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La presente tesis presenta una propuesta pionera sobre la explotacion conjunta de la
termografia y la geometria asociada, asi como la automatizacion del proceso de deteccion
de defectos superficiales y subsuperficiales en aplicaciones energéticas, tanto de
utilizacion (edificacion) como de generacion (granja fotovoltaica). Ademads, se
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desarrollan y verifican una serie de metodologias para la consecucion de los objetivos
propuestos, basados en la aplicacion de principios de fotogrametria, visiébn por
computador y termografia a informaciéon procedente tanto de imagen visible como
termografica.
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como el alto nivel de detalle de la informacion aportada, junto con el desarrollo de
aplicaciones informaticas que permiten su uso por personal no experto asi como la
obtenciéon de productos que proporcionan toda la informacién necesaria para el
desempefio del trabajo de expertos tanto en inspeccion de edificacion como de
instalaciones energéticas, estas modernas herramientas se llegaran a convertir en
herramientas fundamentales para el abordaje de este tipo de inspecciones.

Dada la participacion de coautores en los articulos presentados, se relaciona a
continuacion la aportacion de cada autor, en orden cronolégico de publicacion:
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por el Ministerio de Economia y Competitividad.

Luis Lopez Fernandez: procesado de datos geométricos y termograficos, asi como de

cuantificacion energética; interpretacion de resultados.
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imagenes y datos geométricos, asesoramiento en la realizacion de tareas de procesado e
interpretacion, asi como de explotacion de resultados.

Diego Gonzalez Aguilera: formacion en estrategias de procesado fotogramétrico,
asesoramiento en la realizacion de tareas de procesado, asi como de explotacion de
resultados.
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resultados.
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Resumen

Resumen

En la presente Tesis Doctoral se plantea el uso de herramientas geomaticas
complementadas con mediciones termograficas para el desarrollo y
automatizaciéon de procedimientos que permitan la optimizacion de la
explotacion de los recursos energéticos. Las técnicas geomaticas de
captura de informacion son estrategias asentadas en el &mbito cientifico y
ampliamente utilizadas en el &mbito metrologico de la ingenieria. Estas
técnicas posibilitan la digitalizaciéon precisa de entornos complejos
mediante la captura masiva de informacién geométrica y radiométrica no
estructurada. La informacidon geométrica resultante se representa como un
conjunto de puntos tridimensionales sobre el que es posible realizar
mediciones geométricas € incluso consultas de la informacion
radiométrica asociada. No obstante, esta informacion geométrica y
radiométrica se presenta como un conjunto de valores discretos, carentes
de semantica que los caracterice o los relacione entre si. La generacion de
procesos que automaticen el analisis de esta informacion, dotandola de
semantica que enriquezca el producto, posibilitando analisis expertos en
diferentes ambitos profesionales, representa una linea de investigacion
muy activa en el siglo XXI. En la presente Tesis Doctoral se pretende
proporcionar al experto en analisis energético de herramientas que le
permitan, a partir de esta informacion geomatica, optimizar el
aprovechamiento de los recursos energéticos. Por un lado, se pretende
estudiar la integracion de informacion procedente de técnicas tan distintas
como la geomatica, donde el producto se representara en un espacio
tridimensional, y la termografia, donde el producto se representara en un
formato de imagen bidimensional o malla de temperaturas. Por otro lado,
se pretende abordar el desarrollo de algoritmos de andlisis que automaticen
los procesos de inspeccion, enfocados tanto a la determinacion de las
posibilidades de explotacion de recursos energéticos, en concreto solar,
como a la optimizacion energética de instalaciones existentes.

Para ello se plantea un proceso de andlisis de las tecnologias mas
adecuadas para cada estudio, atendiendo principalmente a aspectos
referentes a la precision, resolucion y alcance de cada metodologia. Se
utilizan productos geomaticos procedentes tanto de sensores activos como
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pasivos. Dentro de los primeros, planteamos el uso de sistemas LiDAR
(Light Detection And Ranging) movil (Mobile LiDAR System - MLS)
para la digitalizacion de escenarios interiores complejos. En estos
sistemas, un equipo de medicion laser, complementado con sensores y
estrategias software de posicionamiento, posibilita la adquisicion de datos
dinamica para la documentacion geométrica de escenarios complejos.
Dentro de los segundos, planteamos el uso de diferentes plataformas aéreas
de captura, tanto tripuladas como no tripuladas. Estas plataformas son
capaces de portar sistemas de percepcion de bajo formato, cuyas
dimensiones y peso estara limitado por las caracteristicas técnicas de la
plataforma de transporte. De esta forma, se embarcan sistemas de captura
RGB, cuyas iméagenes son incorporadas a procesos fotogramétricos y de
vision computacional de ultima generacion para la reconstruccion 3D
implementados en el software GRAPHOS®  (inteGRAted
PHOtogrammetric Suite) (ver Apéndice B), desarrollado por los autores
durante esta Tesis Doctoral. Estas plataformas de adquisicion de
informacion geomadtica son complementadas con la integracion de
sistemas de captura termograficos, cuya radiometria es transferida al
producto geomatico.

El producto multidimensional resultante de la integracion de los productos
geomaticos con radiometria termografica alimenta los algoritmos de
segmentacion y clasificacion de elementos de interés. Los trabajos
comienzan alineados con el novedoso concepto de “Smart city”, en busca
de un desarrollo urbano basado en la sostenibilidad energética y el
aprovechamiento de fuentes de energia renovables. Dentro de este marco
podemos identificar tres puntos clave para avanzar hacia el concepto de
comunidad autosuficiente energéticamente:

e Optimizacion de la eficiencia energética de las instalaciones
consumidoras.

e Identificacion del recurso de energia renovable disponible.

e Optimizaciéon de productividad energética de las instalaciones
productoras.

Siguiendo estas tres premisas, analizadas en funcion de las capacidades
técnicas del equipamiento y las metodologias a nuestra disposicion, la
presente Tesis Doctoral trata de dar una respuesta integral a la
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Resumen

implantacion y optimizacion de recursos energéticos, con especial énfasis
al recurso solar.

Inicialmente se presenta una metodologia para la inspeccion de
envolventes de edificaciones capaz de detectar y evaluar el efecto de
patologias que comprometan la eficiencia energética de la construccion
como fallos en aislamiento, humedades o filtraciones de aire. A mayores,
la metodologia propuesta dota al inspector de una herramienta capaz de
realizar una simulacién del impacto energético de acciones de
rehabilitacion. La segunda premisa se aborda con el desarrollo de una
metodologia de captura y procesamiento de datos para la identificacién
automatica y a gran escala de coberturas urbanas candidatas a albergar
instalaciones solares. La metodologia propuesta presenta una captura de
datos utilizando una plataforma aérea tripulada, dotada de sensores pasivos
de imagen RGB y termograficos. El algoritmo de procesamiento de la
informacion, implementado en el software SOLEMAP® (SOLar Energy
MAPping) desarrollado durante esta Tesis Doctoral para tal fin (ver
Apéndice B), consigue la deteccion y clasificacion automatica de
superficies candidatas a albergar paneles solares en funcion de su area,
inclinacion, orientacion y existencia de obstaculos. Por ultimo, la tercera
premisa se aborda dando solucion a la optimizacion de plantas
fotovoltaicas mediante la deteccion automadtica de patologias que limiten
su productividad. De este modo, se presenta una metodologia de captura
de datos utilizando una plataforma aérea no tripulada dotada de nuevo de
sensores pasivos RGB y termograficos. El algoritmo de procesamiento de
la informacion, implementado en el software SOLFIN® (SOLar Farm
INspection) desarrollado durante esta Tesis Doctoral (ver Apéndice B),
consigue la deteccion y clasificacion automdtica de patologias en
superficies fotovoltaicas segun su gravedad, en funcion de sus
caracteristicas geométricas y analisis estadisticos de la informacion
termografica transferida al producto geomatico.
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Abstract

This research work proposes the use of geomatic tools complemented with
thermographic surveys for the development of automatic processes applied
to the optimization of energy resources. These geomatic surveying
techniques are currently being used both in scientific and engineering
metrological field. They make possible the accurate scanning of complex
scenarios through the massive capture of unstructured geometric and
radiometric information. The information acquired is represented as a set
of three-dimensional points where the performance of geometric
measurements and queries of associated radiometric information 1is
possible. However, this geometric information is presented as discrete
values, without the semantics that characterizes or relates them. The
development of processes that automate the analysis of this information
represents very active research lines in the 21% century. The main purpose
of these developments is to generate semantic information that enriches
the product, enabling expert analysis in different professional fields. This
Doctoral Thesis aims at providing novel techniques that are useful to carry
out inspections for optimizing the use of available energy resources. On
one hand, we intend to study the integration of information from such
different techniques such as geomatics, where the product is represented
in the three-dimensional space, and thermography, where the product is
represented in a bidimensional image format or temperatures grid. On the
other hand, the development of analytical algorithms that automate
inspection processes is performed, focused both on the detection of
possible untapped energy resources and on the energy optimization of
existing facilities.

To this end, a process of analysis of the most suitable technologies for each
study is carried out focusing on aspects related to the accuracy, resolution
and scope of each methodology. Geomatic products from both active and
passive sensors are used. Within the first, we propose the use of mobile
LiDAR (MLS) systems for the digitization of complex interior scenarios.
In these systems, a laser measuring device, complemented with navigation
sensors and software positioning strategies, enables the dynamic
acquisition of data for the geometric documentation of complex scenarios.
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Abstract

Within seconds, we propose the use of different aerial acquisition
platforms, both manned and unmanned. These platforms are able to carry
low format perception systems, which dimensions and weight will be
limited by the technical characteristics of the transport platform. In this
way, RGB acquisition systems are embarked, which images will be
incorporated into the latest generation photogrammetric and computer
vision processes for 3D reconstruction implemented in the GRAPHOS®
software (see Appendix B), developed by the authors during this work.
These platforms, equipped with geomatic acquisition systems, will be
complemented by the integration of thermographic systems, which
acquired radiometry that is transferred to the geomatic product.

The multidimensional product resulting from the integration of the
geomatic products with thermographic radiometry feeds the segmentation
and classification algorithms for elements of interest. The works are
aligned with the new concept of "Smart city", in the line of an urban
development based on energy sustainability and the use of renewable
energy sources. Within this framework we can identify three key points to
move towards an energy self-sufficient community:

e Energy efficiency optimization of consumer installations.
e Identification of available renewable energy resource.
e Energy productivity optimization of production facilities.

Following these three premises, analyzed in terms of the technical
capabilities of the geomatic equipment and methodologies available, this
Doctoral Thesis tries to give a comprehensive response to the
implementation and optimization of energy resources, with special
emphasis on the solar resource.

Initially, a methodology for the inspection of building envelopes is
presented. The methodology is capable of detecting and evaluating the
effect of pathologies that compromise the energy efficiency of the
construction, such as insulation defects, moisture or air leaks. As a
complement, the proposed methodology provides the inspector with a tool
capable of performing an energy simulation of the energy impact of
rehabilitation actions. The second premise is addressed through a
methodology for large-scale data acquisition and processing towards the
automatic identification of urban coverage candidates for photovoltaic
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installations. The proposed methodology presents a data survey using a
manned aerial platform equipped with RGB and thermographic sensors.
The developed processing algorithm, implemented in the SOLEMAP®
software developed during this work for this purpose (see Appendix B),
performs the automatic detection and classification of surfaces that are
candidate to place solar panels according to their area, inclination,
orientation and existence of obstacles. Finally, the third premise is
addressed by providing a solution to the optimization of photovoltaic
facilities by means of automatic detection of pathologies that reduce their
productivity. In this way, a methodology for data surveying is presented
using an unmanned aerial platform equipped again with RGB and
thermographic sensors. The processing algorithm developed, which is
implemented in SOLFIN® software developed during this work for this
purpose (see Appendix B), achieves automatic detection and classification
of pathologies on photovoltaic surfaces according to their severity, which
is calculated based on geometric characteristics and statistical analysis of
the thermographic information transferred to the geomatic product.
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1. Introduccion

El anélisis de eficiencia energética es una técnica que persigue no solo la
optimizacion de los recursos energéticos disponibles, sino la reduccion de
emisiones contaminantes a la atmosfera, en un intento de avanzar hacia un
estadio ideal de consumo energético responsable, sostenible y respetuoso
con el medio ambiente. En marzo del 2007, los lideres de los paises
miembros de la Unidon Europea acordaron, a través del “Paquete Europeo
de Energia y Cambio Climatico” [1], un acuerdo que establece objetivos
concretos a alcanzar en el afio 2020 en materia de energia renovable,
eficiencia energética y reduccion de emisiones de gases de efecto
invernadero. En concreto, las emisiones del conjunto de la Union Europea
deben reducirse en un 20% respecto a los niveles del afio 1990. Con el fin
de dotar de continuidad a este acuerdo, en octubre del 2014 fue aprobado
el “Marco de Politicas de Energia y Cambio Climatico 2021-2030”
(“Marco 2030”) [2], estableciendo un objetivo de reduccion de al menos
un 40% en las emisiones de gases de efecto invernadero; un 27% de
energia consumida procedente de recursos renovables y una mejora del
27% en la eficiencia energética. Mas recientemente, en el afio 2016, se
formaliza el Acuerdo de Paris, en el que los paises pertenecientes a las
Naciones Unidas se comprometieron a reducir el aumento de la
temperatura global a 1.5°C, reforzando el limite de aumento de 2°C
anterior [3]. El avance hacia un consumo energético eficiente y respetuoso
con el medio ambiente, que posibilite ademds esta desaceleracion del
calentamiento global, implica afrontar un proceso de descarbonizacion,
que reduzca de manera radical la cantidad de combustibles fosiles, en
cualquiera de sus formatos, empleados como fuente de energia [4]. Estos
recursos energéticos, a pesar de ser limitados y los principales causantes
de la contaminacion, el calentamiento global o el agujero de la capa de
ozono, representan los fuentes energéticas mas utilizadas, siendo el origen
de un porcentaje superior al 81% de la energia consumida a nivel global
en lo que va de afio 2017 [5]. De un modo similar, la energia de origen
nuclear, pese a no suponer la emision directa de sustancias contaminantes
durante los procesos de creacion y ser poseedora de una muy elevada
productividad energética, no supone un avance hacia un modelo energético
responsable y respetuoso con el medio ambiente [6]. El impacto negativo
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de esta fuente de energia en nuestro ecosistema viene derivado de su
inestabilidad, el gran espacio necesario para la instalacion de las centrales
de produccion y el almacenamiento de los residuos generados, la
peligrosidad de estos residuos o las catastroficas consecuencias que
supondrian cualquier incidencia en las instalaciones de produccion
energética [7-9] o almacenamiento de combustibles.

De este modo, la principal alternativa energética al uso de carbdn y otros
combustibles fosiles se encuentra en la potenciacion de las energias
renovables [10]. Las fuentes renovables, ademas de contribuir al descenso
de las emisiones de gases de efecto invernadero, contribuyen al
establecimiento de redes energéticas menos centralizadas y mas
distribuidas, en las que la produccion energética se encuentra mas proxima
al consumidor, de modo que se reducen el coste y las pérdidas por el
transporte. El nivel de integracion de las fuentes renovables en la red
eléctrica presenta diferencias en Europa, con paises que planifican
importantes reestructuraciones como Alemania [11] y otros cuyo consumo
energético renovable implica la practica totalidad de su demanda como
Noruega ¢ Irlanda [12]. De este modo, maximizar el aprovechamiento de
las fuentes de energia renovables a nuestra disposicion, que a dia de hoy
solo representa menos del 4% de la energia consumida a nivel global [13],
parece ser la Unica alternativa que garantiza una produccidén y consumo
energético sostenible.

1.1. Sistemas de cartografiado moviles

Tradicionalmente, los sistemas de cartografiado moviles estaban
comandados por una unidad de control, capaz de integrar datos
procedentes de equipos de percepcion de diferente indole con la
informacion de posicionamiento, procedente de un sistema de navegacion
inercial (Inertial Measurement Unit — IMU) en combinacion con
indicadores de medicion de distancia (Distance Measurement Idicators -
DMI) y un sistema de navegacion global por satélite (Global Navigaton
Satellite System - GNSS). La tecnologia inicial limitaba la aplicabilidad
de estos equipos al cartografiado de escenarios exteriores dada la gran
dependencia del sistema de navegacion global para su posicionamiento.
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En la actualidad, los sistemas de cartografiado moviles incluyen sistemas
de medicion LiDAR (Light Detection and Ranging) como unidad principal
de cartografiado, complementados por otros sistemas de percepcion que
adapten el equipo a los requisitos técnicos del trabajo para el que se disena
la plataforma de captura. Estos equipos de percepcion complementarios
abarcan desde sensores de imagen pasivos, capaces de capturar
informacion radiométrica en diferentes bandas del espectro
electromagnético; sensores pasivos de captacion de intensidad luminica
como luxdémetros o sensores activos como el georradar, entre muchos
otros. Los sistemas de medicion LiDAR se consideran sensores activos al
estar dotados de un sensor capaz de medir la distancia recorrida por un
pulso laser, emitido por el propio equipo, hasta incidir con un objeto o
superficie de estudio. El sistema LiDAR es complementado con un espejo
que permite direccionar el pulso laser, convirtiendo el equipo en un sistema
de medicion bidimensional capaz de registrar medidas automatizadas de
angulos y distancias. La combinacion de la dupla formada por una
medicion sincrona de angulo y distancia del sistema LiDAR,
complementada por la integracion del sistema de posicionamiento GNSS-
IMU-DMI, permite la transformacion de las coordenadas polares (angulo-
oy distancia-d ) procedentes del sistema de referencia local del sensor
LiDAR, a coordenadas cartesianas 3D (X, Y,Z) representadas en el sistema
de referencia global [14].

En un intento de emular estos sistemas de cartografiado moévil en
escenarios interiores, algunos autores [15] han avanzado en el desarrollo
de sistemas de cartografiado de interiores mediante la integraciéon de un
sistema complejo de sensores pasivos RGB. Pese a que estos sensores
pasivos destacan por su bajo coste, se requiere de un gran nimero de
sensores que den cobertura a la escena en su totalidad al paso de la
plataforma de transporte. A mayores, es necesario considerar el alcance de
la metodologia propuesta dada la dependencia de complejos algoritmos de
procesamiento fotogramétrico [16] que deben hacer frente a factores
externos como la iluminacion o la calidad/homogeneidad textural del
entorno a cartografiar y la posible debilidad en el establecimiento de una
red fotogramétrica (ubicacion espacial y angular de las camaras). Otros
autores, en cambio, han trabajado en la implementacion de sistemas
hibridos integrando sensores activos y pasivos [17], tratando de conciliar
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las ventajas de ambos con la contrapartida de tener que afrontar complejos
procesos de registro.

En la actualidad, la evoluciéon de los sistemas de posicionamiento,
principalmente en cuanto a los sistemas IMU y DMI se refiere, tanto a
nivel hardware como a nivel software mediante la implementacion de
filtros predictivos para la modelizacion y eliminacion del ruido
pseudoaleatorio intrinseco a este tipo de dispositivos [18], junto con las
estrategias de posicionamiento y mapeado simultaneo a partir de datos
LiDAR (Simultaneous Location And Mapping - SLAM) [19], estan
posibilitando la adaptacion exitosa de estos sistemas de cartografiado
movil para la medicion de escenarios interiores. Estas nuevas tecnologias
permiten prescindir de sistemas de posicionamiento global para el calculo
de la trayectoria de la plataforma, sin condicionar la precision o calidad
del producto final. Este nuevo alcance de la tecnologia supone una
solucion Optima y eficiente para el cartografiado de escenarios interiores
complejos, donde los sistemas de escaneado LiDAR estaticos no aportan
la solucidn idonea al requerir diversos estacionamientos y una etapa critica
de registro a posteriori en gabinete.

1.2. Fotogrametria aérea

En los ultimos afios, la hibridacion de la fotogrametria digital con las mas
novedosas técnicas de vision computacional, complementada por los
grandes avances en la capacidad de computo de los equipos informaticos
de ultima generacion, representa una de las técnicas mas eficientes y de
menor coste para la obtencion de datos espaciales de alta resolucion y
precision. Este flujo de trabajo, conocido como “Structure from Motion”
(SftM), garantiza un alto nivel de automatizacion, resultados de calidad,
gran eficiencia y facilidad de uso incluso para operarios no especializados.
Este flujo de trabajo es derivado de los ultimos avances en cuanto a
técnicas de pre-procesamiento de imagenes [20,21]; deteccion y
emparejamiento  automatico de  puntos  homologos  [22,23];
autocalibracion, orientacion y ajuste de bloques fotogramétricos [24,25] y
la densificacion de nubes de puntos de alta precision [26].
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Estas técnicas, complementadas con los grandes avances de la ingenieria
aeroespacial en cuanto a capacidad de carga, estabilidad y autonomia de
las plataformas aéreas de transporte, tanto tripuladas como no tripuladas,
asi como el aumento de la disponibilidad de estas plataformas dada la gran
reducciéon de su coste, han superado la barrera de lo cientifico,
incorporandose satisfactoriamente tanto en procesos de produccion
cartografica como en otros ambitos de la ingenieria. De esta forma, la
metodologia combinada de técnicas fotogramétricas y de vision
computacional, aplicadas a imagenes procedentes de camaras embarcadas
en plataformas aéreas de bajo coste, permite la reconstruccion 3D de
escenarios de gran escala de forma automadtica, sencilla y rentable, sin
renunciar a la calidad y precision geométrica de los resultados, obteniendo
un producto de gran valor para el andlisis dimensional de la escena.

1.3. Técnicas termograficas

La termografia es una técnica multidisciplinar aplicada a innumerables
campos de la ciencia. Esta técnica se caracteriza por el uso de sensores
pasivos formadores de imagen, capaces de cuantificar valores térmicos en
funcién de un proceso de captacion de radiacion en la banda espectral del
infrarrojo térmico (longitud de onda de 8 — 14 um). Se trata de una técnica
que proporciona resultados de una forma no intrusiva o destructiva, sin
contacto directo con el objeto de estudio, permitiendo la evaluacion “in-
situ” dada la posibilidad de portabilidad de los equipos de medicion.

La técnica termografica se puede clasificar [27] segun el objetivo de la
metodologia aplicada. De esta forma, denominaremos fermografia
cualitativa cuando se pretenda realizar un analisis de los gradientes o las
diferencias relativas de la intensidad de la radiacion infrarroja capturada
por el sensor y representada en la imagen térmica. La técnica suele ser
aplicada a escenarios complejos, compuestos por objetos de diferente
naturaleza, principalmente con fines de deteccion e identificacion de
elementos de interés. En este caso, no suele ser crucial una modelizacion
precisa y la consecuente correccion de los agentes externos, fisicos o
ambientales, influyentes en la captura termografica. De hecho, la técnica
se beneficia de las diferencias en las propiedades fisicas de los elementos
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presentes en la escena dado que la intensidad de la radiacion en el espectro
infrarrojo captada por el sensor, para dos objetos de idéntica temperatura,
sera diferente si sus emisividades no coinciden. Una aplicacion capaz de
clarificar esta técnica, en contraposicion con la técnica ilustrada a
continuacion, es la deteccion de personas, aplicable a cualquier ser vivo de
sangre caliente, independientemente de las condiciones luminicas e la
escena [28]. Por otro lado, denominaremos termografia cuantitativa
cuando el objetivo persigue el andlisis o cuantificacion de las propiedades
termofisicas de un objeto de estudio, un andlisis de precision de la
temperatura, enfriamiento, calentamiento o respuesta ante una secuencia
térmica. Las metodologias con este enfoque presentan una dependencia
critica de la correcta modelizacion de todos los factores externos que
condicionan las observaciones termograficas, siendo crucial una correcta
modelizaciéon de los factores fisicos y ambientales influyentes en el
proceso. Un ejemplo de esta tecnologia, aplicada al mismo objeto de
estudio presentado para la termografia cualitativa para una mejor
comprension de las diferencias, es la medicion de la temperatura corporal
de seres humanos [29] para el control epidemiologico en aeropuertos [30].
Para este objetivo resulta crucial la medicién del valor térmico con
precision, siendo imprescindible el ajuste de la medicion en base a la
emisividad de la piel humana y las condiciones ambientales del escenario
de estudio.

Por otro lado, la técnica termografica puede ser clasificada también segin
las caracteristicas de la metodologia aplicada, con arreglo a la existencia o
no de una fuente de estimulacién externa actuante sobre el objeto de
estudio. De este modo, podemos identificar como termografia pasiva
aquellos estudios en los que la captura termografica es utilizada como un
proceso de monitorizacion directa de un elemento de estudio sin actuar
sobre el estado térmico del mismo o del ecosistema en el que
habitualmente se encuentra. Esta técnica es ampliamente utilizada,
pudiendo encontrar ejemplos significativos de su aplicacion como el
analisis de la envolvente térmica de una construccion [31] o la deteccion y
diagnostico de patologias en instalaciones eléctricas [32]. También se
considera termografia pasiva cuando se recurre al calentamiento
ocasionado por la radiacion solar sobre el cuerpo, de manera natural, dado
que no involucra el uso de fuentes artificiales ni el control de la aplicacion
del pulso térmico. Por el contrario, podemos identificar la fermografia
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activa como un método de ensayo no destructivo mediante la
monitorizacion termografica de un elemento de estudio sobre el que se
aplica una estimulacidon externa, ya sea térmica, eléctrica, ultrasonica o
vibro-mecanica, con el fin de estimular y provocar una reaccion en los
atomos del material. Esta técnica, utilizada de forma habitual en
numerosos ambitos de la ingenieria e industria, es aplicada principalmente
a la deteccion de imperfecciones o defectos superficiales, subsuperficiales
o internos. Un ejemplo de la aplicacion de esta metodologia es la deteccion
y evaluacion de defectos e imperfecciones en uniones soldadas [33].

De este modo, la termografia cualitativa pasiva representa un método no
intrusivo de medicién remota, Gtil no solo para la deteccion de elementos
de interés en una escena, sino capaz de detectar anomalias térmicas
producidas por agentes externos como humedades, flujos de aire o
tensiones eléctricas. Si bien la técnica termografica descrita, tal y como se
concretara en los siguientes capitulos, se viene aplicando al
aprovechamiento de recursos energéticos de diferentes formas, su uso se
limita a labores de inspeccidn supervisadas por operarios expertos, con una
gran componente de subjetividad y carente de la componente geométrica
necesaria para un analisis dimensional de precision.

1.4. Estructura de la Tesis Doctoral

Esta Tesis Doctoral es presentada de acuerdo a la regulacion vigente para
programas de doctorado de la Universidad de Salamanca, siendo objeto de
transferencia cientifica, a través de tres articulos publicados en revistas
cientificas internacionales de alto impacto, y tecnoldgica, representada por
4 registros de propiedad intelectual del software desarrollado para tal fin.
Su estructura consiste en un total de 6 capitulos acordes al desarrollo de
las labores de investigacion llevadas a cabo para la materializacion de los
objetivos fijados en la Tesis Doctoral.

Se han incluido un total de dos apéndices al final del documento, con el
fin de complementar el documento con informacion y documentacion de
interés.
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Capitulo I. Introducciéon: Proporciona una vision general de marco en el
que se desarrolla la presente Tesis Doctoral, complementada con una
presentacion de las principales tecnologias utilizadas durante su desarrollo
y finalizando, en esta seccion, con una descripcion de la estructura del
presente documento.

Capitulo II. Hipotesis de trabajo y objetivos: Describe de forma
detallada los planteamientos iniciales y objetivos que motivaron en su
inicio el desarrollo de esta linea de investigacion.

Capitulo III. Automatizacion de procesos de evaluacion energética
para la optimizacion de recursos energéticos: Recoge el contenido de la
primera publicacion cientifica, titulada “Thermographic and mobile
indoor mapping for the computation of energy losses in buildings”,
presentando un proceso automatizado de evaluacion de la eficiencia
energética de construcciones, capaz de cuantificar el efecto de patologias
como humedades o puentes térmicos que comprometan la eficiencia
energética de las envolventes.

Capitulo IV. Automatizacion de procesos de evaluacion de cobertura
urbana para la instalacion de paneles solares: Recoge el contenido de
la segunda publicacion cientifica, titulada “Large scale automatic analysis
and classification of roof surfaces for the installation of solar panels using
a multi-sensor aerial platform”, presentando un proceso automatizado
para la deteccion de superficies de cobertura urbana con las caracteristicas
adecuadas para alojar paneles solares, asi como una clasificacion de las
mismas de acuerdo a su potencial en funcion de la radiacion solar
incidente.

Capitulo V. Automatizacion de procesos de inspeccion en plantas
fotovoltaicas: Recoge el contenido de la tercera publicacion cientifica,
titulada “Automatic evaluation of photovoltaic power stations from high-
density RGB-T 3D point clouds”, presentando un proceso automatizado de
inspeccion de superficies fotovoltaicas para la deteccion y cuantificacion
de patologias que afecten la productividad energética de la instalacién

Capitulo VI. Conclusiones y perspectivas futuras: Como capitulo final,
se proporciona una discusion técnica basada en las conclusiones y
resultados alcanzados durante el desarrollo de la presente Tesis Doctoral,
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complementada con las lineas de trabajo derivadas o abiertas a partir de la
misma y que podran dar continuidad a este trabajo.

Apéndice A. Indexacion y factor de impacto de las publicaciones:
Proporciona informacién referente a parametros de interés sobre las
revistas cientificas donde han sido realizadas las publicaciones.

Apéndice B. Software: Recoge informacion y documentacion relacionada
con los registros de propiedad intelectual referentes al software
desarrollado durante este trabajo.
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2. Hipotesis de trabajo y objetivos

En el apartado anterior se ha mostrado una vision general de las principales
técnicas geomaticas aplicadas a la reconstruccion de escenarios complejos
de gran escala, junto con una introduccion a las diferentes técnicas y
metodologias de captura termografica. El contexto de aplicacion de las
metodologias y herramientas desarrolladas en la presente Tesis Doctoral
es el aprovechamiento de los recursos energéticos renovables a nuestra
disposicion, avanzando hacia el modelo comunitario de eficiencia
energética sostenible. En la etapa inicial, donde se ha evaluado la
viabilidad de la linea de investigacion, se han recogido una serie de
hipotesis de trabajo y objetivos, que marcarian la hoja de ruta a seguir de
esta Tesis Doctoral.

2.1. Hipotesis de trabajo

La base de la linea de investigacion es el desarrollo de estrategias que
permitan la automatizacion de procesos de inspeccion relacionados con el
aprovechamiento de recursos energéticos. Las nubes de puntos 3D de alta
precision, derivadas de las herramientas geomaticas descritas en apartados
anteriores, son utilizadas en diferentes campos como soporte para la
representacion tridimensional de los elementos capturados por sensores
formadores de iméagenes bidimensionales, mediante la resolucion de la
transformacion proyectiva que los relaciona. De esta forma, la informacion
contenida en cada pixel del producto bidimensional es proyectada y
asociada a la nube de puntos 3D. Sin embargo, la automatizacién de
procesos que aporten semantica a estos productos hibridos resulta un
campo de investigacion muy activo en la actualidad, no habiéndose
mostrado avances significativos en su aplicabilidad al aprovechamiento de
recursos energéticos. La presente Tesis Doctoral se centra en la definicion
de la metodologia adecuada para la generacion del producto termografico
3D, segun diferentes escenarios y objetivos, y el desarrollo de procesos
para la generacion de un producto dotado de semantica que aporte valor
afiadido a los protocolos de inspeccion.
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Para dar respuesta a esta investigacion, se plantean las siguientes
hipotesis:

e Las herramientas geomaticas modernas presentan alternativas
potentes para la digitalizacion y modelado tridimensional de
escenarios complejos, de una forma rapida y eficaz y con unos
costes contenidos, posibilitando su implementacion en el ambito
profesional.

e La capacidad de computo de los equipos informaticos de ultima
generacion permite el desarrollo de técnicas de procesamiento
automatico de esta informacidon espacial masiva no estructurada,
derivada del uso de herramientas geomaticas.

e Es posible disenar técnicas de deteccion de elementos de interés,
capaces de identificar y extraer automaticamente de la nube de
puntos tanto primitivas basicas como entidades complejas.

e Es posible identificar comportamientos térmicos anémalos sobre
una superficie tedricamente homogénea mediante el uso de
sensores termograficos.

e Es posible identificar diferentes materiales utilizando sensores
termograficos, incluso si estos se encuentran a la misma
temperatura, si sus propiedades fisicas superficiales, en especial
sus emisividades, no son coincidentes.

e Es posible cuantificar la irradiacion solar recibida por un objeto a
partir de unas caracteristicas geométricas basicas del mismo y de
su entorno.

2.2. Objetivos

Enmarcados en el contexto presentado en los apartados anteriores, se
plantean los objetivos de la linea de investigacion materializada en esta
Tesis Doctoral, clasificados en un objetivo general y varios objetivos
especificos.

El objetivo general de la linea de investigacion es el desarrollo y puesta
en ejecucion de procesos automaticos que aporten valor afadido a los
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procesos de inspeccion relacionados con el aprovechamiento de recursos
energéticos.

Los objetivos especificos de la linea de investigacion son:

e Identificar las herramientas geomaticas adecuadas para la
digitalizacion de diferentes escenarios de interés.

e Optimizar los recursos energéticos empleados en labores de
climatizacion de espacios cerrados mediante nuevas metodologias
de auditoria energética.

e Implementar una metodologia de deteccion de patologias
constructivas asociadas a presencia de fluidos (agua y aire) en los
elementos constructivos.

e Cuantificar el efecto energético de la presencia de las diferentes
patologias térmicas detectadas, tanto como incremento del
consumo como reduccion de la generacion energética.

e Desarrollar estrategias de extraccion y matching de caracteristicas
que seas robustas a cambios en geometria y radiometria.

e Desarrollar una estrategia de identificacion automatica y
caracterizacion geométrica de tejados en nubes de puntos 3D de
escenarios urbanos.

e Disefiar ¢ implementar una metodologia para la deteccion de
obstaculos en tejados que impidan la instalacion de paneles solares.

e Desarrollar una metodologia que permita clasificar las superficies
de los tejados en funcion de la irradiacion solar recibida y estimar
asi la productividad energética de paneles solares.

e C(rear una metodologia de inspeccion automatica de plantas
fotovoltaicas que permita un mantenimiento activo de las
instalaciones y la consecuente optimizacion de la produccion
energética.

e Disefiar estrategias de automatizacion de la deteccion y
clasificacion de patologias térmicas en superficies receptoras de
radiacion solar.

De esta forma, la linea de investigacion se presenta completamente
alineada con dos de los retos establecidos en el programa “Horizon 20207,
mas concretamente:
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Reto 3: “Energia segura, eficiente y limpia” [34] concibiendo la
sostenibilidad energética y medioambiental como un “elemento de
competitividad y de calidad que debe ser considerado en todas las
etapas del proceso de edificacion, asi como de la innovacion para
la eficiencia y el mejor aprovechamiento de los recursos
energéticos”.

Reto 5: “Reto en accion sobre cambio climatico y eficiencia en la
utilizacion de recursos y materias primas” [35].
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3. Thermographic and mobile indoor mapping for
the computation of energy losses in buildings

Este capitulo contiene el articulo “Thermographic and mobile indoor
mapping for the computation of energy losses in buildings RGB-T 3D point
clouds” publicado en la revista de alto impacto Indoor and Built
Environment en Marzo de 2016.

3.1. Resumen

La publicacién cientifica recogida en este capitulo representa el primer
hito establecido en la hoja de ruta de la linea de investigacion. El objetivo
principal es el desarrollo de una metodologia que permita realizar una
evaluacion del estado real de la envolvente de una construccion en cuanto
a consumo energético, incluyendo en el célculo no solo el estado
idealizado de la envolvente reflejado en la documentacion del proyecto,
sino complementado con la deteccion y medicién de patologias que
supongan un incremento en el consumo energético de la construccion. En
particular en este caso, el trabajo se centra en la deteccion de variaciones
en la envolvente, debidas a fallos en el aislamiento y presencia de agua
(humedades). La propuesta proporciona ademés una herramienta valida
para la simulacion de proyectos de rehabilitacion, permitiendo calcular las
reducciones resultantes en cuanto al consumo energético que se obtendrian
con la aplicaciéon de diferentes medidas. En particular, el enfoque
desarrollado tiene cuatro componentes secuenciales: (1) definicion de las
técnicas geomaticas mas adecuadas para la digitalizacion de escenarios
interiores complejos; (2) generacion de ortotermogramas como producto
geomatico métrico; (3) deteccion y segmentacion de elementos
constructivos de interés y patologias que afecten al consumo energético en
labores de climatizaciéon y (4) parametrizacion de las propiedades
termofisicas y geométricas de los elementos constructivos de interés para
el calculo de la demanda energética de la construccion.
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Dado que se propone la digitalizacion de escenarios interiores complejos,
se ha elegido una plataforma de cartografiado movil, desarrollada por el
“Applied Geotechnologies Research Group” de la Universidad de Vigo,
dotada de sistemas de posicionamiento IMU-DMI y sensores de medicion
LiDAR, obteniendo directamente la nube de puntos 3D. En este caso, la
adquisicion termografica se realiza de manera independiente de la
adquisicion geométrica, siendo la camara portada por el operario, con el
objetivo de garantizar la adquisicion de la totalidad de las superficies y
desde los angulos que permiten una captura valida de valores de
temperatura.

Palabras clave: termografia infrarroja; nube de puntos; mosaico; pérdidas
de calor; envolvente constructiva; indoor mapping.
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Abstract

A mobile indoor mapping system combined with infrared thermography was used for the acquisition of
data needed for the quantification of heat loss through a building envelope by conduction; that is,
temperature values and building geometry. The methodology presented orthothermograms to pro-
vide measurement of heat loss and thermographic images with geometric information. This way, not
only the energy loss through the building envelope is provided, but also thermographic information
regarding the existence of thermal pathologies, their location and their impact on the building can also

be evaluated.
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Introduction

The use of infrared thermography as a widely tested
technique for building inspection and location of
pathologies such as air leakage and moisture' > allows
the performance of quality, quick, effective and non-
destructive ‘in-situ’ inspections without direct contact
with the object under study. This qualitative measure-
ment technique has been used for detecting and localiz-
ing thermal and physical pathologies by some authors
to perform in-situ studies, mainly in historical buildings
or cultural heritage elements.*> On the other hand,
quantitative approaches have been performed mainly
in laboratories with limited sample size.®” In those
cases where these quantitative thermography studies
were performed in-situ,*® temperature values were
accurately measured in order to be used for the com-
putation of the real thermophysical properties (thermal
conductivity) of the building envelope, but their spatial
distribution has not been considered. If the constituent
materials are taken into account, infrared thermog-
raphy should also be used for the determination
of thermophysical properties such as diffusivity and
thermal transmittance.'®"!

Regarding geometry, the complex geometry of build-
ing indoors and the common presence of furniture and
other elements, the use of static terrestrial laser scan-
ning systems would entail a time-consuming data
acquisition, since a high number of measuring positions
would be needed to provide a full coverage of the scene.
In this sense, the use of a mobile ‘indoor mapping’ laser
scanning system is considered as the ideal technique for
data recording, ensuring enough quality and speed.

In order to fill these gaps and obtain a thermo-
graphic-metric result, an approach combining both
qualitative and quantitative measurement techniques
was applied in our present study. Qualitative thermog-
raphy was used for the automatic classification of the
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facade elements, while quantitative techniques were
used for the measurement of temperatures of the wall
and the pathologies, and the subsequent computation
of heat loss. In addition, the spatial distribution of the
pathologies was accurately assessed through the com-
bination of thermographic images with the point cloud
acquired with an indoor mapping system. The registra-
tion of the thermographic images with the point clouds
was performed through the identification of homolo-
gous points between the thermograms and the point
clouds allowing the computation of the spatial resection
parameters.> What is more, the computation of the
heat loss by conduction through the building envelope
was automated, based on the temperatures measured
with a thermographic camera and the geometry mea-
sured by an indoor mapping system through the auto-
mated generation of orthothermograms. In this way,
thermography was used to represent the state of the
wall, and to quantify the energy loss through it."*'3
In addition, the generated orthothermograms can be
used for the determination of energy losses in buildings.

Materials and methods
Equipment

Data acquisition was performed with two different sys-
tems. The geometric information was acquired with an
indoor mapping system to generate point clouds of
building interiors simultancously to the displacement
of the platform. Temperatures were measured with a
thermographic ~ camera, acquiring thermographic
images of every wall. Both systems were used separately
in this study.

Indoor mapping unit. The indoor mapping unit
(Figure 1) was equipped with positioning systems and
geomatics sensors for the generation of 3D point clouds
of the buildings inspected.

In particular, the positioning systems used, were an
inertial measurement unit (IMU) ‘spatial’ from
‘advanced navigation’ (Table 1) and two dual channel
‘Kiibler’ odometers able to register a total of 128 counts
per channel. These sensors were used to perform the
computation of the trajectory followed by the mapping
unit from the measurements of the rotation in the three
axes and the longitudinal displacement in the plane.'®

Regarding the geomatics sensors, the indoor map-
ping unit was equipped with a time of flight laser scan-
ner, ‘Hokuyo UTM-30LX’, with a measuring range of
30m and an angular resolution of 0.25°, with 30 mm
precision.'”

The laser sensor has a measurement frequency of
25 ms~". During this time the laser emits rays sweeping
an arc of 270°. Given this fact, the sensor was

Indoor and Built Environment 26(6)

Figure 1. Diagram of the indoor mapping unit, the pos-
ition of the different sensors and the axes assigned to the
different components of movement.

positioned in the indoor mapping system in a horizon-
tal position, measuring profiles perpendicular to the
trajectory, and the coordinates measured for each
point were (y, z). The 90° angle where no measurements
were performed was oriented towards the floor, in such
a way that no information would be missed from the
walls and the ceiling of the building inspected, as shown
in Figure 1.

Measurements of the laser and the positioning sen-
sors were simultaneously acquired. Each 2D profile
(y, z) from the laser has a time stamp for its association
with the position data of the mobile unit during acqui-
sition. Because of this time stamp, the position of each
laser profile in the trajectory was used for the gener-
ation of a complete 3D point cloud of the building
inspected'® but without GPS data. The position was
assumed as the x coordinate, therefore each point
would be assigned its (x, y, z) coordinates.

Thermographic camera. Thermographic data
acquisition was performed with a camera NEC
TH9260 (Figure 2, left), measuring temperatures in a
range from —20°C to 60°C, with a thermal resolution of
0.006°C at 30°C (30 Hz). The sensor was an Uncooled
Focal Plane Array (UFPA), 640 x 480 size, capturing
radiation between 7 and 14 pm wavelength. The instant
field of view (IFOV) of the camera was 0.6 mrad, and
its field of view with the current lens of 20 mm focal length
was 21.7° (Horizontal — H) and 16.4° (Vertical — V).
The IFOV (typically described in milliradians)
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Table 1. ‘Spatial’ IMU specifications.
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Sensor Accelerometers  Gyroscopes Magnetometers  Pressure
Range (dynamic) 2g 250°/s 2G 10 to 120 KPa
4g 500°¢/s 4G
16¢g 200°/s 8G
Bias Instability 20 pg 3°/h - 10 Pa
Initial bias < 5mg < 0.2°/s - < 100 Pa
Initial scaling error < 0.06% < 0.04% < 0.07% -
Scale factor stability < 0.06% < 0.05% < 0.09% -
Non-linearity < 0.06% < 0.05% < 0.08% -
Cross-axis Alignment Error < 0.05 © < 0.05° < 0.05° -
Noise density 150 pg/VHz 0.005°/s/V/Hz 210 uG/VHz 0.56 Pa/\/Hz
Bandwidth 400 Hz 400 Hz 110 Hz 50 Hz

Figure 2. Thermographic camera used in this study (left). FOV and IFOV diagram of the thermographic camera (right).

corresponds to the two dimensional (H and V) angular
area which was viewed by a single pixel of the detector
through the optics of the camera. This defines the spa-
tial resolution, or the size of the smallest object that can
be viewed or resolved at a specific distance from the
camera. The FOV (typically described in horizontal
degrees by vertical degrees) can be defined as the largest
area that an imaging sensor can capture at a set dis-
tance (Figure 2, right).

The main advantage of this camera for its use in the
presented methodology is the availability of its geometric
calibration, so that its inner orientation parameters are
known, such as the principal point, sensor size and lens
distortion coeflicients. This calibration was previously
performed using a specially designed calibration field."”

In addition to the thermographic camera, the acquisi-
tion of thermal data was complemented with a contact
thermometer TESTO 720 (Table 2), which was used for
the measurement of the inner and outer ambient tempera-
ture to perform the energy consumption analysis, and the
temperature of the walls in certain points was measured
to perform an emissivity correction of each thermog-
raphy. This way, all data needed for the energy analysis,
and for the emissivity correction of the values which were
measured in the thermographic images, were recorded.

Table 2. Testo 720 specifications.

Parameter Value

Range —50°C to 150°C

Accuracy +0.2°C (=25°C to +40°C)
+0.3°C (+40.1°C to +80°C)
+0.4°C (+80.1°C to +125°C)
+0.5°C (<25°C and >125°C)

Resolution 0.1°C

There are three different sources of infrared (IR)
radiation that can be captured by the thermographic
camera if we assume that the object under study is
opaque, implying that the transmission of IR radiation
is null. These are the emission from the object under
study; the reflected radiation from the surroundings
(both attenuated by the atmospheric transmission)
and the emission from the atmosphere® (Figure 3).

The emissivity correction was based on Stefan-
Boltzmann’s law (1), assuming that a real body with a
surface temperature measured by a thermometer can be
considered as a real body, whereas they can be considered
as black bodies when temperature values are measured
with a thermographic camera (with no emissivity
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Figure 3. Components of incident IR radiation acquired by the thermographic camera.
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Figure 4. Workflow representing the methodology developed for the automatic quantification of energy losses and
pathologies assessment in buildings using data acquired with a mobile indoor mapping unit and a thermographic camera.

correction introduced in the camera parameters). This
way, emissivity can be defined by equation (1) as

e = Ty 0

Ty

where T}, is the temperature measured with the
thermographic camera, and ‘T,,” is the temperature
measured by the contact thermometer.

The correction of the atmospheric effect was directly
performed by the thermographic camera through the
configuration of the ambient parameters (temperature
and humidity) and the camera—object distance.

Methodology

The proposed methodology (Figure 4) consists of three
steps, and these are defined as follows:

e Data acquisition and pre-processing.
e Data processing and registration.
e Result interpretation

Data acquisition. This procedure involves the
acquisition of both thermographic images and 3D
point clouds.
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Figure 5. Overlapping between images and angle of incidence between the camera optical axis and the evaluated surface.

Thermographic images: Given the influence of the
external parameters in the measurements performed
with thermographic cameras, the establishment of a
protocol for data acquisition was required for the mini-
mization of these effects and the acquisition of valid
products for their processing and analysis.

The first rule in the protocol is the existence of an
approximate 10°C difference between the indoor-to-
outdoor average temperature difference of the building
(standard temperature difference considered for these
studies) for maximizing the detection of the existing
pathologies, like insulation deficiencies or moisture.?!
For example, the type of construction and location
of the insulation layer within the building envelope
could influence the temperature conditions under which
pathologies may be detected. A minimum indoor-to-
outdoor average temperature difference could mean inac-
curacies in the pathologies detection, and this process
could even become unapproachable. Although precipita-
tion would be a significant issue for external surveys and
less relevant to the type of internal survey reported in this
study, prior building inspection is recommended to
ensure no precipitation occurs for at least 24 h.

The second rule is the acquisition of thermographic
images with an angle of incidence of 20° or 25° between
the normal of the wall under study and the optical axis
of the camera (Figure 5), therefore, avoiding the influ-
ence of the infrared radiation that would be emitted by
the operator and reflected from other surfaces on the
recorded thermal pattern.

The third rule is the adjustment of the ambient param-
eters in the camera; that is, distance camera—object, ambi-
ent temperature and humidity, prior data acquisition.

The fourth rule is the preparation of the survey in
order to achieve an approximate steady-state heat
transfer through the building envelope conditions. In
particular, this would require a historical study of the
temperatures of the building location in order to per-
form the survey in a time slot where the variation of the

exterior temperature could be minimized. The survey
should be conducted in winter as recommended, with
overcast skies and at night, some hours after sunset if
possible, in order to minimize the solar gain effect over
the fagades.

Given the limited field of view of the thermographic
camera used, several acquisitions were required for the
inspection of the total surface under study. This would
require the maintenance of a minimum 10% overlap
between consecutive images for the posterior gener-
ation of one product to represent completely the sur-
face under study.

Point clouds: Planning data acquisition with the
indoor mapping unit was required for the optimization
of the quality of the data acquired.

The main error source of these devices comes from
the Inertial Measurement Unit. In order to minimize
the drift, the trajectory should avoid sharp turns that
imply unnecessary drift accumulations, as well as
avoiding every obstacle that could block or modify
the trajectory of the indoor mapping unit. The displace-
ment over sliding surfaces should be avoided, in order
to minimize the risk of having inconsistent readings in
the odometers that imply great deviations in the pos-
terior computation of the trajectory, as well as incoher-
ent data between these sensors and the inertial unit.

The IMU could be affected by external electromag-
netic sources, such as metallic material, wiring, magnets
and electrical transformers, to produce unacceptable
variations in the measurement. For this reason, the pres-
ence of these objects should be considered and avoided if
possible.

Finally, the measurement range of the laser scanner in
the indoor mapping unit was taken into account for the
definition of the trajectory with the aim of guaranteeing a
continuous data acquisition for these scenes under study.

Image-point cloud registration. The trans-
mission of the thermographic texture to the point
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Figure 6. Convolution mask for solving the resampling of those pixels without thermographic texture. The different
examples show that the mask ignores no-texture pixels for the computation.

cloud obtained with the indoor mapping unit was
developed through the computation of the spatial resec-
tion'? of the thermographic images using the laser scan-
ning point cloud as reference and the identification of
homologous entities (interest points) between each
image and the point cloud by a human operator. The
spatial resection would make use of image coordinates
and their homologous object coordinates to determine
the position and orientation of the camera.”

Once the exterior orientation of each thermography
was calculated, the thermographic texture was trans-
mitted to the point cloud. The result obtained was a
thermographic point cloud where each point would
have a temperature value associated and represented
by the RGB conversion to the defined colour map.

The next step involved the orthogonal projection of
each wall of the scene to their corresponding parallel
planes, in a procedure where an image called orthother-
mogram was generated. Orthothermograms are images
with geometric scale and no distortion, in such way that
the measurement of a distance on the image, multiplied
by the scale, would result in the measurement in the
reality. Given that the procedure of projecting the
thermographic point clouds into a plane would result
in an image with occlusions or areas with missing infor-
mation, an adaptive resampling algorithm was applied
in order to cover the existing gaps between pixels. This
algorithm would require the implementation of a con-
volution mask size 3 x 3 to work on the pixels that was
lacking in thermographic texture by evaluating the sur-
rounding pixels and using only those pixels with
thermographic texture for the computation of the
mean temperature (Figure 6).

Orthothermogram segmentation. The ther-
mographic-metric results generated permit the perform-
ance of accurate analysis of the energy consumption of
the building under study. The point cloud with thermo-
graphic texture allows analysis of the 3D model of the
building directly and to extract accurate information of

the elements of interest. However, the energy study was
focused on the analysis of the orthothermograms.

According to the Spanish Technical Code for
Buildings (Codigo Técnico de Edificacion, CTE),*?
the computation of heat losses through a building enve-
lope requires the location of the areas corresponding to
the walls, openings (windows) and thermal bridges
reflected in the orthothermograms. The different
values of thermal emissivity of the principal construc-
tion elements (walls, windows and thermal bridges)
allow the segmentation process through the study of
the reflected temperatures and the thermal gradients.

The segmentation of the zones of interest was per-
formed in two steps. (i) First, identify the critical points
on the envelope (pathologies, differentiating between
moisture and thermal bridges) and (ii) Second, recognize
the openings. For this purpose, each orthothermogram
was divided into two different orthothermograms in grey
scale: one for the high-temperature areas, and another
for the low-temperature areas, using as cutting point
the mean value of the temperatures appearing in the
image. The result to this segmentation was an orthother-
mogram with the openings (high-temperature), and an
orthothermogram with the existing pathologies (low-tem-
perature): from thermal bridges to damp areas.

The next step consisted the binarization of each
image, for the identification of the areas of interest
and the elimination of wrongly classified surfaces.
This process required the user interaction for the
choice of a binarization coefficient that guarantees the
expected results. The resultant Boolean image was sub-
jected to a supervised selection of areas of interest
allowing the elimination of the noise introduced in
the resampling step (pixels without neighbours), as
well as the elimination of false positive clusters that
did not correspond to eclements of interest (these
being pathologies and openings).

Once the Boolean image was generated with the
zones of interest, the area of each zone was computed
thanks to the knowledge of the GSD (Ground Sample
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Distance)>* of the orthothermogram. In particular, the
areas corresponding to openings and critical points of
the fagade were obtained through the multiplication of
the number of pixels overpassing the process of feature
extraction by the GSD of the orthothermogram. Areas
corresponding to walls were obtained through the dif-
ference between the total area of the fagade and the
openings’ area.

At this point, the characteristic elements were accur-
ately measured with minimum user interaction.

Heat loss computation. The computation of the
energy loss of a building fagade entails the study of the
thickness, area and thermal properties of the materials
used in the building construction. The thermal proper-
ties of the materials were determined by their thermal
transmittance, U (W/m’K), which represents the rate of
heat transfer through 1 m? of a structure divided by the
temperature difference across the structure. The study
was based on an approximate steady-state heat trans-
fer, as an acceptable approximation for conditioned
buildings in climates with small solar gains and small
outdoor temperature oscillation amplitude as com-
pared with the indoor-to-outdoor average temperature
difference. For the sake of simplification, U-values were
considered as constant with temperature® omitting the
effect of solar gain on heat transmission through the
fabric, minimized by the implementation of the survey
under guidelines described above. This parameter is
defined by equation (2)

U=1/g, ®

where ‘U’ represents the thermal transmittance and ‘R,
is the total thermal resistance of the construction elem-
ent (m’K/W).

Given that the wall of the building under study was
composed of several layers of different materials, the
total thermal resistance was calculated as the sum of
the thermal resistance of each layer and the superficial
thermal resistances of the inner and outer air.

The effect of the thermal bridges was considered
through the computation of the heat transfer by trans-
mission coefficient of the surface ‘H, calculated by
equation (3).

Hr =3 AU+ 3l 3

where ‘U’ is the thermal transmittance of the wall analysed
(W/m?K), ‘A’ is the area of the wall under study (m?), ‘v’
is the lineal thermal transmittance of the thermal bridge
(W/mK) and 7 is the length of the thermal bridge (m).
After the computation of the heat transfer by trans-
mission coefficient of the wall, the computation of the
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energy loss can be determined. The heat loss by con-
duction through the envelope of a building due to the
thermophysical properties of the constructive materials
can be determined by equation (4).

Q =Hr- (T[n/ = Texr) (4)
where ‘Q’ is the heat loss through the wall analysed
(W), ‘H7 is the heat transfer by transmission coefficient
(W/K) and ‘T},,” and ‘T,,, are the interior and exterior
temperatures, respectively (K).

The thermal transmittance of the openings was
computed using the knowledge of the materials com-
posing these elements and their corresponding thermal
transmittances, as well as the percentage of opening
occupied per material.

From these data and following the standard estab-
lished by the CTE, the total thermal transmittance of
the openings, Uy, was computed with equation (5).

Upg=(1—-FM)-Uyy+FM - Uy, (5)

where ‘Uy’ is the total thermal transmittance of the
opening, ‘Uy,’ is the thermal transmittance of the semi-
transparent surface, and ‘U, is the thermal transmit-
tance of the window frame; all of them in W/m’K.
Finally, ‘FM’ is the opening percentage occupied by
the frame (%).

In this case, the evaluation of the effect of any ther-
mal bridge is not necessary, as it is possible to calculate
directly the heat loss through the openings using the
equation (6)

QH = UH - A ‘(Tint - Texl) (6)

where ‘Qf is the heat loss through the opening ana-
lysed (W).

The heat losses were computed following the proto-
col described in the CTE which would reflect the energy
loss assuming an ‘ideal’ condition of the envelope.
However, reality shows the presence of thermal pathol-
ogies in the building envelopes, directly affecting the
energy consumption.

As a result, the additional heat loss through the build-
ing envelope on the critical surfaces was computed using
equations (3) and (4), but considering only the area of
those surfaces with pathologies without the thermal
bridging effect, and the temperature difference between
the surface with pathologies and the undamaged wall.
For the sake of simplification, the increase of heat loss
through the critical surfaces can be calculated using
equation (7):

Q‘. = U AL‘ ' (Tm - TL) (7)
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Figure 7. Point cloud with thermographic texture (south fagade).

where Q. is the additional energy loss through the crit-
ical surfaces (W) in addition to the heat loss as a func-
tion of the building composition; U is the total thermal
transmittance of the wall (W/m?K) and A, is the total
critical area (mz). T,, is the mean temperature of the
wall in good conditions (K), and 7, is the mean tem-
perature of the critical surface in the wall (K).

Experimental results
Case study

The proposed methodology was validated in a building
chosen by its architectural importance, in the town of
Baiona (Northwest Spain). Currently, the building has
been dedicated to music education so, the study must
be performed during the day in order to measure the
energy demand in the time slot when the infrastructure
was being used and the HVAC (Heating, Ventilation
and Air Conditioning) instruments should be working
to maintain the adequate thermal comfort. The survey
was performed on March 2013 under partly cloudy sky
conditions in order to minimize the outside temperature
variations during the survey process and the effect of
direct solar irradiation incidence. After the historical
temperature analysis, the optimum time slot to perform
the survey was defined between 11:00 and 13:00 hours.
The study was undertaken prior to the refurbishment of
the building. The conservation condition of the inner
face of the fagcades was evaluated and the existence of
any thermal pathology was determined and detected to
minimize any would be increase in energy consumption
for heating the building.

Thus, the proposed methodology was applied to
each facade of the building under study. Both the struc-
ture of each fagade and the thermophysical properties
of the thermal bridges was obtained from the technical
documentation included in the building construction
project. Walls of the building were composed of homo-
geneous layers of granite and bricks, also with a non-
ventilated cavity wall and a thermal insulation of

mineral wool. The openings are windows with alumi-
num frames with single-pane glazing.

Atmospheric conditions during data acquisition
were 6°C exterior air temperature, while the interior
air temperature was 13°C measured with the contact
thermometer.

Data combination

The first step for the combination of the dataset was the
computation of the orientation of each thermographic
image regarding the point cloud of the building. For
this purpose, the maximum number of significant fea-
tures in each thermographic image was identified by a
human operator, consequently minimizing the error in
the computation of the external orientation parameters.
Once the orientation parameters were computed per
thermographic image, and the thermographic texture
was transferred to the point cloud, the product was a
point cloud with thermographic texture (Figure 7).

Metric thermographic images

The thermographic point cloud was subjected to the gen-
eration of an orthothermogram per wall (Figure 8), and
a re-sampling process for the minimization of areas with
no information.

Orthothermogram segmentation

The orthothermogram of each wall was subjected to an
operation of automatic segmentation of the zones of
interest so that they can be used for the quantification
of the heat loss through the wall. This process requires
a classification of the pixels into two groups: one for
highest temperatures, where openings are; another for
lowest temperatures, where the critical surfaces of the
fagade can be identified (Figure 9). Consequently, two
orthothermograms were obtained: one for the open-
ings, one for the pathologies. In this case study, con-
sisting of a room with closed shutters at the moment of
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Figure 8. South facade: Orthothermogram after resampling with a GSD of 1 cm.

Figure 9. South fagade: (top) Low-temperature group. (bottom) High-temperature group.

the inspection, the Sun was radiating on the windows,
leading to their overheating. This is the reason for the
presence of windows in the high-temperature group.
What is more, the main pathology of the building was
moisture, presenting low temperature due to the cool-
ing of the surface caused by evaporation. Moisture was
casily differentiated in the thermal images by its geom-
etry, location and temperature difference with the
undamaged wall. In addition, some zones with pathol-
ogies related with air leakage were characterized by
larger temperature variations than those produced by
moisture and being located in junctions between differ-
ent elements of the fagade.

Group images were segmented in the different zones
of interest corresponding to the windows and critical
surfaces, resulting in a binary image for each element.

Finally, a visual inspection by a human operator
was required with the aim of eliminating the noise

introduced in the orthothermograms during the re-sam-
pling step, as well as to overcome the binarization pro-
cess within the zones that do not represent any element
of interest (Figure 10).

Energy analysis

Walls. The segmented orthothermograms provide
information of the area of the different elements of inter-
est. Consequently, only the thermophysical parameters
of the materials obtained directly from the syllabus of
construction solution of the CTE®® and their thickness in
the wall (Table 3), were needed for the determination of
the energy requirements of each fagade, following the
indications of the CTE and the methodology presented
in section ‘Heat loss computation’.

Each wall of the scene under study was composed by
one layer of granite with 0.2m of thickness, 0.05m of

59



Herramientas geomaticas aplicadas a la optimizacion de recursos energéticos

780

Indoor and Built Environment 26(6)

Figure 10. South fagade: (top) Final binary image with critical surfaces (pathologies). (bottom) Final binary image with

windows.

Table 3. Thermal resistance, thermal conductivity and thickness of the elements involved in the
calculation of the thermal transmittance of the wall.

Thickness Thermal conductivity Thermal resistance
Material (m) (W/m-K) (m’K /W)
Granite 0.2 2.8 0.071
Bricks 0.045 0.214 0.210
Non-ventilated cavity wall 0.05 0.180
Thermal insulation (Mineral wool) 0.02 0.031 0.645
Plastering 0.015 0.57 0.026
Inner air ‘Rg/ nja n/a 0.130
Outer air ‘Rg; nja n/a 0.040
Total thermal resistance of the wall 1.302

Source: CTE.?® Openings. n/a: not applicable

non-ventilated cavity wall with 0.02m of thermal insu-
lation made of mineral wool and 0.045m of bricks fin-
ished with 0.015m of plastering (Figure 11). The
thermal resistance for this composition was 1.302
m’K/W giving a total thermal transmittance value ‘U’
of 0.768 W/m’K.

All window openings (Table 4) were composed with
a simple insulated glass (4-6—4 mm) within an alumi-
num frame covering 20% of the opening.

Thermal bridges. The thermal bridging effect
produced by junctions between walls with the floor,

windows and other walls, as well as in the pillars
where the uniformity of the fagade is broken was eval-
uated by the study. The linear thermal transmittances
of the thermal bridges were obtained from the catalog
included in the building construction project. The
length of the thermal bridges was obtained directly
from the geometric information in the orthothermo-
grams (Table 5).

The effect of the thermal bridges was applied to the
calculation of the thermal transmittance based on the
area of the walls to provide a heat transfer with a trans-
mission coefficient ‘H7 of 135.052 W/K.
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Figure 11. Composition diagram of the wall.

Table 4. Thermal transmittance and percentage per
material in the openings.

Table 5. Linear thermal transmittance and length of the
thermal bridges.

Thermal

transmittance % in the
Material (W/m?K) opening
Glass (4 + 6 + 4) mm 3.6 80
Aluminium frame 72 20

Source: CTE.*®

Final results

The application of the proposed methodology had gen-
erated two different output results:

e Thermographic point cloud and orthothermograms:
3D point cloud with thermographic texture, allowing
the visual inspection of the scene under study, and
the preliminary geometric analysis directly measur-
ing the point cloud (Figure 12). The complementary
result is the orthothermogram of each fagade, used
for the automatic determination of the energy
requirements of the building. Orthothermograms
can also be imported in CAD software for further
analysis.

e Heat loss computation per fagade as a function of
the temperature of the construction element and the
area of the wall. Software has been developed for the
generation of a file with data of the area occupied
per element of interest. This was determined after

Total length

Linear thermal of the
transmittance thermal
Thermal bridge (W/mK) bridge (m)
Junction between walls 0.09 13
Junction between 0.96 44.4
wall and floor
Junction between 0.25 50
wall and window
Junction between 0.27 41.6

wall and pillar

a semi-automatic segmentation process and the com-
putation of the total thermal transmittance. The
knowledge of the specific heat loss through each con-
struction element would allow the identification of
the most critical elements towards the refurbishment
of the building, and the effect of refurbishment in the
total energy consumption of the building under
study (Table 6).

Discussion

The first decision to be taken for the development of the
present procedure is the configuration of the data
acquisition system. In this case, the integration of the
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Figure 12. External view of the point cloud with thermographic texture. Holes created by obstacles as well as the side of
columns that have not been caught due to the path followed by the indoor mapping unit, were also captured. However, these

areas should also be taken into account for the energy analysis.

Table 6. Results obtained after the application of the algorithm developed in this study to the building under study.

Fagade

North South East West Total
Total area (mz) 24.959 23.018 35.149 34.435 117.561
Wall area (m?) 19.958 17.331 29.024 34.435 100.748
Window area (mz) 5.001 5.687 6.125 0 16.813
Pathologies area (m?) 4.183 0.940 1.599 0 6.722
Total thermal transmittance, wall (W/(m” K)) 1.302
Heat transfer by transmission coefficient of the wall (W/K) 135.052
Total thermal transmittance, opening (W/m?* K) 4.320
Heat loss through the wall in good condition (W) 945.364
Heat loss through the critical surfaces (W) 35.503 9.035 15.378 0 59.916
Total heat loss in the wall (W) 1005.280
Total heat loss in the openings (W) 151.233 171.972 185.217 0 508.422
Total heat loss through the fagade (walls + openings) (W) 1513.702

camera in the indoor mapping system would remove
the flexibility in data acquisition, both spatial and tem-
porally.?” Regarding spatial flexibility, the angle for
image acquisition would be limited by the position of
the camera in the indoor mapping system and the dis-
placement direction, preventing the acquisition of
images from other angles of interest. This fact is espe-
cially critical for the upper and lower parts of the walls,
not visible from the height of the indoor mapping
system (Figure 13).

Furthermore, the performance of an optimal
thermographic inspection would imply the modification
of the trajectory of the indoor mapping system, distort-
ing the geometric data acquisition.

Regarding temporal flexibility, the possibility of com-
pleting the thermographic inspection at night separately

from the laser scanning to reduce the influence of solar
gains would be lost.

With respect to the error caused in temperature
measurement and, consequently, in the computation
of the energy loss, the accuracy of the thermographic
camera and the contact thermometer were 2°C and
0.5°C, respectively. The uncertainty associated to each
emissivity correction value can be calculated through
the simplified uncertainty propagation method for a
non-linear combination of independent variables.
Through this uncertainty evaluation method for the
least favourable case within the range of measured tem-
perature values, the uncertainty associated to each
emissivity correction value was lower than 0.6°C.

Considering that, for this study, only the relative
values along the surfaces were evaluated in order to
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Figure 13. Limitations of using a thermographic camera
mounted onboard the indoor mapping system. Due to the
limited field of view of the thermographic camera, walls are
not fully covered if images are acquired [rom the indoor
mapping system.

segment the fagades in their different components, the
correction of the reflected temperatures was not neces-
sary, assuming that their effect would be uniform over
the whole surface and would not affect the relative
difference between temperatures.

The use of infrared thermography would allow the
estimation of these energy losses due to the accurate
identification of the critical points and the thermal dif-
ferences existing between these and non-critical sur-
faces. A similar analysis was performed by Asdrubali
et al.?® for the characterization of thermal bridges, and
by Gonzalez-Aguilera® through the classification of
the building envelope using isotherms.

Conclusions

This article presents a methodology for the generation of
thermographic point clouds and orthothermograms, as
well as the computation of heat losses through walls
based on the semi-automatic integration of thermo-
graphic images and indoor point clouds which were
applied to indoor building scenes. The results obtained
have provided complete thermographic and metric infor-
mation of the different elements, to enable a better detec-
tion, spatial location and interpretation of thermal
pathologies than a single thermal image. The geometric
information embedded on the orthothermograms
enables the measurement of areas and distances for the
quantification of energy losses and thus allows the deter-
mination of any increase in the energy consumption that
could be caused by the existence of pathologies.

The methodology could provide a suitable routine
method to accurately evaluate the state of buildings
prior to refurbishment in order to assess the need to
invest in the partial or total refurbishment of the facade
and calculate an approximation of the refurbishment
effect on the heat loss transmission resulting in energy
savings.
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The main problem of the presented methodology is
the complexity of the automation of the detection of
thermal pathologies mainly due to the high number of
factors to consider in the thermal imaging interpret-
ation, such as environmental conditions, solar impact,
surface state of the element under study and emissivity.
This problem can be solved by specifying an appropri-
ate temperature interval for the representation of tem-
perature differences for the object analysed, so that the
detection of areas affected by pathologies is maximized,
allowing the performance of appropriate binarization
of the orthothermograms.
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4. Large scale automatic analysis and classification
of roof surfaces for the installation of solar panels
using a multi-sensor aerial platform

Este capitulo contiene el articulo “Large scale automatic analysis and
classification of roof surfaces for the installation of solar panels using a
multi-sensor aerial platform” publicado en la revista de alto impacto
Remote Sensing en Septiembre del 2015.

4.1. Resumen

La publicacion cientifica recogida en este capitulo representa el segundo
hito establecido en la hoja de ruta de la linea de investigacion. El objetivo
principal es el desarrollo de una metodologia que permita realizar la
deteccion automatica de las superficies de cobertura urbana que, por sus
condiciones geométricas de 4rea, orientacion e inclinacion,
complementadas con la identificacion de obstaculos si existiesen, sean
candidatas a la instalacion de superficies de paneles solares. La deteccion
de estas superficies se complementa con la clasificacion de las mismas en
funcién de su potencial fotovoltaico dada la irradiacion solar incidente
sobre la misma. En particular, el enfoque desarrollado tiene cuatro
componentes: (1) definicion de las técnicas geomaticas mas adecuadas
para la digitalizacion de escenarios urbanos a gran escala desde un punto
de vista cenital; (2) desarrollo de estrategias de deteccion, segmentacion y
parametrizacion de superficies candidatas a la instalaciéon de paneles
solares; (3) identificacion de obstaculos que impidan la instalacion de
paneles solares o generen sombras limitando su productividad y (4)
cuantificacion del potencial solar de la superficie en funcion de la
irradiacion solar incidente.

Dado que se propone la evaluacion de zonas urbanas a gran escala, se ha
elegido una plataforma aérea tripulada (paramotor) que garantiza la
autonomia, alcance y capacidad de carga necesaria para la captura de todos
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los datos necesarios. Se ha incluido una plataforma giroestabilizada
(MUSAS- MUItiSpectral Airborne Sensor), desarrollada por el Instituto
de Desarrollo Regional (IDR) de la Universidad de Castilla-La Mancha,
capaz de albergar un sensor fotografico comercial de medio formato DSLR
(Digital Single Lens Reflex) y el sensor termografico. El producto
geomatico, en forma de nube de puntos 3D, se ha obtenido utilizando los
procesos fotogramétricos a partir de las imagenes capturadas por el sensor
DSLR.

El proceso desarrollado ha sido validado con datos reales, sobre los que se
ha generado una verdad-terreno a través de una inspeccion visual detallada
y la correspondiente clasificacion manual de los tejados del caso de
estudio.

Palabras clave: reconstruccion 3D, paramotor, fotogrametria, termografia
infrarroja, nube de puntos, edificios, irradiacion solar, panel solar.
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Abstract: A low-cost multi-sensor aerial platform, aerial trike, equipped with visible and
thermographic sensors is used for the acquisition of all the data needed for the automatic
analysis and classification of roof surfaces regarding their suitability to harbor solar panels.
The geometry of a georeferenced 3D point cloud generated from visible images using
photogrammetric and computer vision algorithms, and the temperatures measured on
thermographic images are decisive to evaluate the areas, tilts, orientations and the existence
of obstacles to locate the optimal zones inside each roof surface for the installation of solar
panels. This information is complemented with the estimation of the solar irradiation
received by each surface. This way, large areas may be efficiently analyzed obtaining as
final result the optimal locations for the placement of solar panels as well as the information
necessary (location, orientation, tilt, area and solar irradiation) to estimate the productivity
of a solar panel from its technical characteristics.

Keywords: 3D reconstruction; aerial trike; photogrammetry; infrared thermography; point
cloud; buildings; solar influence; solar irradiation; solar panel
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1. Introduction

Several techniques have been applied so far for the calculation of the solar incidence on roofs trying
to find the most suitable roof surfaces for the installation of solar panels with optimal performance
without assessing the possible obstacles that can prevent their installation. In most cases the analysis is
done from Geographical Information Systems (GIS) fed with low-resolution raster or vector cadastral
data sources [1-4], GML (Geography Markup Language) systems with simplified LOD (Level Of
Detail) [5] or topologically consistent 3D city models obtained through the extrusion of building
footprints to a stimated average building height [6]. These techniques, that generally use simplified
models and approximations of the positions and orientations of the roofs, could imply errors in the
calculation of the solar incidence on the surfaces of the roofs and thus cause large variations in their
productivity [7]. In order to avoid these limitations, we developed a methodology able to identify the
optimal location for the installation of solar panels [8] and the estimation of their solar irradiation from
a precise dataset obtained with a low cost aerial platform equipped with RGB and thermographic
cameras. The data processing methodology is scalable to any other aerial data sources like LIDAR (Light
Detection and Ranging), acquired from piloted aerial vehicles or UAV’s (Unmanned Aerial Vehicles).
The use of geo-referenced 3D dense point clouds of roofs will allow the performance of accurate analysis
of areas, orientations and tilts of the roofs. Furthermore, if these data are complemented with qualitative
thermal information, which provides direct knowledge about the relative temperature difference between
roofs and consequently about the influence of the solar radiation on them, the removal of surfaces that
could present ideal geometric conditions to install solar panels will be possible. The thermal values
recorded by the thermographic camera cannot be considered as the rigorous temperature values of the
object due to the difficulty to perform an accurate emissivity correction on the measurement. However,
these values provide useful information for the detection of differences in solar incidence over the object
surface. For instance, those surfaces containing elements that could prevent the installation of solar
panels such as skylights or chimneys will be automatically detected.

This work proposes and tests a methodology useful for the performance of the automatic classification
of roofs regarding their suitability to harbor solar panels, the detection of the optimal location inside
these surfaces and the estimation of the solar irradiation received. The methodology consists on the
processing of visible and thermographic images acquired from a low-cost aerial trike equipped with a
multi-sensor platform (MUSAS, which stands for MUItiSpectral Airborne Sensors) towards the
generation of 3D point clouds of roofs.

The paper has been structured as follows: after this introduction, Section 2 includes a detailed
explanation of the materials and methods used for data acquisition and processing towards the automatic
segmentation and classification of the roof surfaces for the installation of solar panels. Section 3 is
devoted to be an explanation of the methodology presented through its application to an urban area
selected as case study; finally, Section 4 establishes the most relevant conclusions of the proposed
approach. The procedure is presented through its application to a real case study, based on the
classification of the roofs in a neighborhood in Avila, located near the center of Spain (coordinates
40°38'27.6"N, 4°4127.8"W). The location of the case study determines the restrictions applied for the
installation of solar panels following the Spanish Regulation for Construction [9].
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2. Materials and Methods
2.1. Equipment
2.1.1. Aerial Trike

The aerial trike is a driven low-cost aerial system equipped with a MUSAS platform able to
accommodate different types of remote sensors, from imaging sensors (RGB and thermographic
cameras) to navigation systems (GNSS/IMU). The use of these kind of aerial vehicles shall be regulated
by the local legislation on air navigation as long as it does not conflict with the general air navigation
law of the DGAC (General Guidance of Civil Aviation). The aerial trike is an experimental “Tandem
Trike AIRGES” (Table 1), with a weight capacity up to 220 kg and flying altitudes up to 300 m, which
is the limit established by the current Spanish legislation for this type of aerial vehicles [10]. The main
advantages of this platform over the usual driven aerial vehicles are its low cost, ease of use and the
possibility of flying below 300 m, consequently obtaining better GSD (Ground Sample Distance) with
the imaging sensors. This increase in the spatial resolution of the RGB images regarding usual aerial
photogrammetric flights allows the generation of dense point clouds, as well as improves the use of
thermographic images, given that the thermographic sensor presents very limited resolution implying a
high GSD that, for altitudes over 300 m could prevent the differentiation of characteristic elements of
roofs. Regarding UAV platforms, the aerial trike is able to transport greater weights, which implies the
possibility of using more and higher quality sensors with longer autonomy than copter-type platforms.
Thus, this aerial platform is used to obtain good quality georeferenced images from a zenithal point of
view, allowing for a better spatial perception given the absence of obstacles between the camera and
the object.

Table 1. Technical specifications of the manned aerial platform, aerial trike.

Parameter Value
Empty weight 110 kg
Maximum load 220 kg
Autonomy 35h
Maximum speed 60 km/h
Motor Rotax 503
Tandem paraglide MACPARA Pasha 4
Emergency system Ballistic parachutes GRS 350
Gimbal Stabilized with 2 degrees of freedom (MUSAS)
Minimum sink rate 1.10
Maximum glide rate 8.60
Plant surface 4223 m?
Projected area 37.80 m’
Wingspan 15.03 m
Plant elongation rate 5.35
Central string 35l m
Boxes 54 boxes
Zoom factor 100%
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Sensors are supported by a specific gyro-stabilized platform (MUSAS) (Figure 1) allowing for a full
coverage of the study area with an appropriate GSD. This device includes two servomotors arranged on
the x and y axes to maintain the vertical position of the camera along the flight path with precision. The
servomotors are controlled by an Arduino board, which incorporates an IMU with 6 degrees of freedom:
3 accelerometers with a range of £ 3.6 G m/s%, a double-shaft gyroscope (for pitch and roll control) and
an additional gyroscope for yaw control (both gyroscopes have a measurement range of + 300°/s). The
navigation devices allow the geolocation of each datum for the successive generation of geo-referenced
point clouds with real and thermographic texture.

Last, the software developed for the control of the device was based on Quadl _mini V 20 software,
with DCM (Direction Cosine Matrix) as the management algorithm for the IMU [11].

Figure 1. Aerial trike and MUSAS platform used in this study; bottom-left corner: detail of
the gyro-stabilized platform for the installation of sensors.

2.1.2. RGB Camera

RGB cameras are used for the acquisition of images towards the reconstruction of 3D point clouds as
well as to provide visual information of the state of the roofs. The visible camera selected for this work
is a full frame reflex camera Canon 5D mkIl. This camera has a CMOS sensor which size is
36 x 24 mm with a resolution of 21.1 megapixel and equipped with a 50 mm focal length lens. The size
of the image captured with this sensor is 21 MP with a pixel size of 6.4 pm.

The camera is calibrated prior acquisition in order to allow the correction of the distortion and
perspective effects from the data collected and the 3D reconstruction in the photogrammetric process.
The calibration of cameras working in the visible band of the electromagnetic spectrum (Table 2) is
performed through the acquisition of multiple convergent images of a geometric pattern (known as
calibration grid) with different orientations of the camera. The adjustment of the rays ruling the position
of the camera and the image in each acquisition allows the determination of the inner orientation
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parameters of the camera (focal length, format size, principal point, radial lens distortion and decentering
lens distortion). The camera calibration was processed in the commercial software ImageMaster which
performs the automatic detection of the targets in each image and computes and adjusts the orientation
of each image, resulting in the computation of the internal calibration parameters of the camera. Since
the flight was performed at medium speed and low altitude, there should not be any change in the
“camera-lens” system caused by sudden movements of the platform or major changes in the atmosphere.
For this reason, the camera calibrations performed in the laboratory have been considered as fixed for
both cameras.

Table 2. Interior orientation parameters of visible camera Canon 5D mkII, result of its
geometric calibration.

Parameter - Value
Focal length (mm) Value 50.1

Format size (mm) Value 34.819 x 23.213

Principal point displacement X value —0.21

(mm) Y value —0.11
. N K value (mm?) 6.035546 x 107
Radial lens distortion K> value (mum) 1266639 x 10°F
Decentering lens distortion Py value () 1585075 > 10
P value (mm ") 6.541129 x 107

Point marking residuals Overall RMSE (pixels) 0.244

2.1.3. Thermographic Camera

The thermographic camera selected for this study is the FLIR SC655. This device has been specially
developed for scientific applications. It allows the capture and recording of thermal variations (Figure 2)
in real time, enabling the measurement of heat dissipation or leakage. Its sensor is an Uncooled Focal
Plane Array (UFPA) 0.3 MP, capturing radiation with 7.5 to 13.0 um wavelengths and measuring
temperatures in a range from —20 °C to 60 °C. The Instant Field of View (IFOV) of the camera is
0.69 mrad, and its Field of View (FOV) is 25° (Horizontal) and 18.8° (Vertical) with the current lens of
25 mm focal length.

Figure 2. Comparison between the products generated by the different used imaging sensors.
(Left) RGB image. (Right) Thermographic image with the thermal values represented using
a color map.
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Thermographic cameras capture radiation in the infrared range of the spectrum, in contrast to
photographic cameras that work in the visible range. For this reason, the geometric calibration (Table 3)
of the camera is performed using a specially designed calibration field, presented in [12], which is based
on the capability of the thermographic cameras for the detection of objects being at different
temperatures even if they are at the same temperature but with different emissivity values. This
calibration field consists on a wooden plate with black background (high emissivity) on which foil
targets are placed (low emissivity). In this case, the calibration was processed in the commercial
photogrammetric station Photomodeler Pro5©, which not only computes the calibration parameters of
the cameras in a procedure analogous to the one previously explained for ImageMaster, but it also
provides the standard deviation of the calibration parameters as a value to test their quality.

Table 3. Interior orientation parameters of thermographic camera FLIR SC655, result of its
geometric calibration.

Parameter - Value Std. Deviation
Focal length (mm) Value 25.063 0.022
Format size (mm) Value 10.874 x 8.160 0.002
Principal point displacement X value —0.174 0.022
(mm) Y value 0.024 0.026
_ o K, value (mm™?) 5281 x 10°° 24 %107
Radial lens distortion Ko value (mm™)  7.798 x 107 6.1 x 107
Decentering lens distortion Py value (mm1) 1023 %10 * 12:10°
Pyvalue (mm™")  —3.401 x 107 13x107°
Point marking residuals (pixels) ~ Overall RMSE 0.173 --

2.2. Methodology
2.2.1. Flight Planning and Data Acquisition

Proper flight planning is important to optimize available resources, ensuring a high quality of the
images and minimizing capture time. The spatial information required for the flight planning can be
obtained free of charge from the National Center of Geographic information in Spain (CNIG), from its
National Aerial Orthoimage Plan (PNOA, 2009) with a GSD of 0.25 m and a Digital Terrain Model
(DTM) with a 5 m grid resolution. The flight planning was carried out based on the classical aerial
photogrammetric principles [13] but adapted to the new algorithms and structure from motion (SfM)
strategies [ 14], ensuring image acquisition with forward and side overlaps of 70% and 30%, respectively.
Given the format difference between the thermographic and RGB sensors, time between shots will be
considered independently in order to ensure these overlaps.

The gyro-stabilized platform ensures the theoretical geometric setup of a photogrammetric aerial
image capture in each shot, which stablishes that the optical axis of the camera should be zenithal. The
theoretical definition of scale in digital aerial photogrammetry is related to the geometric resolution of
the pixel size projected over the ground (GSD). This parameter can be calculated by considering the
relationship between flight altitude over the ground, the GSD, the focal length of the sensor and the pixel
size (Equation (1)). Considering that the objective of this study is not to identify small entities, and in
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order to allow the procedure to be scalable to sparse 3D point clouds from other measurement systems,
we fixed the target GSD for the lower resolution sensor between 10 and 15 cm.
f  pixel size
H™ GSD
where f is the focal length of the sensor; H is the flight altitude over the ground and GSD is the Ground
Sample Distance.

M

Due to the lower resolution of the thermographic images, the flight planning is performed according
to the characteristics of this sensor (Figure 3), considering the planning completely valid also for the
RGB sensor.

In order to locate the solar incidence deficiencies over the objects under study in the higher production
time zone of the solar panels, the survey should be performed when the Sun is located at the highest
point of the solar path.

2.2.2. 3D Point Cloud Reconstruction

The image-based modelling technique based on the combination of photogrammetry and computer
vision algorithms allows the reconstruction of dense 3D point clouds. The absolute orientation (position
and attitude) of each image is known because the position of the imaging sensors is registered with
respect to the GNSS/IMU navigation devices of the aerial trike, and data acquisition is synchronized
with the navigation. For this reason, using these absolute orientation as initial approximations, only an
orientation refinement was required for the precise geolocation of the images.

The orientation refinement process starts with the automatic extraction and matching of image
features through a SIFT [15] (Scale-Invariant Feature transform) algorithm which provides effectiveness
against other feature detection algorithms. In addition, these features present optimal results for these
type of aerial surveys where scale variations are minimal and perspective effects are almost nonexistent
thanks to the gyro-stabilized platform. Next, taking as initial approximation the external orientation
parameters provided by the GNSS system and as fixed the laboratory internal calibration parameters, an
orientation refinement was performed through a global bundle adjustment between all images by means
of the collinearity equations [16,17]. As a result, the spatial and angular geo-positioning of the RGB
sensor was computed enabling the dense point cloud generation. Next, a dense matching method through
the MicMac implementation [18] based on the semi global matching technique (SGM) [19,20] allows
the generation of a dense and scaled 3D point cloud resulting from the determination of the 3D
coordinates of each pixel. This process was performed using the RGB images because their higher
resolution provides a 3D point cloud with higher point density than the point cloud generated from
thermographic images. Regarding computation effort, the last step is the most expensive and
time-consuming. All these photogrammetric tasks were performed using the Photogrammetry
Workbench (PW) [21].

Last but not least, a dense 3D point cloud with thermographic information was obtained for the case
study. This thermographic mapping was obtained thanks to the known baseline between both sensors
which was previously calibrated in laboratory. In particular, this calibration consisted in solving the
relative orientation of the thermographic camera regarding the RGB camera through the simultaneous
visualization of a common pattern (the same used for the thermographic camera calibration). After the
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identification of homologous entities between both sensors, the calculation of the baseline (bx, by, bz)
and the boresight (Rx, Ry, Rz) values was performed.

2.2.3. Automatic Planes Segmentation

Once the 3D point cloud is generated from the RGB images and the thermographic texture is applied,
the following procedure is the segmentation of the roofs. This is performed in different steps using the
Point Cloud Library (PCL) [22], open source and licensed under BSD (Berkeley Software Distribution)
terms, which includes a collection of state-of-the-art algorithms and tools useful for 3D processing,
computer vision and robotic perception. First, ground and vegetation are removed using a pass through
filter with a Z coordinate restriction. A pass through filter performs a simple filtering along a specified
dimension removing the elements that are either inside or outside a given range. In this case, the filter
gets the minimum Z value of the point cloud and removes all points with a Z value close to the minimum Z.
The distance threshold is established as a parameter set for the user, being 5 m a recommendable value,
established experimentally by the authors after the segmentation of several point clouds. In addition,
although the presence of points belonging to the facades is minimal due to the vertical configuration of
the capture, a conditional filter based on the angle between the normal vector of each point and the
vertical axis is applied to remove these points. Then, the point cloud including the roofs is segmented
using a Euclidean cluster segmentation, providing better and faster results for the subsequent extraction
of the different planes of each roof [23,24] by dividing the point cloud in individual roofs. This way,
RANSAC (Random Sample Consensus) algorithm [25] is applied to each roof individually for the
extraction of the composing planes.

Once each roof is clustered in different planes, and the coefficients that describe each surface in a
Cartesian coordinate system by the general equation of the plane are known (Equation (2)), the geometric
evaluation is performed, resulting in the orientation and tilt values for each surface from which we can
calculate the percentage of solar energy productivity regarding the maximum productivity of the
installed solar panels.

Ax+By+Cz=D 2)

where 4, B and C are the components of the vector normal to the plane, whereas D is the independent term.

From the components A, B and C of the general equation of the plane that match with the values of
the unit vector normal to the plane, denoted as ¥ (Equation (3)) we can proceed to compute the
orientation and tilt values for each roof. The orientation of the surface requires the computation of the
angle between the projection of vector ¥ on the horizontal plane and the cartesian Y-axis (Equation (4)).
The quadrant to which the angle belongs, identified through the evaluation of the sign of 4 and B
components of the unit vector (Figure 3 left), will allow us to get the orientation angle of the surface

(Figure 3 right).
¥ =(4,B,C) (3)
B = arcTan(4/p) )

where ¥ is the vector normal to the plane; B is the angle between the horizontal projection of the normal

vector and the cartesian Y-axis.
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Figure 3. (Left) Quadrant determination from the components of the vector normal to the
plane. (Right) Absolute orientation of the roof, denoted as “Or”, from the angle between the
projection of the vector on the horizontal plane and the cartesian Y-axis.

The tilt of the surface is calculated by a simple trigonometric process in a right-angled triangle where
the normal vector is considered the hypotenuse and its projection on the horizontal plane (Z = 0) and C
value the adjacent and opposite legs respectively (Figure 4) (Equations (5-7)).

V(A,B,C)

; Horizontal plane

Figure 4. Tilt angle from the values of the normal vector of the plane.

d=+A?+B? Q)
a= arcTan(C/d) (6)
Tilt =90° — «a (7)

where d is the module of the vector ¥ projected on the horizontal plane (Z = 0); o is the angle between
the horizontal plane and the normal vector of the surface; 7i/t represents the tilt of the plane.

2.2.4. Geometric Analysis and Classification

Once the different planes of the roofs are detected and segmented, their areas, tilts and orientations
are analyzed in order to perform their geometric classification. The roofs with an area smaller than
required for the installation of solar panels and those with North orientation are discarded due to their
inadequacy. The remaining roofs are classified in different groups according to their theoretical
productivity as a function of their tilt and orientation, also taking into account the possibilities of either
integrating the solar panels in the roof or installing them in configurable supports. The CTE (Technical
Edification Code) sets the South orientation as the optimal position for these elements, with a tilt equal
to the latitude where they are installed. However, the limits on the tilt can be computed according to the
minimum efficiency allowed for the orientation of the surface using the method explained by the IDAE
(Institute for Diversification and Saving of Energy) (Equations (8) and (9)) [9].
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If Tilt > 15°

Solar energy losses(%) = 100 - [1.2-10™* - (Tilt — @ + 10)? + 3.5- 1075 - 01?] (8)
If Tilt < 15°
Solar energy losses(%) = 100 - [1.2 - 10™* - (Tilt — @ + 10)?] )

where Or is the Orientation of the plane and ¢ its latitude.

These limits allow the evaluation of the suitability of the surface under study and the computation of
the ideal geometry of the support platforms if needed, taking into account that productivity losses cannot
exceed the 20% if solar panels are installed directly over the roofs, consequently keeping the angle of
solar incidence of the roof. However, productivity losses should be under 10% using the general method
which implies the installation of solar panels in supports to modify the angle of solar incidence regarding
the tilt of the roof.

2.2.5. Thermographic Refinement of Surfaces

Once the geometric classification is performed, the thermographic data enables the location of
elements that constitute an obstacle for the installation of solar panels in order to avoid protrusions or
shadows that could reduce their productivity, produced by both the elements of the roof surface and by
nearby buildings. This identification of obstacles allows the analysis to find the optimal location within
each roof. The existence of obstacles and anomalies in the roofs involves the presence of different
materials and surfaces with different emissivity values, so the temperature detected by the thermographic
images will be different even if the solar radiation received was the same. In addition, the existence of
obstacles that prevent direct sunlight will be manifested by changes in the temperatures of the roof
surfaces. These facts allow the location of those surfaces of the roofs affected by anomalies through the
performance of a statistical study of the mean and the standard deviation of temperatures. A point will
be considered as an obstacle when the difference between its temperature value and the mean
temperature of the roof is higher than the standard deviation of the temperatures of the surface that is
being analyzed. Considering the fact that the shadow produced by an obstacle will move following the
path of the Sun, a perimeter defined by the user around each obstacle will be considered for further
analysis. Although a self-occlusion analysis would be appropriate for the determination of the
perimeter, the performance of this processing for each obstacle in large study areas would be a high
computationally demanding task. Experimental analysis performed by the authors establishes 0.5 m as
a recommendable value.

2.2.6. Location of the Most Suitable Zones

The existence of obstacles, detected by the thermographic refinement step, prevents the installation
of solar panels covering the whole surface of those roofs classified by the geometric analysis as having
the optimal geometry (orientation and tilt) for this purpose. Therefore, the development of a procedure
to locate the optimal zones for panel installation inside optimal surfaces (Figure 5) is necessary. This
task is addressed by analyzing the spatial distribution of those 3D points belonging to the optimal
surfaces and not considered as obstacles. This approach is focused on four steps individually applied to
each surface. (i) Projection of the point cloud to the horizontal plane in order to evaluate the surfaces in
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a 2D environment, simplifying the process; (ii) Extraction of those points that describe the perimeter of
the surface to evaluate (concave hull); (iii) Computation of the largest empty rectangles (no concave hull
points inside); (iv) Re-projection of the largest empty rectangles to 3D. The concave hull can be defined
as a set of points that enclose a concave region and define the perimeter of an unorganized set of points
allowing any angle between consecutive edges. The area of the defined shape should be minimized
without distorting the appearance of the point cloud.

Figure 5. Procedure to locate optimal zones inside optimal surfaces. (Left) 3D surface
selected (red rectangle) over the roof. (Right) From top to bottom: (a) surface under
evaluation, without obstacles, projected to the horizontal plane; (b) concave hull that defines
the perimeter of the surface; (c) largest empty rectangles inside the concave hull and (d)
evaluated surface inliers of the largest empty rectangles re-projected to 3D.

The extraction of the points that describe the perimeter of the surface to evaluate is performed through
the computation of their concave hull using an implementation of the “alpha shape” computational
geometry approach based on the Delaunay triangulation [26]. The computation of the largest empty
rectangles is performed through an iterative implementation presented in [27], restricting the orientation
of'the edges of the rectangles to the same orientation of the evaluated surface and its perpendicular vector
on the horizontal plane. Finally, the largest empty rectangles are re-projected to the 3D space obtaining
the georeferenced location of the optimal zones for the installation of solar panels in each roof, and their area.

2.2.7. Estimation of the Solar Irradiation

To introduce this section it will be useful to explain the differences between the terms “solar
irradiance” and “solar irradiation”. Solar irradiance describes the instantaneous radiant flux per unit area
that is being delivered to a surface, usually expressed in W/m?2. It varies depending on the location of the
surface, time and date, and atmospheric conditions, among other factors. Solar irradiation, also known
as insolation and typically expressed in kWh/m?/a, represents the amount of solar energy that can be
collected on a surface per unit of area within a given time (i.e., solar irradiance integrated over time).
The use of georeferenced point clouds at this point is crucial given that solar irradiation is heavily
influenced by day length and the position of the Sun (solar ephemeris), obtaining very different results
for different locations on Earth. Solar irradiation may also significantly differ between building roofs in
the same zone, depending on the orientation of the roof: a more favorable angle of a surface to the Sun
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means better exposure and more solar energy. Two roof surfaces of the same size at the same location
but different orientations (azimuth) and tilts, may drastically differ in their solar potential [28,29]. This solar
irradiation value, complemented with the area of the optimal surface obtained in the previous step, allows
the computation of the solar irradiation of a surface in kWh/a [6,30]. Therefore, we can say that solar
irradiation on a roof surface is mainly derived of four essential geographic parameters (area, tilt, azimuth
and geographic location) that may be defined as a function (Equation (10)):

I= f (.21, B,6,4, [w]) (10)

where / is the solar irradiation on a roof; ¢ is the latitude; A is the longitude;p is the tilt of the surface; 6
is the azimuth; A4 is the area and ® other components such as cloud cover.

Solar irradiance can be decomposed into three components [31,32]: direct irradiance, diffuse
irradiance and reflected irradiance. These three components are important and significantly influence
the total irradiance [33], so they have been analyzed separately in this approach. Direct and reflected
irradiance and their adjustment for a tilted and oriented surface have been calculated as described in [34].
The estimation of the diffuse solar irradiance is more complex and must be adjusted to one of the several
existing empirical models [35-37].

Therefore, solar irradiation can be estimated by integrating the solar irradiance over a period of time
(Equation (11))

end
I= Z E; + At (11)
i=start

where [ is the solar irradiation; Az is the length of the i time interval and £ is the solar irradiance

The annual solar irradiation is calculated following the protocol used in the Solar3DCity [5,38] that
includes the modeling of “real-sky” conditions through the integration of the historical EPW (Energy
Plus Weather file format) weather data downloaded from the nearest weather station[39]. Solar
ephemerides are from XEphem [40,41], which have been proven suitable for solar irradiation studies [42].
The computations use the empirical anisotropic irradiance model developed by [43], which was
implemented in the solpy library [44]. The annual solar irradiation is then calculated for each roof surface
by integrating the hourly irradiance values of the entire year. The computation of solar irradiation values
can be extrapolated for every azimuth/tilt combination obtaining a function, usually called
tilt-orientation-factors (TOF), which can be represented in a 3D diagram. This TOF function can be
considered an additional product, since it represents the optimal tilt and orientation for a location, which
is the main aim of several location-based studies [45,46].

3. Experimental Results
3.1. Study Case

The proposed methodology has been validated in a wide urban area in the city of Avila (Latitude
40°66'N, Longitude 4°70'W), with an extension of 237,250 m? in a rectangular shape of 365 m x 650 m,
chosen due to the existence of roofs with different geometric characteristics, which is an interesting
characteristic for testing the methodology.
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Flight planning was performed considering the limitations of the thermographic sensor (Figure 6).
Time between shots, in order to ensure properly overlapping, was stablished as 500 ms for the RGB
sensor and 160 ms for the thermographic sensor, both for a flight speed of 50 km/h. Due to the speed
flight, it was necessary to minimize the shutter opening time in order to avoid the motion blurring effect.
This requirement needed several tests to find the optimal ISO, aperture and shutter speed configuration
to ensure the correct exposure of the images minimizing the effect of any external factor that might
damage the survey. As result, 409 images for the RGB sensor and 5312 images for the thermographic
sensor were captured covering the whole study area. The flight altitude over the ground selected was
160 m, resulting on a GSD of 11 cm and 2 cm for the thermographic and RGB cameras, respectively.

Figure 6. Flight planning: (Top) Areas captured by each image shot for the thermographic
sensor. (Middle) Flight planning for the navigation of the aerial trike. (Bottom) GPS track
after the aerial trike flight with the position of each image shot.

The full resolution RGB images were processed according to the photogrammetric and computer
vision methodologies obtaining as result a point cloud of 24,858,863 points, implying an average
resolution of 100 points/m® (=1 point/GSD). The thermographic texture was projected over the point
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cloud obtaining a hybrid 3D point cloud (Figure 7) with thermographic texture mapped over the points
of the roofs.

Figure 7. Hybrid 3D point cloud generated from images captured with the RGB camera
integrating thermographic texture mapped over the roofs. Areas shown in detail in
consecutive figures are remarked in red.

The survey was designed in order to fulfill the conditions established by PNOA (Spanish National
Plan of Aerial Orthophotography) [47]. These conditions state the required accuracy to the GSD value
for the X, Y and Z point coordinates. In order to check compliance with these requirements, a topographic
GPS survey was performed, consisting of 26 check points homogeneously distributed over the whole
study area (Figure 8).

Figure 8. Check points homogeneously distributed over the whole study area.
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This 3D point cloud with thermographic texture is the input of the algorithm developed. In the first
step, ground, vegetation and fagade points are removed using the pass through and conditional filters
obtaining as result a point cloud of the roof with 8,930,030 points.

The point cloud of the roofs with thermographic texture is introduced into the segmentation process
(Figure 9). The result of the Euclidean cluster segmentation is the extraction of 37 roofs that have been
automatically segmented into 168 planar surfaces by the RANSAC algorithm and evaluated and
classified regarding their geometrical suitability (location, area, orientation and tilt) for the installation
of solar panels.
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Figure 9. (a) Result of the extraction of each roof using the Euclidean cluster extraction
algorithm. (b) Results of the extraction of each planar surface using the RANSAC algorithm.
(¢) Details of the previous point cloud segmented and classified by its suitability to install
solar panels. (Green) Surfaces suitable to install solar panels without supports. (Yellow)

Surfaces suitable to install solar panels using a support to modify the solar incidence angle.
(Red) Surfaces not suitable for the installation of solar panels.

The radiometry of the thermographic images mapped on the 3D point cloud has been used as
described in the methodology for the identification of possible obstacles (Figure 10). These obstacles
have been taken into account for the location of the optimum zones for the installation of solar panels.
This way, 67 zones (Figure 11) have been classified as optimal for the installation of solar panels,
covering an area of 2230.77 m?. Finally, all these data have been complemented with the estimation of
the solar irradiation received by each optimal surface (Figure 12), quantifying an accumulated solar
irradiation for the whole study area of 4.01 x 10° kWh/a.

The geometric and irradiation results are represented individually for each roof (Table 4). The
geometric results show the azimuth (°) and tilt (°) of each surface and the area (m?) of each optimal
location. The irradiation results show the yearly solar irradiation for unit of area (kWh/m?/a), computed
from the azimuth and tilt values supported with the irradiation models and the atmospheric data, and the
yearly total solar irradiation (kWh/a) of each optimal surface from its area. The area and the irradiation
results of each optimal location for the installation of solar panels inside each roof surface are represented
consecutively. The results of each segmented surface are recorded showing the total calculation of area
and solar irradiation of the optimal areas in the whole surface.
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Figure 10. Detail of the point cloud segmented and classified after the thermographic
analysis. (Black) Points removed by the statistical thermographic analysis. (Grey) Perimeter
defined by a distance parameter around the obstacles detected to assist the optimal location
of solar panels.

Figure 11. Georeferenced point cloud of the detail zones after the process. Optimal surfaces
(rectangles) for the installation of solar panels are highlighted in blue. Roof ID’s are used in
Table 4.
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Figure 12. Tilt-orientation-factors (TOF) representation for Avila (Spain) estimated by Solar
3D city.

Table 4. Example of the results after the processing of a roof of the dataset (roof and numbers

in Figure 8).
3 . Yearly Solar Irradiation Area of Optimal Yearly Total Solar
Surface Tilt (°) Azimuth (°) ) T
by m? (kWh/m?/a) Location (m?) Irradiation (kWh/a)

1 19.3568  346.0080 1295.011 - -

2 19.4968  165.6463 1824.290 103.066 188,023

- - -- - 99.026 180,652

- - - - 18.197 33,196.8

3 19.0947  156.1201 1651.910 22.938 37,891.8

4 19.3133  76.2060 1523.485 - -

5 19.2929  346.1950 1295.834 - -

6 19.5358  166.1320 1824.914 140.417 256,249.0

- - - - 110.023 200,782.0

- - -- -- 41.781 76,245.8

- - - - 25.003 45,628.7

7 19.3667  156.0211 1652.508 38.410 63,4729

8 19.2102  76.2400 1524.167 -- --
Total results for optimal locations of surface 2 220.289 401,871.8
Total results for optimal locations of surface 3 22.938 37,891.8
Total results for optimal locations of surface 6 317.224 578,905.5
Total results for optimal locations of surface 7 76.703 126,752.5
Total results for optimal locations of the roof 637.154 1,145,421.6

Those surfaces with North orientation have not been evaluated as not being candidates for the
installation of solar panels by their geometry. For that reason, the “area of optimal location” and “yearly
total solar irradiation” values of these surfaces are not available.
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In order to evaluate the weaknesses and the reliability of the process, the roof planar surfaces of the
study area have been analysed by visual inspection. Through this inspection 216 planar surfaces have
been counted in the whole area under study. The difference of 48 planes existing between the reality and
the result of the processing is distributed as follows. 42 planar surfaces have been correctly extracted by
the algorithm but their evaluation has been discarded due to their minimum size that would make
impossible the installation of solar panels. The 6 remaining surfaces match with roofs where the angle
between their planar surfaces is next to 180° (Figure 13). In this case, RANSAC algorithm is not able to
segment the roof in different planar surfaces obtaining as result of the interpolation a single horizontal
plane that does not match with the reality of the roof. Surfaces whose tilt comes close to horizontal plane
can be classified as non-optimal for installation of solar panels. For these reasons, it could be considered
that the proposed approach is efficient enough for the location of the optimal zones to install solar panels,
since it only misses 2.8% of the number of roofs of interest.

(a)

Roof 3D point cloud Ransac plane

Angle between roof surfaces

Figure 13. (a) Diagram of the RANSAC interpolation between two roof surfaces with an
intersection angle next to 180°. (b) Top view of the evaluated roof. (¢) Top view of the
RANSAC algorithm results.

However, it must be emphasized that this algorithm only allows the automatic extraction of those
surfaces which geometric approach can be interpreted and represented by a plane. Both curve and
complex surfaces, where the installation of solar panels might be possible if complex support structures
are used, are discarded.

3.2. Computing Efficiency Analysis

The machine used to perform the computation was a Microsoft Windows 8.1 workstation with 32 GB
RAM, a 3.40 GHz Intel Core 15-3570K processor and an Nvidia Quadro 2000 GPU. The 3D dense point
cloud generation was the most computationally demanding process investing a total of 13 h 20 min for
the whole data set.

Regarding the algorithm developed for the automatic location of the best places for the installation of
solar panels and the estimation of their incident solar irradiation, the execution time performed through
a single thread algorithm was 26 min for the whole study area. However, multithreading computation is
available, which would reduce the computation time proportionally to the number of concurrent
running threads.
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4. Conclusions

This article presents a methodology for the automatic processing of 3D point clouds with
thermographic information for the automatic plane segmentation of the roof surfaces and their
classification according to their theoretical productivity derived from their geometric characteristics
(orientation, tilt and area). A refinement according to the thermographic radiometry allows the location
of anomalies or obstacles that could prevent the installation of solar panels or reduce their productivity.
This way, the location of the optimal zones for the installation of solar panels inside each surface is
determined, avoiding obstacles detected in the thermographic refinement and allow the computation of
the solar irradiation received on these zones. In particular, the hybrid product obtained provides complete
thermographic and metric information of the different roof surfaces, which enables better detection,
spatial location and interpretation of the suitability of each surface to harbor solar panels than traditional
methods. In addition, the high level of automation of the procedure allows the evaluation of wide urban
areas in a fast and accurate way, without the need to consult the technical documentation of each building.

The results of the application of the procedure are geo-referenced point clouds of the surfaces of the
roofs with their geometric information (area, tilt, orientation), classified by their theoretical productivity
regarding solar energy catchment. The computation has considered those elements that could reduce the
productivity of the solar panels, as well as a perimeter zone potentially affected by the influence of the
obstacles along the day. What is more, the procedure calculates the optimal tilt of the supports if they
were necessary. In addition, results are combined in order to locate the optimal zones to install the solar
panels inside each roof surface and complemented with the computation of the received solar irradiation.
The latter, together with the technical characteristics of the panels to install, make possible the estimation
of the productivity of the solar panels.

Thanks to that, the geometric information of the 3D point clouds has been preserved during all
processing steps, enabling the performance of measurements directly on the point clouds of the
segmented planes. As a result, the software developed could be used as a decision-making tool for those
issues related with the dimension or type of solar panels that could be installed, calculating the actual
productivity of the selected components.

In addition, the methodology proposed is valid for processing datasets captured with different
airborne sensors such as LIDAR or any other RGB and thermographic sensors transported by any
manned or unmanned aerial vehicle. This fact, supported with the existence of open access (public and
free) LIDAR data [48] throughout the national territory, provides to this methodology and the developed
software a direct applicability with minimum cost.

Regarding the efficiency of the approach developed, the methodology is applicable to the processing
of entire towns or cities. Even assuming that the entire process of 3D reconstruction and the post-processing
of point clouds for very large areas could imply some days of processing, the time required to perform
the in-situ visual inspection (supported with technical documentation of the object) of large areas by
human operators to achieve a similar result is not viable. It should also be noted that a human operator
currently performs a subjective decision of the suitability of a roof to harbor solar panels (without
generation of metric products and objective evaluation of obstacles). For this last reason, even in the
case that a significant number of operators is available to perform the in-situ inspection in a “reasonable”
period of time, the proposed approach is also an important breakthrough, especially since only an acrial
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trike pilot and an expert operator are required to perform the survey and to oversee the processing and
analyze the results, respectively.

The main drawback of the methodology proposed is the possibility of finding particular homogeneous
surfaces on the roofs where either the photogrammetric approach or the LIDAR measurement fails. These
could lead to the appearance of areas without points or too noisy that prevent the segmentation process.

This project opens new trends for future work both from a sensorial and methodological point of
view. Concerning the first, the evolution of multimodal matching techniques which can be applied to the
matching of RGB and thermographic images would allow the automatic registration between both data
sets, avoiding the tedious manual identification of homologous points between them, in those cases
where the accurate positioning of both cameras is not possible. From the methodological point of view,
the integration of the Sun path enables the most accurate determination of the location of the shadow
zones that could reduce the productivity of the solar panels. The procedure considers shadows produced
both by obstacles located on the same roof and by adjacent buildings. Improving the latter through a
self-occlusion analysis directly from the 3D geometric information, together with the incorporation of
the possible surrounding orography occlusion effects will be the next milestone towards the increase of
the reliability of the decision-making processes using as input the processing results obtained from
this methodology.

Regarding the possibility to take advantage of the large amount of information derived from this
methodology, it would be interesting to advance in the automatic generation of BIM (Building
Information Modelling) and CIM (City Information Modelling), using gbXML or CityGML languages,
respectively, for the representation of the 3D point cloud geometry of the segmented roofs and the
inclusion of the solar irradiation estimation. Progress toward these systems will allow to work with
lighter and more agile information that we can include as an additional layer on a GIS enabling the
integration of this information with other data sources (cadastral information, demographic information,
urban parameters, efc.) to perform urban energy management tasks.
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Capitulo V. Automatizacion de procesos de inspeccion en plantas fotovoltaicas

5. Automatic evaluation of photovoltaic power
stations from high-density RGB-T 3D point
clouds

Este capitulo contiene el articulo “Automatic evaluation of photovoltaic
power stations from high-density RGB-T 3D point clouds” publicado en la
revista de alto impacto Remote Sensing en Junio del 2017.

5.1. Resumen

La publicacion cientifica recogida en este capitulo representa el tercer hito
establecido en la hoja de ruta de la linea de investigacion. El objetivo
principal es el desarrollo de una metodologia que permita la
automatizaciéon de las labores de inspeccion plantas fotovoltaicas,
posibilitando estrategias de mantenimiento activo que permitan la
deteccion precoz de patologias que limiten la productividad energética de
la instalacion, asi como el asesoramiento en la toma de decisiones
mediante la evaluacion de la severidad de las patologias detectadas. En
particular, el enfoque desarrollado presenta tres componentes: (1)
definicion de las técnicas geomaticas mas adecuadas para la digitalizacion
de plantas fotovoltaicas a gran escala desde un punto de vista cenital; (2)
desarrollo de estrategias de deteccion y segmentacion de paneles
fotovoltaicos; (3) identificacion y cuantificacion de patologias, derivando
la clasificacion del panel fotovoltaico segun su estado.

Dado que se propone la identificacion de patologias en superficies
fotovoltaicas, habitualmente de dimension reducida, se ha elegido una
plataforma aérea no tripulada (Unmanned aerial vehicle - UAV) que
permita sobrevolar las plantas fotovoltaicas a escasa altura, garantizando
asi una resolucion adecuada en las imagenes termograficas que posibilite
la identificacién de anomalias térmicas sobre las superficies fotovoltaicas.
Debido a limitaciones en la capacidad de carga de la plataforma y las
diferentes necesidades en cuanto a la altura de vuelo para el sensor RGB y

96



Capitulo V. Automatizacion de procesos de inspeccion en plantas fotovoltaicas

el sensor termografico ha sido necesario realizar un vuelo independiente
para cada sensor. Para este caso de estudio, se ha incorporado un sensor
fotografico compacto comercial, elegido por su versatilidad, calidad y
peso. Dado que se propone la reconstruccion de superficies fotovoltaicas,
caracterizadas por presentar una textura homogénea y con un patrén
repetitivo sobre toda su superficie, se abordd una evaluacion rigurosa del
estado del arte en cuanto a los algoritmos involucrados en el proceso de
reconstruccion fotogramétrica, como de técnicas de procesamiento de
imagenes procedentes de otros ambitos como, por ejemplo, la
optimizacion de imagenes médicas [36,37]. Estas herramientas han sido
implementadas en el software FME® (Feature Matching Evaluation) (ver
apéndice B), desarrollado por los autores durante esta Tesis Doctoral para
la evaluaciéon y seleccion de las técnicas de preprocesamiento y
optimizacion de iméagenes digitales mas adecuadas, que a posteriori serian
incorporadas al flujo de trabajo fotogramétrico implementado en el
software GRAPHOS® (ver apéndice B) mencionado anteriormente.
Asimismo, se ha realizado un estudio previo de evaluacion de la franja
horaria y de posicion solar Optimas para la deteccion de patologias en los
paneles.

El proceso desarrollado ha sido validado con datos reales, contrastado
frente a una verdad-terreno establecida en campo por un operario
especializado. La metodologia propuesta ha sido capaz de evaluar un area
de estudio de 4000 m?, detectando todas las patologias reflejadas en la
verdad terreno sin incluir ningin falso positivo y reduciendo las
discrepancias en la estimacion del area danada del 5%, obtenido por el
operario experto a través de la inspeccion visual, al 2%. De este modo, se
contrasta la viabilidad de la metodologia propuesta.

Palabras clave: reconstruccion 3D; UAV; fotogrametria; vision
computacional; termografia infrarroja; nube de puntos; energia
fotovoltaica.

97



Herramientas geomaticas aplicadas a la optimizacion de recursos energéticos

"ﬁ remote sensing

Article
Automatic Evaluation of Photovoltaic Power Stations
from High-Density RGB-T 3D Point Clouds

Luis Lépez-Fernandez "%, Susana Lagiiela 12, Jestis Fernandez ! and Diego Gonzalez-Aguilera
1

1

Department of Cartographic and Land Engineering, University of Salamanca, Hornos Caleros, 50,
05003 Avila, Spain; sulaguela@usal.es (S.L.); j.f.h@usal.es (].F.); daguilera@usal.es (D.G.-A.)
Applied Geotechnologies Research Group, University of Vigo, Rua Maxwell s/n,

Campus Lagoas-Marcosende, 36310 Vigo, Spain

*  Correspondence: luisloez89@usal.es; Tel.: +34-920-353-500 (ext. 3820); Fax: +34-920-353-505

Received: 20 February 2017; Accepted: 13 June 2017; Published: 20 June 2017

Abstract: A low-cost unmanned aerial platform (UAV) equipped with RGB (Red, Green, Blue)
and thermographic sensors is used for the acquisition of all the data needed for the automatic
detection and evaluation of thermal pathologies on photovoltaic (PV) surfaces and geometric
defects in the mounting on photovoltaic power stations. RGB imagery is used for the generation of
a georeferenced 3D point cloud through digital image preprocessing, photogrammetric and computer
vision algorithms. The point cloud is complemented with temperature values measured by the
thermographic sensor and with intensity values derived from the RGB data in order to obtain a
multidimensional product (5D: 3D geometry plus temperature and intensity on the visible spectrum).
A segmentation workflow based on the proper integration of several state-of-the-art geomatic and
mathematic techniques is applied to the 5D product for the detection and sizing of thermal pathologies
and geometric defects in the mounting in the PV panels. It consists of a three-step segmentation
procedure, involving first the geometric information, then the radiometric (RGB) information, and last
the thermal data. No configuration of parameters is required. Thus, the methodology presented
contributes to the automation of the inspection of PV farms, through the maximization of the
exploitation of the data acquired in the different spectra (visible and thermal infrared bands). Results
of the proposed workflow were compared with a ground truth generated according to currently
established protocols and complemented with a topographic survey. The proposed methodology
was able to detect all pathologies established by the ground truth without adding any false positives.
Discrepancies in the measurement of damaged surfaces regarding established ground truth, which can
reach the 5% of total panel surface for the visual inspection by an expert operator, decrease with the
proposed methodology under the 2%. The geometric evaluation of the facilities presents discrepancies
regarding the ground truth lower than one degree for angular parameters (azimuth and tilt) and
lower than 0.05 m? for the area of each solar panel.

Keywords: 3D reconstruction; UAV; photogrammetry; computer vision; infrared thermography;
point cloud; photovoltaic; solar energy; photovoltaic panel

1. Introduction

PV cells work under the photoelectric effect: when a light photon with appropriate frequency
affects the cell surface, the silicon atoms are excited and an electron is ripped off them. In these
conditions, each cell is converted into an electric generator that, grouped with the other cells of the
PV module, produces the voltage and power supply to the external circuit. A single PV cell will
overheat when it is inversely polarized or its connector is damaged. The reason is that all the energy
circulates through a small part of the cell causing a significant temperature increase. Thus, regardless
of the cause of the damage in the cell, the damaged surface will suffer a local overheating effect.

Remote Sens. 2017, 9, 631; doi:10.3390/rs9060631 www.mdpi.com/journal/remotesensing
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Thereby, heat transfer in solar energy conversion devices is one of the most important parameters to be
studied for the determination of their state and their efficiency. In addition to other techniques mainly
based on electrical properties [1,2], infrared thermography (IRT) has been proven as an adequate
technique for the evaluation of solar energy installations [3]. The reason for the application of IRT is
its capability to measure superficial temperature of objects from the radiation emitted in the thermal
infrared band of the spectrum. Particularly, the detection of relative temperature differences allows de
determination of thermal gradients and the detection of anomalous behaviors. Several thermographic
techniques have been applied for the detection of pathologies and the evaluation of the productivity
of the energy modules. These tests are mainly performed in laboratories, with limited sample size
and mainly focused on the detection and precise characterization of pathologies at the level of PV cell
with the aim at improving its design and performance [4-6]. In the cases where the thermographic
studies were performed in-situ, two main aspects were analyzed. The first is the characterization
and parameterization of the external factors that affect the absolute precision of the thermographic
inspection for the performance of quantitative studies [7]. The second is the evaluation of energy
facilities on small-scale communities [8].

Other pathologies that can reduce the productivity of the PV facilities are related to the geometric
defects in the mounting. PV panel productivity depends directly on the incident solar radiation which
is maximized when the solar rays strike orthogonally the photovoltaic surface. In this way, azimuth
and tilt parameters of PV panels should be carefully defined according to the geographical location
of the PV power station and validated after the construction process to confirm the fulfillment of the
project guidelines.

The generation of 3D models from dense 3D point clouds is well-known in the scientific
community [9-12]. These products present proven quality and applicability for the development
of automatic segmentation and geolocation of elements of interest. The 3D models are generated
through the segmentation and parameterization of the point clouds, using techniques that are usually
based on initial pre-filtering strategies complemented with more sophisticated algorithms which take
advantage of the geometric and radiometric information associated with each 3D point. Segmentation
techniques can be focused on different strategies such as iterative search of basic primitives (planes,
lines, etc.) [13-17]; evaluation of different sets of characteristics calculated from a point and its
neighborhood [18-20]; or multiclass classification techniques based on supervised machine learning
algorithms [21-23]. In this way, it is possible to locate different elements regardless the complexity of
the scenario going from simple geometries such as roofs [24] or columns [25] to complex geometries
such as trees [26,27], buildings [24,28,29] or vehicles [30].

The current procedure for monitoring PV stations is based on the thermographic inspection,
panel-by-panel, performed in-situ by a human operator who tries to estimate the percentage of
damaged panel that can affect its productivity. This procedure is not only slow and expensive but
also dependent on the subjectivity and expertise of the operator. Some companies use unmanned
aerial vehicles equipped with thermographic video cameras in a similar way as proposed in this
studies [2,31,32], but the processing is performed manually through the visualization of the data
recorded by a human operator. Thus, capture time is reduced but processing time and human
subjectivity are still elements that affect the quality of the final product, although some researchers
have tried to solve this subjectivity by using image processing algorithms [32]. An alternative to
the use of thermographic cameras is the integration of RGB cameras in the UAV [33,34]; the main
drawback of this option is that the type of defect detected depends on the flight conditions.

Both current established inspection protocols and more novel methodologies proposed by
researchers are still affected by the subjectivity implicit in the inspection processes supervised
by human operators. Although these novel methodologies present advances in data acquisition,
they do not propose automatisms that allow speeding up the inspection processes. In addition,
these novel methodologies do not provide a metric product that allows a geometric evaluation of
the facilities in the inspection or construction processes. In order to improve the limitations of
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the methodologies remarked above, we developed a methodology able to segment automatically
individual PV panels from a precise dataset obtained with a low-cost aerial platform equipped
with RGB cameras. The segmented individual panels are evaluated through the complementary
thermographic information. Particularly, this methodology provides advances in the robustness
and efficiency of the classical inspection and validation procedures, which performed by a human
operator. Results are obtained through unsupervised detection techniques adding semantics to the
geometry contained in the point cloud. This semantic information is accurately geo-referenced reaching
centimeter accuracy. Thus, the inspection procedure becomes accurate, faster and not affected by
human subjectivity.

The proposed methodology consists of three complementary segmentation strategies: (i) a
geometrically-based segmentation process is used to extract points belonging to PV panel clusters;
(ii) an intensity-based segmentation [35-37] is used to segment each individual PV panel through
the detection of points belonging to their frames; and (iii) a thermographic-based segmentation is
used for the detection and location of pathologies through a qualitative approach based on relative
temperature differences. Thus, the computation of the thermophysical properties of PV modules
or their precise absolute temperature is not necessary and the accurate location of the pathologies
is performed through a custom 5D metric product. In this case, images from the RGB cameras are
processed with photogrammetric and computer vision algorithms [38,39] for their orientation and
generation of a 3D dense point cloud of the PV panels.

The data processing methodology is scalable to any other high-density aerial data sources such
as LiDAR (Light Detection And Ranging) [40]. The use of geo-referenced 3D dense point clouds will
allow the performance of accurate analysis of areas, azimuths and tilts of the PV panels which are
parameters strictly linked to the productivity of PV installations [41-43].

The paper has been structured as follows: after this introduction, Section 2 includes a detailed
explanation of the materials and methods used for data acquisition and processing towards the
automatic segmentation of PV panels and their classification according to the existence of geometric or
thermal irregularities. Section 3 is devoted to analyzing the methodology through the results of its
application to a PV power station selected as case study. Finally, Section 4 establishes the most relevant
conclusions of the approach. The selected case study is a PV power station located in Gotarrendura
(center of Spain) (coordinates 40°42'N, 4°44'W), which is nationally well-known as pioneer in the
implementation of new energy models based on the exploitation of renewable energy sources and
on self-sufficiency.

2. Materials and Methods

2.1. Equipment

The acquisition of RGB imagery (Figure 1a) was performed following the photogrammetric
principles using an Olympus E-PM1 camera (Table 1) equipped with a 14-42 mm lens. This camera
was selected because of its relationship among versatility, quality and weight (390 g).

The thermographic data acquisition (Figure 1b) was performed with a camera Gobi 384 equipped
with a thermographic lens with 10 mm focal length, providing a field of view of 51° x 40°. This camera
was selected due to its compromise between lightweight and thermal resolution. Its sensor is a 384 x
288 uncooled microbolometer array able to acquire with a frame rate up to 50 fps (frames per second).

Table 1. Olympus E-PM1 camera characteristics.

Parameter Value

Sensor Type 4/3 CMOS (Complementary Metal-Oxide Semiconductor) Sensor

Sensor size 17.3 mm x 13.0 mm
Effective Pixels 12.3 Mp
Lens 14-42 mm (crop factor = 2)
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Both imaging sensors are mounted on an unmanned aerial vehicle chosen with the requirements
of high payload, low-cost and agility. The UAV used for the case study is an eight-propeller copter,
a rotary-wing electric powered system specially designed for aerial photography. The copter has an
onboard navigation system based on a GPS (Global Positioning System) receiver and an IMU (Inertial
Measurement Unit). The system includes a gyrostabilized camera platform in which the sensors
are mounted providing strength, anti-vibration and the possibility of making changes of orientation
through digital servos. Thus, the camera can be kept in horizontal position, offsetting the motions of
the equipment in flight.

Figure 1. Example of the images generated by the different imaging sensors used: (a) RGB image;
and (b) thermographic image with thermal values represented using a color map.

2.2. Methodology

The methodology proposed in this work consists of a linear workflow starting on the survey design
and going to the generation of the final product (Figure 2). Survey design guidelines are proposed
to obtain an imaging dataset that guarantees the correct execution of the process. RGB images are
introduced in a Structure from Motion (SfM) process to obtain an accurate 3D point cloud. Information
from IRT images is projected to the 3D point cloud to complement the visible spectrum radiometry
associated to each 3D point. The point cloud is introduced into a geometric-based segmentation able
to isolate points belonging to PV panel clusters. Isolated PV panel points clusters are processed using
machine learning algorithms to perform the segmentation of each PV panel. Finally, IRT radiometry is
used through a statistical approach to locate and quantify damages in the photovoltaic PV surfaces.
Thus, metric information from the 3D point cloud is complemented with qualitative information from
the IRT analysis, providing geometrical assembly parameters (tilt and azimuth), Thus, the 3D point
cloud allows the accurate geolocation of the panels complemented with both their actual state and the

location and extension of pathologies if detected.
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Figure 2. General workflow of the proposed methodology.
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2.2.1. Design of Thermographic Survey

Several external parameters influence the thermographic measurements, such as atmospheric
attenuation, non-uniform heating of the object by solar incidence and reflections produced by the
radiation emitted by surrounding elements and reflected on the surface under study [7]. The existence
of these influential factors requires the establishment of a protocol for data acquisition with the aim of
minimizing these effects and acquiring valid products for their processing and analysis.

The first rule is the adjustment of the ambient parameters in the camera for the atmospheric
correction; that is, distance camera-object, ambient temperature and humidity, prior to data acquisition.
This fact is essential when increasing the flying height, due to the higher quantity of atmosphere
between camera and object and the consequent higher need for its correction.

The second rule is the acquisition of thermographic images with an angle of incidence of 20-25°
between the normal to the object surface under study and the optical axis of the camera. Thus,
the measurement of the radiation reflected from the unmanned aerial platform and other surrounding
surfaces is minimized.

The third rule is the identification of the most suitable surveying conditions for the detection
of the elements of interest (pathologies) and the minimization of false positives and false negatives.
The survey should be performed in a period that ensures a high productivity level of the installation,
preferably in the summer season. A thermographic monitoring test of the PV panels has been carried
out to define these conditions. The test consisted of the thermographic monitoring of the panels with
one-hour interval between sunrise and sunset. Each thermographic survey is composed by several
thermograms from different points of view varying the distance between camera and object as well as
the angle formed by the optical axis of the thermographic sensor and the surface under study. One set
of results is shown in Figure 3 as example.

The monitoring results define the period between noon and an hour prior sunset as the valid
time window for the detection of pathologies, considering that there is direct incidence of the Sun
on the panels on the day of the inspection. Thus, the thermographic approach is “passive-active
thermography”, with the Sun acting as excitation source but no artificial heating involved [44].
Days with high cloudiness, where solar energy radiation will be limited and thus the heat transfer in
the pathologies will not be enough for automatic detection, should be discarded. The central time zone
of the day between noon and sun zenith angle of 23.5° should be discarded since it corresponds to the
peak productivity of the PV panels and thus there is a high probability of registering as pathologies the
overheated areas produced by overheating of the electronic components. Thus, the survey is proposed
and performed between sun zenith angle of 23.5° and an hour prior to sunset in order to minimize
the registration of false pathologies. The angle of 23.5° defines the angle of Sun declination in which
solar irradiance presents a key reduction; the position of the Sun at this angle establishes summer and
winter solstices. The same value of 23.5° is applied in this paper to define the zenith angle where solar
radiation is at its top, with independence of the time of the year. It varies in a time frame of 1 or 2 h,
depending of the time of the year and the location of the study, and can be determined using libraries
such as SPA (Solar Position Algorithm) [45].

09:00 10:00 11:00

o

15:00 16:00 17:00 18:00 19:00 20:00

Figure 3. Thermographic monitoring of PV panels. The color palette applied is the same as in Figure 2
(from 0 to 60 °C).
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In order to avoid missing pathologies, attention was given to acquire thermographic images from
the totality of the surface of each PV panel.

2.2.2. Flight Planning and RGB-IRT Image Acquisition

Proper flight planning is important to ensure the acquisition of high quality images and minimize
acquisition time. Due to the different characteristics and purpose of the imaging sensors, different
flights have been planned for the RGB and the thermographic survey. The flight planning for RGB
imagery was carried out based on the classical principles of aerial photogrammetry [46] adapted to the
new algorithms and strategies of Structure from Motion (SfM) [47]. The adaptation consists mainly on
increasing the overlap between images (short baselines) in order to guarantee good results in dense
matching. The thermographic flight planning was carried out based on the design guidelines of the
thermographic survey and the desired target resolution, in such way that information acquired covers
the totality of the object under study.

Thus, the flight height is determined by the characteristics of each camera (pixel size and focal
length) and the geometric resolution desired for the images (known as Ground Sample Distance (GSD)),

as determined by Equation (1):
f _ pixelsize 1)
H GSD
where f (m) is the focal length of the sensor; H (m) is the flight height over the ground; “pixelsize” (m)
is the size of the pixel in the sensor; and GSD (m) is the Ground Sample Distance.

2.2.3. 3D Point Cloud Reconstruction

The generation of dense 3D point clouds is performed through an image-based modeling
technique consisting of the combination of digital image processing, photogrammetry and computer
vision [38,48]. The procedure is carried out for the RGB images, since their higher spatial resolution in
comparison to the thermographic images allows for more accurate results. Due to the homogeneous
and repetitive texture of the surfaces to be reconstructed (PV panels), digital image processing
algorithms are necessary to increase the radiometric information and ensure a dense reconstruction,
uniform over the entire surface. RGB images are processed using a contrast preserving decolorization
algorithm [49] to convert the multi-channel imagery to gray-scale images. Then, a Wallis filter [50] is
applied for the radiometric equalization of the images. It performs a locally-adaptive (spatially-varying)
contrast enhancement on a grey-scale raster data, as opposed to a global contrast filter, which applies
the same level of contrast to the entire image. The resulting image contains greater detail in both
low and high-level contrast regions, ensuring local enhancement (Figure 4). The suitability of both
algorithms for this purpose is justified in several studies [51-53].

Figure 4. Image preprocessing filters: (a) contrast preserving decolorization algorithm; and (b) Wallis
local contrast enhancement algorithm.
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Once images are radiometrically optimized, the photogrammetric process consists of the following
steps: local feature detection and matching to detect homologous tie points between images, relative
image orientation to know the position of the camera in each acquisition, absolute image orientation to
translate the camera positions to the global coordinate system and dense matching for the computation
of the 3D coordinates of each image pixel. Further detail can be found in [38], as well as a description
of GRAPHOS® software, an Open Source Photogrammetric Suite developed by the authors and used
for this work.

With these steps, a dense 3D point cloud with radiometric information on the visible spectrum
was obtained for the case study. This radiometric information is converted to its intensity value,
represented as a digital level by the sum of the RGB channels normalized to 8 bits. The thermographic
mapping of the 3D point cloud was solved through the interactive identification of homologous entities
between each thermographic image and the 3D point cloud. The result obtained is a 5D point cloud
(X,Y, Z, T, RGB-I) where each point (X, Y, Z) has a temperature (T) and an intensity (I) value associated.
Each radiometric value is represented by the RGB conversion to a predefined color map according to
intensity and temperature values, respectively (Figure 5).

-

(b)

35m

Figure 5. Multidimensional metric product: (a) hybrid 4D point cloud with intensity radiometry;
and (b) hybrid 4D point cloud with thermographic radiometry.

2.2.4. Geometric-Based Segmentation of PV Panel Clusters

Once the 3D point cloud is generated from the RGB images and the thermographic texture is
applied, the next procedure is the segmentation of the point cloud for the identification of individual
PV panels. This is performed in several steps. First, a Voxel-Grid subsampling algorithm implemented
by PCL (Point Cloud Library) [54] was used to down-sample and homogenize the density of the
3D point cloud, allowing the accurate evaluation of the spatial distribution of the points. This step
allows a considerable acceleration of the processing due to the significant reduction of data volume,
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and implies the creation of a “Voxel grid” (a set of tiny 3D boxes in space) over the input cloud data.
Then, in each voxel (i.e., 3D box) all the points will be approximated (i.e., downsampled) by their
centroid. This approach is slightly slower than their approximation to the center of the voxel, but
entails a more accurate representation of the underlying surface. The result is a point cloud with
homogeneous density in which the approximate quantification of areas is possible by counting points.

A progressive morphological filter is used to remove ground points by gradually increasing
the evaluation window size and using elevation difference thresholds (more details about the filter
can be found in [55]). An initial filtered surface is derived by applying an opening operation with
a default window size to the raw point cloud. This operation is common in computer vision for
object detection and background removal, and is based on a combination of dilation and erosion
operations. An opening operation is then performed on the resulting surface to derive a second
surface. The elevation difference of a cell between surfaces is compared to a threshold to determine
if the point in this cell is a non-ground point. In the next iteration, the window size is increased,
and another opening operation is applied to the filtered surface. These steps are repeated until the size
of the filtering window is larger than the pre-defined largest size of non-ground objects (maximum
dimension of PV panel clusters). The threshold is determined by the elevation difference and terrain
slope [56].

Non-ground point clouds including the PV panels are segmented using Euclidean cluster
segmentation. It consists of the evaluation of each cluster using Principal Component Analysis
(PCA) to find the best-fit plane of the panel cluster based on the evaluation of the covariance matrix.
This procedure is chosen because the values of the covariance matrix contain information that is
suitable for the geometric characterization of each cluster of PV panels. Specifically, the eigenvector
corresponding to the smallest eigenvalue contains information about the normal vector of the fitting
plane, from which azimuth and tilt values can be computed as shown in [57]. The other two
eigenvalues, and their corresponding eigenvectors, contain information about the direction of the
principal dimensions of the cluster. Geometric outlier points are removed through the evaluation of
the point-to-plane Euclidean distance.

2.2.5. Intensity-Based Segmentation of PV Panels

This step is based on the fact that PV modules are composed by two elements which are clearly
distinguishable: (1) the frame that supports the panel, which is constituted by metallic profiles usually
made from anodized aluminum; and (2) the PV surfaces, which are constituted by the encapsulation of
diverse material layers, generally from glass, ethylene-vinyl acetate, polyvinylidene fluoride and the
PV elements. Given the high contrast in the reflectance and absorbance properties between the metallic
panel frames and the surface of the PV cells, the intensity attribute on the visible spectrum is used for
the classification of frame/non-frame points. Assuming that the intensity distribution of reflective and
non-reflective points follows a normal distribution, they can be fitted to a Gaussian Mixture Model
(GMM) with two components [58]. Thus, the first component is assigned to a Gaussian distribution
centered on a high intensity value (high-reflective points), while the second component is associated to
the Gaussian distribution centered on a low intensity value, for non-reflective points. Thus, each point
is assigned to one or the other component, as a function of their largest posterior probability.

Once high-reflective points are segmented, the detection of the points strictly belonging to the
aluminum frames is performed. This step is necessary to filter out reflective points from the mounting
or other surrounding elements. An iterative RANSAC (Random Sample Consensus) algorithm [59] is
applied to detect lines parallel to the eigenvectors v; and v, that define the direction in each cluster of
the principal dimensions of the panel as shown in Figure 6. Line directionality is complemented with
geometric constraints to evaluate the continuity and length of the lines extracted. The intersections
of the lines extracted projected over a horizontal reference plane are used to create a segmentation
grid, used for the isolation of each PV panel of a cluster in an individual point cloud. The dimensions
of each PV panel are calculated through the computation of the minimum bounding box of points
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belonging to each isolated PV panel. This approach is also based on the previous results of the PCA
analysis. Eigenvectors complemented with the centroid of each PV panel define a local reference
coordinate system per PV panel where the minimum volume bounding box can be computed. Thus,
the methodology is robust to the existence of PV panels with different dimensions in the study area.

Figure 6. Distribution of RANSAC lines parallel to PCA vy and v, eigenvectors. Projection over plane
Z =01is used as PV panel segmentation grid.

2.2.6. Temperature-Based Detection of Thermal Pathologies

Once each PV panel is clustered, the surface affected by significant pathologies is computed
individually. In this case, the data used for segmentation are the temperature values acquired with the
thermographic camera.

In this case, the median temperature of all the PV panels in a grid is computed as reference value.
The median (M) is a measure of central tendency but offers the advantage of being very insensitive
to the presence of outliers; thus, it was chosen as robust estimator of the central tendency of the
temperatures of the PV panels, corresponding to non-damaged PV panel surface. This parameter is
computed for all the panels in a grid with the aim of avoiding the use of an anomalous temperature
from a defect as reference. Specifically, thermographic outliers are segmented using the Median
Absolute Deviation (MAD) (Equation (2)), which is totally immune to the sample size.

MAD = b x M;(|x; — M;(x;)]) @

where x; is a single sample, M; is the median of the absolute deviation from the median of the series,
M; (xj) is the median of the 1 original samples and b = 1.4826, a constant linked to the assumption of
normality of the data.

In addition, the rejection criterion of a value must be defined. As for the mean and standard
deviation, it is necessary to define a level of decision, a. Miller, J. [60] proposes the following values for
the level of decision: 3 (very conservative), 2.5 (moderately conservative) or 2 (poorly conservative).
Points are considered as non-damaged inliers if the condition defined by equation (Equation (3))
is satisfied.

M—ax MAD < x < M+ax MAD 3)

where, in this case study, x is the evaluated temperature value, M is the median of the temperature
values and a is the level of decision selected as rejection criterion.
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Assuming that the surface of a PV panel is a perfect plane, each cluster of 4D points (geometry
plus temperature) segmented as pathology is projected to a plane adjusted by least squares to enable
the precise quantification of the surface affected and minimize deviations produced by the “noise”
of this type of 3D products. Pathology points inside each PV panel are clustered as individual
pathologies using the method based on the Euclidean distance between points explained in Section 2.2.4.
The extraction of the points that describe the perimeter of each pathology cluster is performed through
the computation of their concave hull using an implementation of the “alpha shape” computational
geometry approach based on the Delaunay triangulation [61]. This perimeter is used to compute
the area of the affected surface, obtaining the ratio of damaged surface per panel as the sum of the
damaged areas divided by the total area of the panel.

3. Experimental Results

3.1. Study Case

The proposed methodology has been selected due to the knowledge of the existence of damaged
PV panels, adequate for testing the methodology. The PV installations consist of 21 fixed PV panel
clusters distributed in 8 equidistant lines. Each line is composed by 30 PV panels of the same type with
dimensions of 1.5 m x 0.8 m. Temporal security regulations limited the inspection to the first 6 lines
from south to north. The result was an aerial survey of 16 PV clusters with an extension of 4000 m? in
a rectangular shape of 50 m x 80 m.

Regarding the RGB Flight planning (Figure 7a), time between shots was established as 2 s for
an approximated flight speed of 10 km/h, ensuring image acquisition with minimum forward and
side overlaps of 70% and 30%, respectively. The focal length of the RGB sensor was fixed to 14 mm and
the flight altitude over the ground was 40 m, resulting on a GSD of 1 cm. As a result, 43 RGB images
were acquired covering the whole study area.

(a)

Figure 7. (a) Flight planning designed for acquisition of RGB imagery according to the requisites.
Yellow lines represent the flight path. Green labels represent way points. Color points represent image
redundancy through overlapping. In particular, the number of images with overlap are indicated in
the legend with a number at the left of the image. (b) GCP (Ground Control Points) homogeneously
distributed over the whole study area.

The full resolution RGB images were processed according to the photogrammetric and computer
vision methodologies. RGB radiometry of each point was converted to its intensity value on the visible
spectrum. The point cloud generated was preprocessed with the voxel grid algorithm to homogenize
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point density, obtaining as result a point cloud of 39,194,155 points, implying an approximated average
resolution of 10,000 points/ m? (=1 point/ GSDZ).

In order to georeference the scene and perform the quality assessment of the survey, a topographic
GNSS (Global Navigation Satellite System) survey was performed, consisting of nine GCP
homogeneously distributed over the study area (Figure 7b). Because the absolute positioning accuracy
of the scene should not be strict for this type of work, GCP were measured using RTK (Real Time
Kinematics) positioning, ensuring that on-flight positioning precision provided by the equipment was
better than 2 cm. Five of these GCP (points 1, 3, 5, 7 and 9) were used for the absolute georeferencing
of the scene (Table 2) obtaining a final deviation of 0.012 m. The remaining points (points 2, 4, 6 and 8)
were used as check points to perform the geometric quality assessment of the final product (Table 3)
obtaining a final deviation of 0.033 m.

Table 2. Ground Control points. “XY error” is the root mean square error for X and Y coordinates for
a GCP location, “Z error” is the error for Z coordinate for a GCP location, “RMSE” is the Root Mean

Square Error for X, Y, Z coordinates for a GCP location and “Mean” implies averaging over all the

GCP locations.
Point Label XY Error (m) Z Error (m) RMSE (m)
1 0.013 —0.006 0.015
3 0.013 0.000 0.013
5 0.008 0.012 0.014
7 0.005 —0.002 0.005
9 0.008 —0.005 0.010
Mean 0.010 0.007 0.012

Table 3. Check points. “XY discrepancy” is the X and Y discrepancies obtained comparing the
measurements provided by the GNSS system and the coordinates measured in the point cloud for a
“Check point”; “Z discrepancy” is the Z coordinate discrepancy between coordinates measured with
the GNSS system and the Z coordinate measured in the point cloud for a “Check point”; “Accuracy”
is the root mean square discrepancy for X, Y, Z coordinates for a “Check point” and “Mean” implies
averaging all the “Check points”.

Point Label XY Discrepancy (m) Z Discrepancy (m)  Accuracy (m)

8 0.004 —0.014 0.015
2 0.024 —0.043 0.050
4 0.025 —0.030 0.039
6 0.011 —0.001 0.011
Mean 0.018 0.027 0.033

In the case of the IRT flight planning, time between shots and flight speed should be carefully
correlated to ensure a high redundancy in the information to allow the supervised selection to discard
blurred or radiometrically inconsistent imagery. Experience derived from previous surveys allows
establishing an approximated flight speed of 10 Km/h as an appropriate parameter for the sensor
used. Flight planning was designed through the definition of way points at the beginning and end of
each line of PV panel clusters, guaranteeing that the vehicle overhangs the panels in the vertical of the
terrain. Thermographic redundancy is guaranteed due to the high frame rate of the sensor, established
in 50 fps. Flight altitude selected was 10 m over the ground, resulting on a GSD of 2.5 cm. In this case,
116 thermographic images were acquired and supervised by a human operator to select a total amount
of 80 for the study of the study area. The thermographic texture was projected over the point cloud
obtaining a hybrid RGB-1 3D point cloud with thermographic texture mapped over the points of the
PV panels.
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The 5D point cloud with intensity and thermographic texture is the input of the algorithm
developed. In the first step, ground points are removed using the progressive morphological filter,
obtaining as result a point cloud of the PV panels with 2,524,058 points. In this first filtering process,
only geometry (X, Y, Z) is required.

The point cloud of the PV panels without ground points is introduced into the geometric
segmentation process resulting in the extraction of 16 PV panel clusters (Figure 8a) that have been
automatically evaluated and classified regarding their geometric properties (azimuth and tilt) (Table 4)
without finding any construction defect limiting the productivity of the installation. These clusters
are processed with the intensity-based segmentation process, resulting in the segmentation of 480 PV
panels (Figure 8b).
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Figure 8. (a) Result of the extraction of PV panels cluster using the Euclidean cluster extraction
algorithm. (b) Results of the extraction of each PV panel with the intensity-based algorithm.

Table 4. PV Cluster parameters: IDs are defined in ascendant order from north to south and from west

to east.
PV Cluster Parameters PV Cluster Centroid Geolocation
b Azimut (deg) Tilt (deg) XutMm (M) Yutm (m) Height (m)
1 187.4 28.2 353,632.70 4,520,762.18 934.55
2 187.0 27.8 353,645.10 4,520,760.67 934.59
3 187.1 28.2 353,657.57 4,520,759.15 934.54
4 187.4 28.1 353,631.40 4,520,752.27 934.61
5 186.8 27.6 353,643.85 4,520,750.76 934.61
6 186.7 28.1 353,656.24 4,520,749.23 934.61
7 187.3 28.3 353,630.22 4,520,742.89 934.57
8 187.1 27.9 353,642.65 4,520,741.37 934.58
9 187.0 28.2 353,655.11 4,520,739.87 934.58
10 187.1 28.0 353,628.94 4,520,732.99 934.61
11 187.0 27.9 353,641.41 4,520,731.47 934.61
12 186.7 28.3 353,653.80 4,520,729.96 934.62
13 187.3 27.8 353,627.64 4,520,723.09 934.68
14 187.1 28.0 353,640.17 4,520,721.52 934.71
15 187.2 28.0 353,626.36 4,520,713.19 934.69
16 187.2 28.1 353,638.91 4,520,711.62 934.70
Mean 187.1 28.0
Std.
dev. 0.2 0.2
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Each individual PV panel is evaluated through temperature radiometry and classified regarding
the existence of pathologies or damaged areas, quantifying the percentage of area affected (Figure 9).
In total, nine damaged PV panels were detected (Table 5).

Figure 9. Result of the temperature-based detection of thermal pathologies applied to each single PV
panel: (Green) Non-Damaged PV panels; (Yellow) Damaged PV panel; and (Red) Damaged surface.

Table 5. Damaged PV panel parameters: IDs are defined in ascendant order from north to south and

from west to east.

Damaged PV Panel Parameters

Damaged PV Panel Centroid Geolocation

S

Area (m?) Area (%) XutMm (m) Yutm (m) Height (m)
1 0.1036 8.4 353,661.82 4,520,747.87 934.25
2 0.1335 129 353,655.80 4,520,739.10 934.22
3 0.1362 119 353,659.83 4,520,738.55 934.21
4 0.0898 8.1 353,659.37 4,520,728.62 934.28
5 0.1747 13.9 353,628.32 4,520,722.30 934.30
6 0.1474 124 353,632.37 4,520,721.81 934.33
7 0.1180 9.6 353,644.85 4,520,720.24 934.32
8 0.0716 6.5 353,629.66 4,520,713.53 935.10
9 0.0349 29 353,623.83 4,520,712.81 934.31

The results are stored using both simple ASCII files and GIS Shapefiles, allowing the simple
integration of the information derived from the proposed methodology with external data sources

(Figure 10).
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Figure 10. Result of the proposed methodology integrated with aerial orthophotography from a WMS
(Web Map Service) using a GIS (Geographic Information System) client.

3.2. Accuracy Assessment

In order to perform an accuracy assessment of the proposed methodology, fieldwork has been

carried out to acquire validation information that can be established as ground truth. Regarding the

PV panel segmentation, the validation has consisted in a supervised monitoring of the segmentation
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results. This process determines the high robustness of the segmentation process, with no lack or
excess of segmentation: only the existing PV panels were segmented, with no appearance of new
panels resulting from over-segmentation. The ground truth for the thermal pathologies was defined
through a visual inspection. The whole case study was evaluated from the ground by an expert human
operator aided with a thermographic camera. The human operator took note of all detected thermal
pathologies, referencing the damaged PV panels through a predefined reference system based on their
position within the facilities (line, cluster and number of panel). The proposed methodology was also
able to detect all pathologies detected by the human operator in the field survey, without creating
new (non-existent) ones. Regarding damaged areas of each PV panel, these were also measured by an
expert operator following two different methodologies. The first, through a visual estimation of the
damaged area (in percentage). This subjective approach is the usual methodology according to the
established inspection protocols. The second, designed to obtain a ground truth less affected by the
subjectivity of the operator and which will be used for comparison with the proposed methodology,
was generated by measuring the damaged surfaces using a flexometer. Given the arbitrariness in the
shape of pathologies, the areas of the thermal pathologies were calculated from their approximation to
basic primitives such as rectangles (height and width measurements) and circumferences (diameter
measurements), which are assumed to result in over-sized area values. The comparison between the
results and the ground truth obtained (Table 6) manifests the effects of the subjectivity on the visual
inspection, showing the tendency of the inspector to quantify the damaged surface by counting only
the number of cells fully affected by overheating. This results in an under-sizing of the actual damaged
surface because the productivity reduction by the overheating of adjacent cells is not taken into account.
The comparison of the results of the proposed methodology with the ground truth established from the
direct measurement of damage dimensions (with the flexometer) shows the accuracy of the proposed
workflow with discrepancies lower than 2% of the panel area (1.22 m?), corresponding to discrepancies
smaller than 0.02 m? for the 480 solar panels evaluated.

Table 6. Verification of the damaged area per PV panel regarding ground truth: IDs are defined in
ascendant order from north to south and from west to east.

Ground Truth Compared Methodologies

Flexometer Measurements Visual Estimation Proposed Workflow

D Damaged Area (%) Damaged Area (%) Discrepancy (%) Damaged Area (%) Discrepancy (%)

1 9.7 5.0 4.7 8.4 1.3
2 13.6 10.0 3.6 129 0.7
3 13.6 10.0 3.6 11.9 1.7
4 9.0 5.0 4.0 8.1 0.9
5 15.3 10.0 53 13.9 13
6 14.1 10.0 4.1 124 1.7
7 11.2 5.0 6.2 9.6 1.6
8 7.1 5.0 2.1 6.5 0.6
9 3.1 2.0 11 29 0.2

Finally, regarding the geometric evaluation of the facilities, the accuracy of the azimuth and tilt
of the PV clusters was tested through the comparison of the parameters extracted with the proposed
methodology and the values defined as ground truth by the topographic survey (Table 7). In particular,
the topographic survey was supported by the GCP and using a reflectorless total station, Trimble VX,
whose precision for 3D point surveying without prism is 10 mm. Solar panels azimuth and tilt ground
truth values were acquired making multiple angular and distance measurements in order to guarantee
more precision and reliability. Discrepancies were lower than one degree for angular parameters, being
these results completely acceptable due to the precisions established for the measurement of the GCPs
used both for the absolute orientation of the point cloud and for the establishment of the reference
system in the topographic survey.
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Table 7. Geometric attributes verification regarding ground truth.

Proposed Workflow Ground Truth Discrepancies
1D Azimut (deg) Tilt (deg) Azimut (deg) Tilt (deg) Azimut (deg)  Tilt (deg)
1 187.4 282 186.5 282 0.9 0.0
2 187.0 27.8 186.7 282 0.3 04
3 187.1 28.2 186.4 28.6 0.7 0.4
4 187.4 28.1 186.6 28.5 0.8 0.4
5 186.8 27.6 187.2 28.5 0.4 0.9
6 186.7 28.1 186.9 28.1 0.2 0.0
7 187.3 28.3 186.5 28.3 0.8 0.0
8 187.0 27.9 187.0 28.7 0.0 0.8
9 187.0 28.2 186.6 282 0.4 0.0
10 187.1 28.0 186.5 28.5 0.6 0.5
11 187.0 27.9 186.6 28.3 0.4 0.4
12 186.7 28.3 186.8 279 01 0.4
13 187.3 27.8 186.4 28.2 0.9 0.4
14 187.1 28.0 186.8 282 0.3 0.2
15 187.2 28.0 186.7 28.5 0.5 0.5
16 187.2 28.1 186.7 28.3 0.5 0.2

3.3. Computing Efficiency Analysis

The machine used to perform the computation was a Microsoft Windows 8.1 workstation with
32 GB RAM, a 3.40 GHz Intel Core i5-3570K processor and an Nvidia Quadro 2000 GPU. The dense
point cloud generation was the most computationally demanding process investing a total of 17 min
and 45 s for the whole data set.

Regarding the algorithm developed for the automatic classification of segmented PV panels,
the execution time performed through a single thread algorithm was 2 min and 23 s for the whole
study area. However, multithreading computation has been implemented, reducing computation time
proportionally to the number of concurrent running threads.

4. Discussion

The advantages of using the proposed methodology for the evaluation of the state of PV panels
from PV power stations include both efficiency and robustness against traditional thermographic
inspection methods.

Whilst, in this study, the required data were acquired with an UAV, the proposed methodology is
valid for processing datasets captured with different airborne sensors such as LiDAR or any other RGB
and thermographic sensors transported by any manned or unmanned aerial vehicle that guarantees
the required resolution and precision.

The quality of the product obtained with the proposed methodology relies on the factors
mentioned below. The main problem is the complexity of the automation in the detection of pathologies
minimizing the appearance of false positives, mainly due to the high number of factors to consider
in the thermal imaging interpretation, such as environmental conditions, solar reflections, surface
state of the element under study and emissivity. This problem can be solved through the election of
an appropriate survey time window and the follow-up of the guidelines specified in Section 2.2.1 at
the time of the thermographic acquisition. Geolocation accuracy is dependent on the quality of the
ground control points used, in such way that the use of equipment and survey processes is necessary
to guarantee the precision of the project.

The proposed methodology was able to detect 100% of the pathologies established in the ground
truth, justifying the accuracy of the methodology for maintenance tasks. However, it is necessary to
highlight that the use of the median as an estimator of the reference temperature value for non-damaged
surfaces would not be a valid definition if the damages in a panel cluster cover more than one half
of the surface. If this condition is fulfilled, the proposed methodology for the detection of thermal
anomalies on the photovoltaic surface would set the temperature of damaged surfaces as the reference
temperature value and therefore the entire surface would be classified as undamaged. However, if this
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happened, the safety systems of the PV power station would generate warnings produced both by the
existence of very high temperatures and by the low productivity of the system. Therefore, this is not a
typical maintenance task and the proposed methodology is designed to avoid this situation, allowing
the detection and resolution of incidences at an earlier stage.

Maximum discrepancies in the measurement of damaged surfaces descend from 5% for visual
inspection to 2% using the proposed methodology. The geometric evaluation of the facilities presents
discrepancies regarding the ground truth lower to one degree for angular parameters (azimuth and tilt).
Although these accuracy improvements in the measurement of damaged areas cannot be considered as
a decisive criterion for the replacement of current evaluation protocols for the proposed methodology,
improvements in processing time and the metric qualities of the product are decisive to make more
efficient inspection processes, especially in large PV power stations. Regarding land-based inspection
methods, where the facilities are traversed by a human operator equipped with a thermographic camera
and a GPS tracking system, our inspection method drastically reduces survey time reaching the day
productivity of a human operator in just a few minutes of flight. In those cases where aerial vehicles are
already used for the thermographic survey, the proposed unsupervised algorithm removes the tedious
and manual process of thermographic interpretation and evaluation by a human operator, removing
human errors and reporting metric and objective information from the evaluated facilities. In all cases,
geolocation is highly improved reaching centimeter accuracy in the geolocation of pathologies. Thus,
the inspection procedure becomes accurate, faster and not affected by human subjectivity.

Trying to compare the proposed methodology against other similar techniques, no similar
strategies for the evaluation of large-scale PV power stations were found.

5. Conclusions

This paper presents a methodology for the automatic processing of 5D point clouds with geometric,
intensity and thermographic information for the evaluation of the state of PV power stations through
a completely automatic process, which allows the detection and evaluation of pathologies on the
facilities. A combined geometric, radiometric (RGB intensity-based) and statistical process allows the
identification of individual PV panels and the evaluation of construction inaccuracies, which could
considerably limit the productivity of the facility by not taking full advantage of available solar
resources. Individual clustered PV panels are evaluated again through a combined geometric,
radiometric (temperature-based) and statistical approach, to detect and quantify surfaces affected
by pathologies that can drastically reduce the production capacity of the element. The resulting
hybrid product provides a complete and georeferenced, thermographic and metric information
of the elements in the PV power station. This information enables faster and better detection of
pathologies, their spatial location and interpretation of the real state of the facilities. The high-level of
automation of the procedure allows the evaluation of wide PV power stations in a fast and accurate
way, establishing as only limitations the capacity of payload and autonomy of the aerial platform as
well as the operational capacities of the computer equipment where the process is executed.

This project opens new trends for future work both from a sensorial and methodological point of
view. Concerning the first, the accurate registration of the thermographic sensor regarding the aerial
platform, through the accurate relative orientation and timestamp synchronization between imaging
sensors and navigation system, would allow the automatic registration between thermographic images
and 3D point clouds. Robust integration of high density LiDAR sensors on UAV platforms is still a
developing field. The use of these sensors will not only reduce processing time in the photogrammetric
generation of 3D point clouds avoiding the difficulties related to the reconstruction of texture-less
surfaces but will also provide a new radiometric value to integrate in the process, as the intensity of
the returned signal is usually at near infrared wavelengths.

From a methodological point of view, regarding the possibility to take advantage of the large
amount of information derived from this methodology, it would be interesting to advance in the
definition of an universal data structure allowing to work with lighter and more agile information
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that we can include as an additional layer on a GIS (Geographic Information System) enabling
the integration of this information with other data sources (cadastral information, demographic
information, urban parameters, etc.) to perform energy demand studies allowing the proper
dimensioning of the installations.
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6. Conclusiones y perspectivas futuras

En esta Tesis Doctoral se ha demostrado que las metodologias y
procedimientos desarrollados contribuyen a la aplicaciéon de las
herramientas cartograficas de ultima generacidén, en combinacion con
sensores termograficos, en procedimientos de inspeccion enfocados al
aprovechamiento de recursos energéticos. El producto hibrido derivado de
las herramientas geomaticas, complementadas con informacién
termografica, permite automatizar la deteccion y evaluacion de superficies
de interés asi como comportamientos andémalos sobre las mismas. Esta
premisa permite su aplicacion a diferentes ambitos relacionados con el
aprovechamiento de recursos energéticos, con especial atencion al
aprovechamiento del recurso solar. Las principales ventajas que nos
ofrecen estos procedimientos son la aplicacion de técnicas de inspeccion a
gran escala, directamente inviables utilizando técnicas de inspeccion “in-
situ” por operarios expertos o suponiendo un avance incomparable en
cuanto a tiempos de ejecucion. Por otro lado, se dota de una componente
métrica de analisis dimensional, permitiendo el desarrollo de procesos
automaticos para geolocalizacion y clasificacion de elementos de interés
en funcion de sus dimensiones y atributos térmicos, asi como
cuantificacion de su efecto energético, afadiendo rigor a los procesos de
inspeccion y eliminando la subjetividad de los métodos tradicionales de
inspeccion visual.

A continuacion, tras alcanzar de forma satisfactoria los objetivos
propuestos en la linea de investigacion, se desarrollan en detalle las
conclusiones derivadas de cada una de las publicaciones cientificas. Estas
conclusiones son complementadas con un desglose de las lineas de trabajo
futuras, abiertas durante el desarrollo del estudio realizado y basadas en la
aplicacion del mismo, que permitiran continuar avanzando en el uso de las
herramientas geomadticas, en constante evolucién, para un desarrollo
energético sostenible.
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6.1. Conclusiones

Enrelacion a las herramientas geomadticas empleadas para la investigacion,
se concluye que las técnicas fotogramétricas complementadas con los mas
novedosos algoritmos de analisis de imagenes y visidbn computacional,
implementados en software propio (GRAPHOS®), aplicadas a imagenes
procedentes de cémaras convencionales embarcadas en diferentes
plataformas de transporte aéreas, suponen una herramienta de bajo coste,
rigurosa y eficaz para la documentacion de escenarios de gran escala desde
un punto de vista cenital. Una gran ventaja de estas herramientas reside en
la capacidad de procesar imagenes procedentes de cualquier tipo de
camara, pudiendo incluso aplicar las metodologias a imagenes procedentes
de sensores de baja calidad o estabilidad como los incluidos en dispositivos
portatiles como “Smartphones” o “Tablets”. Las estrategias de
autocalibracion ejecutadas durante el proceso fotogramétrico, eliminan la
dependencia de procesos previos de calibracion, lo que le atribuye una gran
flexibilidad, acercando la tecnologia a personal no cualificado. En cuanto
a los sistemas de cartografiado mévil de interiores basados en sistemas de
adquisicion LiDAR, se contrasta su idoneidad para la documentacion de
escenarios interiores complejos, convirtiéndose en herramientas
complementarias que aportan un gran valor afiadido a los procesos de
inspeccion energética, eliminando las limitaciones de los sistemas
tradicionales de medicion estética relacionadas con la necesidad de realizar
numerosos estacionamientos para la documentacion completa y continua
de escenarios complejos, implicando tediosas tareas de registro que
unifique el resultado. Suponen a mayores una amplia mejora respecto a las
mediciones establecidas en los protocolos actuales, realizadas con
distancidémetro y que implican una gran simplificacion de la realidad
constructiva, obviando la presencia de elementos que pueden ser clave en
el estudio energético tales como vigas, columnas o variaciones en altura
producidas por la existencia de falsos techos.

En cuanto al uso de técnicas termograficas, se ha validado su aplicabilidad
para la deteccion de patrones térmicos andmalos sobre superficies
homogéneas que permitan la deteccion, clasificacion y cuantificacion del
efecto de elementos de interés. Mas concretamente, se ha contrastado su
aplicabilidad en diferentes escenarios y con diferentes objetivos. La
primera publicacion, recogida en el capitulo III, demuestra el potencial de

121



Herramientas geomaticas aplicadas a la optimizacion de recursos energéticos

las mediciones termograficas para la deteccion y cuantificacion de
elementos de interés y patologias en envolventes de edificios que afecten
directamente al consumo energético en labores de climatizacion, tales
como fallos en aislamiento, presencia de humedades y filtraciones de aire,
permitiendo un analisis exhaustivo del estado real del objeto de estudio de
manera automatica. La segunda publicacion, recogida en el capitulo IV,
demuestra la viabilidad de la tecnologia para la deteccion de obstaculos
que puedan impedir la instalacion de paneles solares en coberturas urbanas
o puedan producir sombras limitando su productividad. Para finalizar, la
ultima publicacion, recogida en el capitulo V, demuestra la viabilidad de
las tecnologias geomatica y termografica para la deteccion automatica y
cuantificacion de patologias en superficies fotovoltaicas que limiten la
productividad energética de las instalaciones.

Toda la informacion resultante de los procesos desarrollados se presenta
en formatos de intercambio estandarizados. Por un lado, se aporta el
producto cartogréfico tridimensional, en forma de nubes de puntos 3D,
enriquecido con la seméntica derivada del proceso. Analogamente, el
producto es transformado a productos vectoriales interpretables por
herramientas GIS (Geographic Information System), escalando el alcance
de las metodologias propuestas, posibilitando no solo la aplicabilidad
directa a escenarios similares a los casos de estudio, sino la generacion de
estudios de mayor complejidad mediante la integracion directa con
informacion procedente de recursos externos. De esta forma, la
integracion de informacion catastral, demografica o de usos del suelo,
entre otras, con la informacion derivada de los desarrollos resultantes de
esta Tesis Doctoral, supone una sinergia de gran potencial, por ejemplo,
para un escalado correcto de nuevas instalaciones de aprovechamiento de
energia solar, en funcion de las necesidades energéticas de la construccion,
derivadas de parametros relacionados con su uso, el volumen de habitantes
o la fecha de construccion/rehabilitacion.

6.2. Perspectivas futuras

Tras el desarrollo de esta Tesis Doctoral se han abierto diferentes lineas de
trabajo, enfocadas a mejorar o complementar las metodologias propuestas.
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Principalmente, las lineas de trabajos venideras se presentan como un
seguimiento de la evolucion tecnologica en el campo de la geomatica y las
mediciones remotas. Son muchos los cambios experimentados en el
contexto de las herramientas geomaticas durante los ultimos meses. La
evolucion de los sistemas de medicion LiDAR compactos, propulsada
principalmente por los avances y necesidades derivadas del mundo de la
automocion en la carrera por la conduccion autdbnoma, ha supuesto el inicio
de la integracion de estos dispositivos de medicion en plataformas aéreas
no tripuladas. De esta forma, resulta de interés la evaluacion del producto
geomatico derivado de la captura de datos con un sistema LiDAR de estas
caracteristicas integrado en una plataforma aérea de bajo coste para los
procesos presentados en el capitulo IV y V de la presente Tesis Doctoral.
Por otro lado, son numerosos y diversos los avances en los dispositivos
enfocados al cartografiado movil de escenarios interiores. En los ultimos
meses se ha presentado la comercializacion de dispositivos de diferente
indole, casi todos ellos impulsados por los avances en las estrategias
software de posicionamiento y cartografiado simultaneo. En este ambito,
surgen plataformas de cartografiado portables basadas en las técnicas
SLAM, facilmente manejables por un operario humano, compuestas por
un sensor LIDAR compacto mecanizado para dotar el instrumento de un
eje de giro adicional, de forma similar a lo implementado habitualmente
en los sistemas LiDAR estaticos. Por otro lado, son numerosas las
compaiiias que distribuyen sus equipos integrados en una plataforma
portable directamente a las espaldas de un operador humano (wereables
MLS). Estos equipos cuentan ya con versiones que complementan la
unidad central de medicion LiDAR con sensores de percepcion pasivos
capturando  informacion en diferentes bandas del espectro
electromagnético. Todas estas nuevas tecnologias nacen enfocadas a
mejorar la robustez, precision y resolucion de la generacion anterior en
cuanto a herramientas geomadticas enfocadas a la digitalizacion de
escenarios interiores se refiere. De este modo resulta indispensable evaluar
si estos nuevos productos suponen una mejora sustancial en los procesos
resultantes de esta Tesis Doctoral.

Por otro lado, es necesario evaluar la aplicabilidad de otro tipo de sensores
pasivos formadores de imagen existente, de gran impacto en la comunidad
cientifica y muchos de ellos ya integrados en diferentes ambitos de la
ingenieria. La constante evolucion de los sensores multiespectrales o
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hiperespectrales, capaces de captar informacion procedente de diferentes
bandas del espectro electromagnético, proporciona la oportunidad de
establecer nuevas hipotesis de trabajo en el marco presentado en esta linea
de investigacion. De este modo, resulta de especial interés la evaluacion
de la respuesta de las superficies fotovoltaicas en diferentes bandas del
espectro electromagnetico, en un intento de detectar otras patologias que
pueda condicionar su productividad y resulten indetectables en mediciones
en el espectro visible o infrarrojo térmico, asi como de permitir la
caracterizacion de dichas patologias mejorando su diagnodstico. Estos
instrumentos podrian suponer también una herramienta capaz de
monitorizar el comportamiento de superficies fotovoltaicas para una
deteccion prematura de las patologias.

En cuanto a la complementaciéon de los resultados actuales con
informacion procedente de recursos externos, se plantea la integracion de
factores demograficos y catastrales para un dimensionamiento adecuado
de las instalaciones productoras de energia. En la actualidad el principal
problema no reside en la produccion de energia sino en su almacenamiento
y transporte, implicando que esta deba ser consumida con la mayor
celeridad posible. De este modo, un correcto dimensionamiento que adapte
la produccion energética a las necesidades reales de la comunidad parece
un factor clave del proceso.

Asimismo, se plantea el uso de las herramientas geomaticas para la
optimizacion o aprovechamiento de recursos energéticos renovables de
otra naturaleza. Si bien la termografia, junto con los ultrasonidos, es una
técnica estandarizada en procesos de inspeccion de diferentes
componentes en acrogeneradores, es posible que la geometria derivada de
las técnicas geomaticas de reconstruccion 3D puedan aportar valor anadido
a estos procesos de inspeccion. Por otro lado, el uso de técnicas
termograficas y geomaticas se encuentra en un estadio completamente
experimental y en pleno desarrollo en campos como la geotermia. En este
campo, disponemos de lineas de investigacion activas, pendientes de ser
financiadas por el proyecto de investigacion MENInGEs presentado a la
convocatoria Retos del MINECO (Ministerio de Economia, Industria y
Competitividad) en la presente anualidad. Este proyecto propone evaluar,
cuantificar y modelar el recurso geotérmico de muy baja y muy alta
temperatura. Dado que la temperatura en los primeros metros de la corteza
terrestre (de 1 a 3 metros) se ve afectada por factores como la accion solar,
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la acumulacion de calor en el entorno o las precipitaciones, los estudios
recogidos en esta Tesis Doctoral en cuanto a la irradiacion solar recibida
por una superficie formaran parte del estudio del recurso geotérmico de
muy baja temperatura.

La importancia de la realizacion de balances energéticos con
conocimiento de la geometria se muestra también a través de sus
aplicaciones bioldgicas, como en el caso del estudio realizado durante el
desarrollo de la Tesis Doctoral, titulado “Close-Range Photogrammetry
and Infrared Imaging for Non-Invasive Honeybee Hive Population
Assessment” presentado para su publicacion en la revista “Journal of
Apicultural Research”. Este trabajo aplica técnicas fotogramétricas
complementadas con informacion termografica para generacion de un
modelo 3D térmico de la envolvente de la colmena. A este modelo se le
aplican correcciones relacionadas con las propiedades termofisicas de los
materiales de la colmena para derivar la temperatura interior de la misma.
De este modo, se posibilita la evaluacion de la poblacion de colmenas
productoras de miel utilizando técnicas no invasivas, lo que permite
conocer su estado sin una interaccion intrusiva que podria suponer la
extincion de la misma por una caida brusca de la temperatura.
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Graph Cites Braph Graph Graph Graph ltems Graph
Graph
Graph
2016 8.883 3244 2.374 3749 0.664 1,016 27 78 0.02274 0.801 95.52 2.60601 77.586
2015 5,061 3.036 2,033 3278 0.526 762 25 7 0.01549 0.759 98.29 176248 83.929
2014 3,061 3.180 2124 3257 0.505 572 25 78 0.01044 0772 97.03 1,16885 83.929
2013 1,739 2623 1635 2729 0383 316 24 5 0.00557 0625 98.42 061424 79630
202 895 2.1 1.363 27 0.723 184 22 73 0.00309 0.504 98.91 Mot A_. 75.926
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Journal Source Data
JCR Impact Factor
Citable ftems
E | REMOTE SENSING | Other (O} Percentage
JCR 2 (cAC =0
Year~ Rank | Quarile | JIF Percentile | Articles  Reviews  Combined (C)

2016 7129 a1 77586

Number in JCR Year 2016 (A) 1,001 15 1,016 21 97%
2015 5028 o1 83.829
2014 528 o 83.929 Number of References (B) 52,136 2677 54,813 447 99%
2013 8127 ai 79630

Ratio (B/A) 521 1785 54.0 213
2012 7127 (+74 75.926

Journal Impact Factor

Cites in 2016 to items published in: 2015 =2112 MNumber of items published in: 2015 =762

2014 =2215 2014 =572
Sum: 4327 Sum: 1334
Cites to recent items 4327
Calculation= —  =3.244
Number of recent items 1334

Impact Factor Without Journal Self Cites

The tables show the confribution of the journals self cites to its impact factor. This information is
also represented in the cited journal graph.

Total Cites §883 [Seff Cites 2129(23.967% of
Cites to Years Used in Impact 8863)
. P 4327 |Self Cites to Years Used in Impact 1160(26.808% of
Factor Calculation - ;
impact Factor 354 actor Calculation 4327)
B - Impact Factor without Self Cites 2.374

5-Year Journal Impact Factor

Cites in 2016 to items published in22015 =2112 Number of items published in:2015 =762

2014 =2215 2014 =572
2013 =1520 2013 =316
2012 =951 2012 =184
2011 =592 2011 =137
Sum: 7390 Sum: 1971

Cites to recent items 7390

Calcufationn. —— —  =3.749
Number of recent items 1971
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Category Box Plot

Impact Factor

0

Remote Sensing, IF: 3.244

REMOTE SENSING

Category Box Plot

The category box plot depicts the
distribution of Impact Factors for all
journals in the category. The horizontal
ine that forms the top of the boitis the
75th percentie (Q.). The horizontal fine
that forms the bottom is the 25th
percentie (). The horizontal fine that
intersects the box is the median Impact
Faclor for the category.

Horizontal lines above and below the:
box, called whiskers, Tepresent
maximum and minimum values.

The top whisker is the smaller of the
following two values:

the maximum Impact Factor (IF}

0y IF+35(Q; IF- 0 IF}

The boltom whisker is the larger of the
folloving two values:

the minimum Impact Factor (IF)

Q; IF-3.5(Qy IF - 0y IF)

Box Plots are provided for the current
JCR year for each of the categories in
wihich the journal is indexed.
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FME®

FME® — Feature Matching Evaluation

Tipo: Registro de propiedad intelectual
Referencia: SA-163-16

Universidad: Universidad de Salamanca
Codigos UNESCO:

- 2209.17 Fotografia
- 2209.90 Tratamiento digital de imagenes
- 2214.02 Metrologia

Resumen:

FME® (Figura Ap.B.1) es una herramienta enfocada a la evaluacion de
algoritmos de visidbn computacional para la extraccion, descripcion y
emparejamiento de puntos de interés en imagenes. La herramienta recoge una
amplia seleccion de algoritmos en cada uno de los apartados, completamente
compatibles entre si, proporcionando un amplio abanico de flujos de trabajo
diferentes completamente configurables por el usuario. El dato de entrada sera un
par estereoscopico de imagenes, pudiendo proceder estas tanto de sensores con
diferentes resoluciones como de distintos rangos espectrales. La herramienta
permite también incorporar al flujo de trabajo la homografia real entre ambas
imagenes a modo de “Verdad-terreno”, permitiendo la verificacion de los
resultados.
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4 Feature Matching Evaluation - = X

File Tools Help

Image Feature Detecton
Pathradus  [3 %) KoM: o
aearadus: |5 %] scale facwor: 1,25
s[5 [3|Nsoes [
s scsleR: [0 (3] [ Compute orientatons
] Affie 50 Tis: [3 )

| Preprocessing  Featwes  Motthngs | Comectmaichngs  Wionameidings | Momography

Right Image Key pont detector: | MSD z ||
M5 Advarced Parastars (ight mage)
Threshold Salency: [1000,00

sathradus |3 2] e

3 s foctors 1,28

S radus: |5 [ nscaes: [ :
s scaler:: [0 1] [ compute orentations
] affevsd Tits: [
Key pant descrptors sET &2 Il
Campute features
Festue matcing
Matdhing method: Robust Matcher 2 |k
Robust matcher parometers EEas
R mmerit meliod: "= = Featire detecton Matchng resuts
« (o= o Left image detector dgorithm:  MSD. Srute force matchas (LIR): 2422 matchas.
Lok o Leftimage detected festires: 1214 festures Srute force matches (R2L): 5630 matches
ko (X Right image detecto akgartm: 5D Rakust maiche refnement: 73 matches
Right image detected features: 2815 features. Ground truth: Not avaiable
i i Feature descrptor: s Cortect matches: 73 matches
v Wrong matches: Qmatches

Figura Ap.B.1: Captura de pantalla de la interfaz grafica mostrando el producto
final mas destacable.

Por otro lado, y no menos importante, la herramienta supone un gran instrumento
tanto a nivel docente e investigador como para empresas relacionadas con el
sector de la vision computacional y la robotica, proporcionando una herramienta
eficiente, eficaz e intuitiva para la generacion de flujos de trabajo y la evaluacion
y comparacion de los resultados seglin las necesidades del usuario.

Autores:

- Luis Loépez Fernandez

- Manuel Gesto Diaz

- Diego Guerrero Sevilla

- Pablo Rodriguez Gonzalvez

Datos de entrada/requisitos:
- Iméagenes digitales
Resultados:

- Puntos homdlogos
- Homografia
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GRAPHOS®

S GRAPHOS

LuRArfnvo

GRAPHOS® - inteGRAted PHOtogrammetric Suite

Tipo: Registro de propiedad intelectual
Referencia: SA-162-16

Universidad: Universidad de Salamanca
Codigos UNESCO:

- 2209.17 Fotografia
- 2209.90 Tratamiento digital de iméagenes
- 2214.02 Metrologia

Resumen:

GRAPHOS® (Figura Ap.B.2) es una plataforma de procesamiento
fotogramétrico que permite integrar, bajo una interfaz intuitiva, diferentes
algoritmias propias de la fotogrametria y la vision computacional a fin de permitir
la reconstrucciéon 3D de objetos con un alto grado de automatizacion. La
precision, facilidad de uso y robustez de los productos obtenidos son otros de los
aspectos mas destacables de GRAPHOS®.

Figura Ap.B.2: Captura de pantalla de la interfaz grafica mostrando el producto
final mas destacable.
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Tomando como dato de entrada un conjunto de imagenes del objeto de estudio,
GRAPHOS® es capaz de realizar el proceso completo de reconstruccion 3D con
una interaccion minima por parte del usuario. La herramienta incluye una interfaz
intuitiva capaz de guiar en todo el proceso a cualquier usuario no especializado,
complementado por una configuracion avanzada donde usuarios especializados
podran encontrar diferentes algoritmos de preprocesado de imagenes digitales;
un amplio abanico de flujos de trabajo en cuanto a la deteccion, descripcion y
emparejamiento de puntos homologos; diferentes modelos de autocalibracion del
sensor, estrategias de aerotriangulacion, georreferenciacion y ajuste del bloque
fotogramétrico; y varias estrategias de densificacion como punto final al proceso.

La herramienta resulta de gran interés para empresas que trabajen con modelos
3D de cualquier elemento, ya sea para aplicaciones ligadas a la geomatica o
arquitectura utilizando modelos de terreno, entornos urbanos o edificaciones, o
para aplicaciones ligadas al ambito de la ingenieria donde los modelos 3D
generados suponen una aproximacion inicial de precision para procesos de
ingenieria inversa. También es de gran interés para la comunidad cientifica
permitiendo abordar la potencialidad y aplicabilidad de estos modelos 3D en
innumerables campos.

Autores:

- Luis Loépez Fernandez

- Pablo Rodriguez Gonzalvez
- Diego Guerrero Sevilla

- David Hernandez Lopez

- Diego Gonzalez Aguilera

Datos de entrada/requisitos:
- Iméagenes digitales
Resultados:

- Parametros intrinsecos del sensor

- Parametros de distorsion del sensor

- Imadagenes corregidas de distorsion

- Orientacién absoluta de las imagenes
- Nubes de puntos 3D de alta resolucion
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SOLEMAP®

SOLEMAP® — SOLar Energy MAPping

Tipo: Registro de propiedad intelectual
Referencia: SA-159-16

Universidad: Universidad de Salamanca
Codigos UNESCO:

- 3305.06 Ingenieria Civil

- 3305.14 Viviendas

- 3322.03 Generacion de energia
- 1206.01 Energia Solar

- 2209.09 Radiacion infrarroja

Resumen:

SOLEMAP® (Figura Ap.B.3) es una herramienta para el analisis
fotovoltaico de grandes areas urbanas donde el analisis de cada cubierta de
forma individual, ya sea mediante la visita in-situ de un técnico
especializado o mediante el analisis de la documentacion técnica de cada
construccion, seria lento, impreciso e inviable econdmicamente. Esta
herramienta permite la localizacion de las zonas oOptimas para la
instalacién de paneles solares sobre cubiertas tomando como entrada
modelos 3D de alta resolucion con informacion termografica capturados
con cualquier tipo de plataforma aérea. Esta evaluacion arrojara
informacion tanto sobre la técnica dptima de instalacion de los paneles
como de su productividad, permitiendo la detecciéon de obstaculos que
impidan la instalacion de paneles solares o puedan producir sombras que
limiten su productividad, asi como identificando zonas con humedades,
etc.
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Figura Ap.B.3: Captura de pantalla de la interfaz grafica mostrando el producto
final mas destacable.

SOLEMAP® esta alineado con uno de los retos mas importantes de
nuestra sociedad: reducir la elevada dependencia energética y garantizar la
sostenibilidad del ecosistema reduciendo la contaminacion y las emisiones
de COz. Tareas claramente destacadas dentro de los desafios que la Union
Europea se plantea para su futuro mas inmediato e incluidos en el tratado
20-20-20 donde, entre otras cuestiones, se plantea que al menos el 20% del
consumo energético en el afio 2020 provenga de energias renovables.

Por otro lado, y no menos importante, las soluciones propuestas son un
inestimable instrumento tanto para la administracion publica en cuanto a
labores de planificacion y desarrollo de planes de actuacion, como para las
empresas relacionadas con el sector, proporcionando una herramienta
eficiente y eficaz que para la auditoria energética de grandes areas urbanas.

Autores:

- Luis Lopez Fernandez
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- Susana Lagiiela Lopez

- Diego Gonzélez Aguilera

- Pablo Rodriguez Gonzalvez
- David Hernandez Lopez

- Diego Guerrero Sevilla

Datos de entrada/requisitos:
- Nube de puntos 3D con radiometria termografica
Resultados:

- Superficies de los tejados clasificadas segin su productividad
fotovoltaica
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SOLFIN®

SOLFIN® — SOLar Farm INspection

Tipo: Registro de propiedad intelectual
Referencia: SA-157-16

Universidad: Universidad de Salamanca
Codigos UNESCO:

- 3305.06 Ingenieria Civil

- 3322.03 Generacion de energia
- 1206.01 Energia Solar

- 2209.09 Radiacion infrarroja

Resumen:

SOLFIN® (Figura Ap.B.4) es una herramienta para la inspeccion
automadtica de instalaciones fotovoltaicas. Esta herramienta permite la
identificacion, cuantificacion y geolocalizacion precisa de patologias en
paneles solares fotovoltaicos tomando como entrada modelos 3D de alta
resolucion con informacion termografica capturados con cualquier tipo de
plataforma aérea. Esta evaluacion arrojard informacion tanto cualitativa
(existencia de dafios) como cuantitativa (superficie dafiada) de cada panel,
permitiendo la deteccion de patologias que limiten su productividad y la
planificacion de forma eficaz de las labores de mantenimiento y
reparacion.
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v

Configuraton

Fiterng
Voxel grd eaf size: {0015

Ground removal

2] Remove ground Passiyoug ter -
Heght: 100

Custer segmantation

Custer segmentation dstance: (0,20

Mo cister size: 10000

Entity detection

Plane inkers threshold: [0,1015 ] M plane inbers: [ 2000

Compute

Damaged: Yes. Damaged surface: 0.09375
2

Total surface: 12223 Damaged percentage:  7.66965

Figura Ap.B.4: Captura de pantalla de la interfaz grafica mostrando el producto
final mas destacable.

SOLFIN® posibilita un mantenimiento activo de las plantas fotovoltaicas,
permitiendo la ejecucion de inspecciones con una mayor periodicidad. De
esta forma, podra optimizarse el aprovechamiento del recurso solar,
detectando de forma precoz cualquier patologia que pueda condicionar la
productividad de la instalacion.

Las soluciones propuestas resultan de gran interés para empresas que
trabajen en la instalacion y mantenimiento de elementos fotovoltaicos, ya
sea para la verificacion certificacion del estado inicial de una instalacion
fotovoltaica o para la evaluacion, planificacion y gestion de labores de
mantenimiento.

Autores:

- Luis Lopez Fernandez

- Susana Lagiiela Lopez

- Jesus Ferndndez Hernandez
- Diego Gonzélez Aguilera

- Pablo Rodriguez Gonzalvez

Datos de entrada/requisitos:
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- Nube de puntos 3D con radiometria termografica
Resultados:

- Superficie de los paneles fotovoltaicos clasificada segun la
existencia de patologias.
- Datos geométricos de las patologias detectadas.
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