Northing components and around 4 cm for RMSEyy. Furthermore, the trend
was to reduce the RMSE standar deviation as the GCP increased, finding the
lower values for 20 GCPs: 0.346 cm for RMSEy, 0.0218 cm for RMSEy, and
0.0169 cm for RMSEyy. Although mean accuracies found for 10 GCPs were
similar to found for 15 and 20 GCPs, standard deviation was several times
greater.
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Figure 6. Mean values of RMSEy, RMSEy and RMSEyy (cm), vs number of GCP. Extrems of the bars indicate
mean value plus and minus standard deviation found in the five replication of every GCP combination.
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Figure 7 shows the mean of the five replications values of RMSE; (cm) found
for every combination of GCPs. In this figure, extrems of the bars indicate
mean value plus and minus standard deviation. The trend of mean RMSE; and
standar deviation values was to decrease as the number of GCPs increased.
For 15 and 20 GCPs, mean RMSE; * standard deviation values were 5.8+1.21
cm and 4.7+0.861 cm respectively. Although for 10 GCPs the RMSE; was quite
similar to those found for 10 and 20 GCPs (6.9 cm), standar deviation was 4.4
cm, aproximately five times greater than those found for 15 and 20 GCPs. The
other RMSE; values were higher than 10 cm and standar deviations were
higher than values found for 15 and 20 GCPs.

hELEHLE LS

RMSE; (cm)

1

4 s 6 7 & 9 10 15 20
Number of GCPs

Figure 7. Mean values of RMSE; (cm), vs number of GCP. Extrems of the bars indicate mean value plus and
minus standard deviation found in the five replication of every GCP combination.

Tahar [37] concluded that different configurations in distribution and number
(from 4 to 9) of GCPs contributed different errors in photogrammetric block.
The study area consist different slope class which involves undulating area
and the elevation range is about 70 m, which is similar to the present work.
Furthermore, a high resolution digital camera with 12 megapixel resolution
was used. This work concluded that most accuracy results are reached from 8
GCPs. Results of the present study had the same trend, although if higher
number of GCPs is taken into account, as in our case, a decrease of RMSE for
horizontal components can be observed.
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Hugenholtz et al. [2], with a rotatory-wing UAV, 10 GCPs and 100 m flying
height, performed two aerial surveys of a stockpile, before and after a portion
of this was excavated, and they reported a vertical RMSE of 10.6 cm and 9.7
cm, respectively. They used a 12 megapixel resolution camera and a ground
sample distance of 5 cm. Although these results are worse than mean value
found in this work for 10 GCPs, standard deviation indicates that we found
similar values in the replications. Cryderman et al. [38] study was carried out
on a stockpile too, using a fixed-wing UAV, with a flight altitude of 118 m and
taking into account 11 GCPs. They yielded values of RMSEyy equal to 3.9 cm,
which is quite similar to results observed in this work. Nevertheless, values of
RMSE; reached in [38] was 4.9c m, while equivalent mean value in this work
was 6.9 cm. Uysal et al. [27], reports vertical accuracy of 6.2 cm with a flight
altitude of 60 m, using a 18 megapixel resolution camera and 27 GCPs, which
is similar to the results presented in this work for 120 m flight altitude and 15
GCPs.

4. CONCLUSIONS

The results obtained in this work conclude that UAV photogrammetry is a
methodology which allows data collection and DEM generation for geomatic
applications. Compared with traditional platforms (manned airborne or
satellite), methodology based on UAV platforms reduces the working time
and avoids the risk when the study site is dangerous.

The study shows that both horizontal and vertical accuracy increases as the
number of GCPs used increases. Best results for RMSEx and RMSEy
meanzstandard deviation values are reached for 15 and 20 GCPs: 3.3£0.346
cm and 3.2+0.346 cm for RMSE, and 3.2+0.441 cm and 3.1+0.218cm for
RMSEy, respectively. Mean RMSEyy and standard deviation values for 15 and
20 GCPs were 4.6%0.340 cm and 4.5£0.169 cm for 15 and 20 GCPs
respectively. As regard of vertical accuracy, similar conclusions are derived:
lower RMSE; meanzstandard deviation values are reached for 15 and 20
GCPs: 5.84£1.21 cm and 4.7+£0.86 cm respectively.

So, as GCPs must be surveyed using classical technology (GPS or tachymetry),
field work can be saved if 15 GCPs are used instead of 20, without accuracy
loss.
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According to the legacy ASPRS map standard of 1990 [39], and taking into the
results yielded in this study for 15 GCPs and 120 m flight altitude, the
equivalent map scale will be 1:150 approximately and a contour interval of 15
cm, which is enough to make must of engineering projects.
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CONCLUSIONES

Del capitulo 1 se derivan dos conclusiones, acorde con los objetivos
planteados en el mismo. En primer lugar, y para el contexto de
deslizamientos de taludes de desmonte en carreteras, o bien superficies de
topografia extrema, donde existen problemas de accesibilidad, se establece la
disposicion ideal para el minimo de 3 GCPs necesarios para la
georreferenciacién absoluta de los proyectos fotogramétricos. Esta
distribucion ideal aconseja la disposicion de dos GCPs en la parte baja del
talud y un tercero en la parte alta del talud, bien centrado. Ademas, el drea
del tridngulo formado por los mismos debe tender a ser maxima.

Respecto a la orientacion de las imdagenes realizadas por el UAV, el uso de
disposiciones con eje perpendicular a la superficie objeto de estudio
disminuye el nimero de fotografias necesarias para ser tratadas con el
software fotogramétrico lo que, consecuentemente, reduce la carga de
trabajo.

Por ultimo, se puede concluir de los resultados derivados del capitulo 1, que
la fotogrametria UAV constituye una técnica util y adecuada para proyectos
de ingenieria relacionados con la reparacion y gestion de deslizamientos de
taludes de desmonte en carreteras.

En el capitulo 2 se estudia la incidencia que diferentes parametros, como la
morfologia del terreno, la altura de vuelo y el nimero de GCPs usados para la
georreferenciacién, tienen en la precision de los productos obtenidos
mediante fotogrametria UAV.

De los resultados se desprende que ni la morfologia del terreno, ni la altura
de vuelo tienen una incidencia significativa en las precisiones obtenidas en
ninguna de las componentes planimétricas. La altura de vuelo tiene muy poca
influencia en la precisién horizontal ya que en el rango de vuelo cubierto (50-
120 m) el GSD varié de 0.012 m a 0.027 m.

Sin embargo, el nimero de GCPs tiene una influencia significativa en Ia
precision obtenida, aumentando ésta conforme aumenta el nimero de GCPs
usado en la georreferenciacién.
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En cuanto a la precisidn altimétrica, se concluye que la morfologia del terreno
tiene una incidencia significativa solamente cuando las condiciones de vuelo
son Optimas, es decir a baja altura (50 m) y aumentando el nimero de GCPs
hasta 10. Bajo estas premisas, se obtienen resultados mas precisos para
terrenos mas planos. Tendencias similares se observan con otras alturas de
vuelo, aunque los resultados no son tan evidentes.

En relacién a la altura de vuelo, la precision en Z disminuye conforme
aumenta la altura siendo esta consecuencia mas notable conforme disminuye
el nimero de GCPs. Si el nimero de GCPs es alto (valores de 10) la precision
en Z se mantiene practicamente constante independientemente de la altura
de vuelo.

Como conclusion final de este capitulo se observa que la combinacién de
alturas de vuelo de 50 m, junto con un nimero elevado de GCPs (10) produce
los resultados éptimos en cuanto a precisidon se refiere, validos para crear
mapas cartograficos a escala 1:150 segun las normas del ASPRS.

En el capitulo 3 se profundiza expresamente en la influencia que tiene el
nimero de GCPs usado para la georreferenciacién en la precision de los
productos resultantes de la fotogrametria UAV.

La conclusion fundamental de este capitulo es que el uso de un nimero alto
de GCPs (15-20) aumenta considerablemente la precision de los productos
obtenidos, tanto en planimetria como en altimetria, permitiendo llegar
incluso a alturas de 120 m sin pérdida significativa de precisién, asi como la
creacion de mapas cartograficos a escala 1:150 segun las normas del ASPRS.
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