
UNIVERSITY OF SALAMANCA 

Department of Cartographic and Land Engineering 

 

 

 

INTERNATIONAL PhD DISSERTATION 

 

Multispectral Imaging for the Analysis of Materials 

and Pathologies in Civil Engineering, 

Constructions and Natural Spaces 

 

Susana del Pozo Aguilera 

 

 

Supervised by: 

Dr. Diego González Aguilera 

Dr. Pablo Rodríguez Gonzálvez 

 

2016 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright © 2016 by S. del Pozo 

All rights reserved. No part of the material protected by this copyright 

may be reproduced or utilized in any form or by any means, electronic or 

mechanical, including photocopying, recording or by any information 

storage and retrieval system, without written consent from the author 

(s.p.aguilera@usal.es/s.p.aguilera@gmail.com)  



Department of Cartographic and Land Engineering 

Higher Polytechnic School of Avila 

University of Salamanca 

 

 

 

 

AUTHOR: 

Susana del Pozo Aguilera 

 

 

 

 

SUPERVISORS: 

Dr. Diego González Aguilera 

Dr. Pablo Rodríguez 

Gonzálvez 

 

 

 

 

 

2016 



  

 

 



Supervisors’ report regarding the Doctoral Thesis 

  

 

 
v 

 

Supervisors’ report regarding the Doctoral Thesis 
Multispectral Imaging for the Analysis of Materials and Pathologies in 

Civil Engineering, Constructions and Natural Spaces 

presented at the 

Department of Cartographic and Land Engineering 

by 

Susana del Pozo Aguilera 

 

The Doctoral Thesis “Multispectral Imaging for the Analysis of Materials 

and Pathologies in Civil Engineering, Constructions and Natural 

Spaces”, presented by Susana del Pozo Aguilera, is part of the research 

line entitled “Radiometric analysis of images to study different land 

covers by optical remote sensing systems” in which by using different 

active and passive sensors as conventional and multispectral cameras, 

different terrestrial laser systems or even their combination; different 

materials and pathologies regarding disciplines as civil engineering, 

cultural heritage and natural resources have been analysed.  

Remote sensing is an invaluable tool when direct measurements are 

difficult or impossible to perform and lack of knowledge will result in 

costly expenditures, long delays or even wrong decisions. The evolution 

of optical remote sensing over the past few decades has enabled the 

availability of rich spatial, spectral and temporal information to remote 

sensing analysts without forgetting its non-invasive and non-destructive 

character. In this way, the present Thesis is framed within close-range 

imagery conducted by airborne and terrestrial-based platforms to 

accurately image different land surfaces with high resolution. It includes 

techniques to hybridise remotely sensed imagery acquired simultaneously 

from active and passive sensing modalities for a joint radiometric-

geometric analysis to support decision making processes. With the 

advances in sensor technology and the increasing quantity of multi-

sensor, multi-temporal, and multi-data from different sources, data fusion 

has become as a valuable tool in remote sensing applications. 
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Optical remote sensing focuses on the range from visible to near infrared 

light. Remote sensing systems used for imaging purposes in this spectral 

range are mostly passive systems, detecting the solar radiation reflected 

or transmitted by objects on Earth. But in this case, the contribution of 

the intensity data collected by active systems (terrestrial laser scanners) 

give an added value to the radiometric data from conventional passive 

sensors. This research line is not trendy or novel in the fields of 

Geomatics because it is a well-established technique that has long been 

used form many years, especially in the case of satellite observations. 

However, it offers a great scientific contribution in the close-range 

remote sensing area as it deals very rigorously, by using an in-house 

software developed for this purpose, the vicarious radiometric calibration 

of sensors, the data acquisition and its main common problems, the 

sensor and data fusion, potentials and limitations of several sensors and 

wavelengths regarding the field of application, the analysis of data and 

the extraction of valuable final products.   

It is a line of research promoted and developed by the TIDOP Research 

Group (http://tidop.usal.es/) of the University of Salamanca, which is 

researching and developing software and hardware tools within 

competitive projects and in collaboration with other research groups and 

leading companies at national and international level. Specifically, this 

line is a topic of interest for the Department of Geoscience and Remote 

Sensing of the Faculty of Civil Engineering and Geosciences of the Delft 

University of Technology. They were interested in the application of a 

low-cost multispectral camera to the field of geology. As a result, Susana 

del Pozo Aguilera conducted a 3-months research stay at the Department 

in Delft (The Netherlands) under the supervision of Dr. Roderik 

Lindenbergh, which culminated with a high impact publication and give 

rise the third chapter of the Thesis.  

The new scientific contributions and the valuable results obtained led to 

the publication of various scientific articles, all currently published in 

prestigious journals in the field of remote sensing, civil engineering and 

instrumentation, subject to anonymous peer review and indexed in 

databases Journal Citation Report (JCR), being in the top quartile (Q1) of 

their category. It is noteworthy that the results derived an intellectual 
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property and a technical book chapter which highlight the research, 

implementation and knowledge transfer capabilities of Susana del Pozo 

Aguilera. 

The Doctoral Thesis is completed with a proper section of conclusions 

and future perspectives in which, the major contributions and 

recommendations for future works are precisely specified in order to 

complement this work being fully integrated into the line of research. 

Accordingly, this Thesis brings the cutting edge in signal processing and 

exploitation research closer to users and developers of remote sensing 

technology and it would be a valuable reference to graduate students and 

researchers in the academia and the industry who are interested in 

keeping abreast with the current state-of-the-art in signal and image 

processing techniques for optical remote sensing. 

Given the conditions put forward, the supervisors consider that the 

present Doctoral Thesis is suitable for submission and public defence in 

the form of “Compendium of Publications” and with “International 

Mention” since it presents more than sufficient original results according 

to the requirements and regulations established by the University of 

Salamanca in this regard. In witness whereof, this certificate has been 

signed at 

 

Ávila, 10 February 2016, 

 

 

 

Dr. Diego González Aguilera                   Dr. Pablo Rodríguez Gonzálvez 
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Optical radiant energy has always been the connecting link between the 

human visual system and the external world, and energy from the sun has 

always been essential to biological growth and development. 

(Grum, 2012) 
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Abstract 
 

Multispectral imaging is a non-destructive technique that combines 

imaging and spectroscopy to analyse the spectral behaviour of materials 

and land covers through the use of geospatial sensors. These sensors 

collect both spatial and spectral information for a given scenario and a 

spectral range, so that, their graphical representation elements (pixels or 

points) store the spectral properties of the radiation reflected by the 

material sample or land cover. The term multispectral imaging is 

commonly associated with satellite imaging, but the application range 

extends to other scales as close-range photogrammetry through the use of 

sensors on board of airborne systems (gliders, trikes, drones, etc.) or 

through their use at ground level. Its usefulness has been proved in a 

variety of disciplines from topography, geology, atmospheric science to 

forestry or agriculture. The present thesis is framed within close-range 

remote sensing applied to the civil engineering, cultural heritage and 

natural resources fields via multispectral image analysis.  

Specifically, the main goal of this research work is to study and analyse 

the radiometric behaviour of different natural and artificial covers by 

combining several sensors recording data in the visible and infrared 

ranges of the spectrum. The research lines have not been limited to the 

2D data analysis, but in some cases 3D intensity data have been 

integrated with 2D data from active (terrestrial laser scanners) and 

passive (multispectral digital cameras) sensors in order to analyse 

different materials and possible associated pathologies, getting more 

comprehensive products due to the metric that 3D brings to 2D data.  

Works began with the radiometric calibration of the active and passive 

sensors used by the vicarious calibration method. The calibrations were 

carried out through MULRACS, a multispectral radiometric calibration 

software developed for this purpose (see Appendix B). After the 

calibration process, active and passive sensors were used together for the 

discretization of sedimentary rocks and detecting pathologies, as 

moisture, in façades and in civil structures. Finally, the Doctoral Thesis 
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concludes with a theoretical book chapter in which all the know-how and 

expertise arising during this research stage have been compiled. 
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Resumen 
 

Las imágenes multiespectrales se constituyen como técnica no 

destructiva que combina imagen y espectroscopía para analizar el 

comportamiento espectral de distintos materiales y superficies terrestres a 

través del uso de sensores geoespaciales. Estos sensores adquieren tanto 

información espacial como espectral para un escenario y un rango 

espectral dados de tal forma sus unidades de representación gráfica (ya 

sean píxeles o puntos) registran las propiedades de la radiación reflejada 

para cada material o cobertura a estudiar y longitud de onda. Las 

imágenes multiespectrales no solo se limitan a las observaciones 

satelitales a las que tradicionalmente se vinculan, sino que tienen un 

campo de aplicación más amplio gracias a los estudios de rango cercano 

realizados a través del uso de sensores tanto embarcados en sistemas 

aéreos (planeadores, paramotores, drones, etc.) como a nivel terreno. Su 

utilidad ha sido demostrada en multitud de disciplinas; desde la 

topografía, geología, aerología, hasta la ingeniería forestal o la 

agricultura entre otros. La presente tesis se enmarca dentro de la 

teledetección de rango cercano aplicada a la ingeniería civil, el 

patrimonio cultural y los recursos naturales a través del análisis 

multiespectral de imágenes. 

Concretamente, el principal objetivo de este trabajo de investigación 

consiste en el estudio y análisis del comportamiento radiométrico de 

distintas coberturas naturales y artificiales mediante el uso combinado de 

distintos sensores que registran información espectral en los rangos 

visible e infrarrojo del espectro electromagnético. Las líneas de 

investigación no se han limitado al análisis de datos bidimensionales 

(imágenes) sino que en algunos casos se han integrado datos de 

intensidad registrados en 3D a través de sensores activos (láser escáner 

terrestres) con datos 2D capturados con sensores pasivos (cámaras 

digitales convencionales y multiespectrales) con el objetivo de analizar 

diferentes materiales y posibles patologías asociadas a los mismos 

ofreciendo resultados más completos gracias a la métrica que los datos 

3D aportan a los datos 2D. 
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Los trabajos comenzaron con la calibración radiométrica de los sensores 

por el método de calibración vicario. Las calibraciones fueron resueltas 

gracias al uso del software MULRACS, un software  para la calibración 

radiométrica multiespectral desarrollado durante este periodo para tal fin 

(ver Apéndice B). Tras el proceso de calibración, se combinó el uso de 

sensores activos y pasivos para la diferenciación de distintos tipos de 

rocas sedimentarias y la detección de patologías, como humedades, en 

fachadas de edificios históricos y en estructuras de ingeniería civil. 

Finalmente, la Tesis Doctoral concluye con un capítulo teórico de libro 

en el cual se recopilan todos los conocimientos y experiencias adquiridos 

durante este periodo de investigación. 
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1. INTRODUCTION 

  

Multispectral imaging is a non-destructive technique through which 

isolated spectral information from different land covers is remotely 

acquired through the use of: (i) sensors sensitive to several wavelengths 

(Zhang et al., 2006) or (ii) different sensors at the same time. This is 

possible by analysing the radiometric response of each material captured 

by the particular wavelength(s) of the sensor(s) applied. The term 

radiometry covers several topics, from the basics of radiant flux, energy 

and its transfer to the instrument calibration to enable its application in 

different fields (Grum, 2012). The purpose of this Doctoral Thesis is to 

cover all these issues evenly, focusing on sensor fusion to extend the 

scope that a single sensor could offer and, thus, conducting more 

comprehensive studies. In this way, the multispectral imaging is used as a 

non-destructive alternative to expeditious methods for inspection tasks in 

the fields of civil engineering, cultural heritage and natural resources. 

This multispectral technique is based on the interaction of energy with 

each material or land cover surface. Specifically, it focuses on the study 

of the proportion of energy reflected by each surface for each wavelength 

of the spectrum, that is, the study of the spectral signature. The spectral 

signature gives materials a unique identity (Shaw and Burke, 2003) and 

therefore any variation therein can mean any chemical or mechanical 

alteration of such cover. 

Multispectral images have been traditionally associated with satellite 

images since the Earth has been observed in these terms since 1960 

(Davis, 2007) at different spatial, temporal and spectral resolutions by 

sensors installed in satellites. Thanks to these images it is possible to 

conduct studies ranging from the natural resources to the climate system 

and its changes. Its great advantage lies in the potential to provide global 

observations on a large set of land covers (Justice et al., 2002; 

Bartholomé and Belward, 2005). While today satellite images are still 

very important to make certain global studies, multispectral images are 
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not only covering satellite observations but also are successfully used for 

land thematic studies that require higher resolution and shorter range. 

Both are reached through the use of airborne or ground-based platforms 

(Knoth et al., 2013; Brooke, 1989). 

This is the starting point of the research: the multispectral remote sensing 

study of different land covers and materials within a closer range of 

distance by using aerial systems and ground-based platforms to provide 

solutions to different fields via new geotecnologies. Throughout the 

development of this Doctoral Thesis, there is a clear commitment to the 

fusion and integration of spectral data from different sensors to get more 

and higher quality information than that derived from the use of a single 

sensor (Pohlc, 1998). 

The aim of this chapter is to provide an introduction to this Doctoral 

Thesis. During its development the context, scope, motivation, objectives 

and structure of the research work will be discussed.  

1.1. Theoretical background 

1.1.1. Overview and fundamentals of remote sensing 

When an object receives radiation emitted by the sun or other bodies, 

depending on the type of object we are considering, the radiation can 

follow three ways: being reflected, absorbed or transmitted (Joseph, 

2005). The fraction of energy reflected is called reflectivity or albedo (ρ); 

the fraction of energy absorbed is called absorptivity (α) and the fraction 

of energy transmitted is called transmissivity (τ). They hold the energy 

conservation equation (Equation 1): 

 1      (1) 

By studying this radiation behaviour through remote sensing it is possible 

to derive physical and chemical conclusions of the state of covers. The 

term remote sensing has been variously defined depending of the 

purposes. The following (Davis et al., 1978) gives a general definition 

that is in line with the development and applications of the present 

Doctoral Thesis: 
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“Remote sensing is the science of deriving information about 

an object from measurements made at a distance from the 

object, i.e., without actually coming in contact with it. The 

quantity most frequently measured in present-day remote 

sensing systems is the electromagnetic energy reflecting from 

objects of interest” 

There are two different remote sensing acquisition techniques: the 

passive and the active methods (Barret, 2013). Both are equally 

important and powerful and offer different functional tools. Passive 

remote sensing employs sensors that measure radiation naturally 

reflected or emitted from the objects. The visible, near infrared and short 

wave infrared regions (from 0.4 µm to about 3 µm) are the solar-

reflective spectral range because the energy supplied by the sun at the 

Earth´s surface exceeds that emitted by the earth itself (Schowengerdt, 

2006). Active remote sensing for its part employs an artificial source of 

radiation as a probe and the resulting signal that scatters back to the 

sensor characterises the object. Active sensors do not portray the results 

in image format so to conduct studies through the fusion of both 

techniques (active and passive remote sensing) rigorous processing and 

registration of data must be conducted. 

1.1.2. Sensors 

Sensors used in remote sensing convert the incoming radiation into a 

signal whose output is, in digital format, proportional to the radiance 

spatial distribution. Some transformations regarding spatial, radiometric, 

and geometric characteristics of the radiance occur at this point. It is 

important to study these alterations to properly design data processing 

algorithms and interpret their results (Schowengerdt, 2006). Detectors 

used for optical remote sensing (visible, near infrared and short wave 

infrared) are quantum detectors constructed of semiconductor materials 

(Richtmeyer et al., 1968). They convert the incoming radiance into an 

electronic signal which is amplified and further processed by the sensor 

electronics. At the analog-to-digital (A/D) converter, the processed signal 
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is sampled and quantized into digital levels
1
 representing the spatial 

image pixels depending on the radiometric resolution of the sensor. 

Remote sensing systems have also resolution in the spatial, spectral and 

temporal measurement domains (Parr et al., 2005). The radiometric 

resolution is the numerical resolution associated with the data itself by 

radiance quantization. The spatial resolution refers to the size of the 

smallest possible feature that can be detected. The least depend primarily 

of the distance between the object being studied and the sensor and the 

field of view. The spectral resolution is the sensitivity of a sensor to 

respond to a specific frequency electromagnetic range. Multispectral 

sensors are those systems that are capable to record energy over several 

separate wavelength ranges at various spectral resolutions. And finally, 

the concept of temporal resolution refers to the time interval between 

data acquisitions. 

In the particular case of multispectral images, sensors use multi-lenses 

systems with different filter combinations to acquire images 

simultaneously for its spectral ranges. They have the advantage of 

recording reflected energy in discrete wavelength ranges but 

simultaneous analysis of these multiple images can be problematic 

(Colwell, 1961) as it will be shown during the Doctoral Thesis research. 

1.1.3. Radiometric calibration of sensors 

Before describing the radiometric calibration process, some spectral 

imaging concepts should be introduced. Irradiance (E) refers to the light 

energy per unit time impinging on a surface typically measured in W/m2. 

Reflectance (ρ) is a dimensionless number between 0 and 1 commonly 

expressed as a percentage that characterises the fraction of incident light 

reflected by a surface. Reflectance may be further qualified by 

parameters such as the wavelength of reflected light, the angle of 

incidence and the angle of reflection. Radiance (L) is an important 

related concept that does not distinguish between the light illuminating a 

surface and the light reflected from it. Radiance is simply the irradiance 

normalized by the solid angle (in steradians) of the observation on the 

                                                 
1
 2

b
 digital levels where b is the radiometric resolution of the sensor measured in bits. 
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direction of propagation of the light, and it is typically measured in 

W/m2•sr. Normalizing the radiance by the wavelength of the light, which 

is typically specified in microns (µm), yields spectral radiance, with 

units of W/m2•sr•μm. Equation 2 shows the relationship between these 

radiometric concepts. 

L

E
    (2) 

While remote sensing data in digital levels can be used in many image 

analysis tasks without needing further processing (Robinove, 1982), this 

methodology does not take the full advantage of the possibilities that a 

calibration process open to it. The digital numbers of pixels should be 

converted to their corresponding physical value (radiance or reflectance) 

to perform multisensory data fusion and better analysis. At-sensor 

physical values may be calculated with the use of appropriate sensor 

radiometric calibration coefficients (Dinguirard and Slater, 1999). In the 

field of remote sensing, there are two common radiometric calibration 

methods: the absolute and the relative calibration (Lo and Yang, 1998). 

On the one hand, absolute radiometric calibration determines for each 

spectral band of the sensor parameters that are needed to transform the 

digital levels into physic values. Typically, a linear model with gain and 

offset parameters is appropriate for passive sensors (Richards and 

Richards, 1999). On the other hand, relative radiometric calibration the 

output of the sensor is normalised when the sensor is irradiated by a 

uniform source of radiance. Absolute calibration can be performed 

through the radiance-based or the reflectance-based method by ground-

based measurements using a spectroradiometer. 

Well-known radiometric calibration approaches are laboratory, on-board, 

vicarious and self-calibration (Honkavaara et al., 2009). The vicarious 

calibration (Thorne et al., 1997) consists of a ground-reference 

calibration over a selected test site based on radiative transfer code 

calculations constrained by the measured of surface physical values 

(radiances or reflectances) and atmospheric characteristics (Slater et al., 

1996). This ground measurements are determined using a calibrated 

spectroradiometer.  
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After the radiometric calibration of a sensor, data in physical values can 

be derived so that, depending on the spectral resolution of the sensor, 

isolated spectral information can be analysed as spectral signature or in 

form of thematic images. 

1.1.4. Multispectral analysis of data 

The multispectral analysis of data basically consists of an image 

classification used to identify and classify pixels with different 

properties. Thus, if data from different sources is used, it must be 

integrated before this stage in an effort to extract complementary 

information. If data from active laser scanners is combined with data 

from passive sensors, 3D intensity data from lasers must be converted 

into images with the same radiometric and spatial resolution as images 

recover by the passive sensors. So, before the classification process, 

conducting several geometric rectifications and radiometric 

transformations are necessary. 

The classification is usually performed on multi-band data sets where a 

particular class is assigned to each pixel based on its radiometric and 

spectral characteristics. The two generic approaches are the supervised 

and the unsupervised classifications (Lillesand et al., 2014). In a 

supervised classification, the analyst identifies representative samples of 

pixels of the different cover types of interest (informational classes). 

These samples are the training areas that collect the radiometric 

information for the set of the spectral bands analysed (digital levels or 

physical values, depending if the sensor is calibrated or not) and they are 

used to train the classification algorithm and to recognise spectrally 

similarities thanks to an implemented algorithm (Campbell, 2002). 

Unsupervised classification (Jensen and Lulla, 1987) in essence reverses 

the supervised classification process. Spectral classes are firstly grouped 

based solely on the numerical information in the data. Clustering 

algorithms determine the groups of data. Usually, the analyst specifies 

the number of classes to be differentiated so this method is not 

completely without human intervention. The final result of the iterative 

clustering process may result in some clusters that the analyst will want 

to combine or remove. These data have been useful for many 

applications in order to conduct changes analysis of different covers. 
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1.2. Motivation 

There is no doubt that close-range multispectral imaging has experienced 

a remarkable resurgence as a complement of satellite remote sensing 

(Zhou et al., 2009) offering more spatial and temporal resolution studies 

of terrestrial surfaces. While it is true that close-range multispectral 

studies are long-established, exploring this technique from a low-cost 

view assessing its potential, inherent errors and efficiency arising from its 

radiometric calibration was one of the main purposes of this Doctoral 

Thesis. For this reason, it was decided to establish the radiometric 

calibration of a low-cost multispectral sensor on board an unmanned 

aerial system as a starting point. The idea was to develop a 

comprehensive and low-cost calibration protocol to model the 

radiometric behaviour of the sensor taking into account the possible 

atmospheric affectation to finally perform robust analysis of different 

covers. 

Since a calibration process is not complete until its performance is 

evaluated in actual field conditions, it raises the need for assessing its 

efficiency in different scenarios. Both aerial and ground-based 

acquisitions in context that are a priori favorable, intermediate and 

unfavorable were proposed to fully assess its potential and limitations in 

this regard. 

Finally, since any sensor has its own limitations derived from its 

configuration and operating principle, the sensor fusion of devices with 

different operating principles and spectral resolutions is planted as a 

solution for unfavorable contexts where the calibrated multispectral 

sensor is limited. The synergistic use of this calibrated sensor with other 

passive and active sensors is proposed with the aim of extending the 

range of the application areas. In this way, the final products would be 

improved not only in radiometric terms but also in geometric terms 

offering attractive products to the International Scientific Community. 
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1.3. Objectives 

In this context, the overall objective of the research is to provide further 

multispectral analysis by developing a vicarious radiometric calibration 

protocol to help in the sensor fusion process favouring rigorous analysis 

for a wider variety of application areas. 

To achieve this overall objective the following specific objectives have 

been established: 

 To study in depth the laws, theories and concepts of radiometry 

and implement them to radiometrically calibrate a low-cost 

multispectral camera. 

 To study and correct the possible effects and systematic errors 

that may be transmitted to the final images derived from the use 

of low-cost sensors. 

 To discuss the possibility of using low-cost artificial targets in 

order to radiometrically calibrate sensors. 

 To add several robust estimators and statistical tests to the 

radiometric calibration process to validate the process.  

 To understand the importance that the concept of resolution has in 

general to image analysis, and particularly spatial, temporal, 

radiometric and spectral resolution for each specific case study. 

 To review the methods and procedures of the International 

Scientific Community for multispectral image processing. 

 To automate the vicarious radiometric calibration and 

multispectral data fusion processes to simplify the radiometric 

analysis of images. 

 To analyse the potential and limitations of a multispectral sensor 

after applying it to a non-appropriate case study. 
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 To spectrally analyse different natural covers, as they are 

presented in their natural state, by applying different image 

classification algorithms. 

 To radiometrically calibrate an active sensor (terrestrial laser 

scanner) to analyse and contrast its spectral behaviour with regard 

to passive sensors. 

 To analyse the improvements that radiometric calibration and 

corrections provide to data processing and especially to the final 

results for both active and passive sensors. 

 To obtain successful sensor hybridizations as a solution for the 

radiometric study of land covers whose spectral characterization 

is typical of a very specific spectral range.  

 To spectrally analyse the damage of building materials in 

different scenarios, by applying sensor hybridization and image 

classification algorithms. 

1.4. Structure of the Doctoral Thesis 

This Doctoral Thesis is presented in the form of "a compendium of 

impact scientific articles" published in international journals in 

accordance with the Doctoral Regulations of the University of 

Salamanca. It consists of five scientific articles: four have been or are to 

be published in international high impact journals and one as an 

international book chapter. Its structure consists in total of five chapters 

that follow a logical research order according to the objectives of the 

Doctoral Thesis: 

 Chapter I: Introduction. 

 Chapter II: Vicarious radiometric calibration of a multispectral 

sensor. 

 Chapter III: Multispectral imaging applied to geology. 
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 Chapter IV: Sensor fusion applied to civil engineering and 

cultural heritage. 

 Chapter V: Conclusions and future work.  

Furthermore, two additional appendices were considered appropriate. 

Appendix A provides information about the impact factor of the journals 

in which the papers have been published and Appendix B summarizes the 

main features and options of the MULRACS software (intellectual 

property registered SA-00/2015/4722) developed by the authors to 

facilitate the radiometric calibration of passive sensors. 

Details of the content of each chapter and the relationship between them 

can be found below. 

Chapter I: provides an overview of the current state of multispectral 

image analysis ranging from the traditional view of remote sensing to the 

ground-based studies, including aerial images taken by unmanned aerial 

systems. It also establishes the overall objective and the specific 

objectives of the research work and finally concludes with the 

organization and structure followed by remaining chapters. 

Chapter II: acts as a framework for the remaining chapters as it solves 

the radiometric calibration of the low-cost multispectral camera (the Mini 

MCA-6, Tetracam
®
) that will be used in the successive studies of the 

Doctoral Thesis. The reason for the choice of this type of sensor, this 

field of application, boarding it in an unmanned aerial vehicle and 

performing a radiometric calibration; are justified in this chapter. To 

conclude, it should be noted that the radiometric calibration process has 

been conducted through the use of the MULRACS software (see 

Appendix B) developed by the authors for this purpose. 

Chapter III: Motivated by performing a collaboration stay at the Delft 

University of Technology (The Netherlands) and due to the interest 

shown by its Department of Engineering and Geoscience for the 

application of the multispectral camera Mini MCA-6 on the recognition 

of rocks, it was decided to apply the calibrated camera (Chapter II) in this 

field. Since the spectral characterizations of this land cover is not 
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allocated to the range offered by this sensor, it was decided to applied it 

and so analyse its potential and limitations in this regard. 

Chapter IV: Once the radiometric behaviour of the low-cost 

multispectral camera is known and also its potential and limitations 

arising from its application to various fields, this chapter is committed to 

a sensor fusion as a tool to perform more comprehensive spectral analysis 

applicable to a broader range of areas. Specifically, the fusion of the Mini 

MCA-6 with other passive and active sensors is proposed in order to 

deepen in the study of a wider range of operating systems and data 

processing techniques as well as optimizing the final results. The aim is 

to achieve an efficient tool for the spectral study of a wider variety of 

surfaces. 

In this case, and through the successive sections, the sensor fusion is 

focused on the detection of moisture and other pathologies present in 

civil and cultural heritage constructions. 

IV.1: This section addresses the issue of sensor hybridization by 

fusing two radiometrically calibrated sensors with different operating 

principle, an active laser scanning and a passive multispectral camera. 

Specifically, the images from the Mini MCA-6 multispectral camera 

were combined with the intensity data from the Faro
®

 FOCUS-3D 

terrestrial laser scanner for the spectral documentation of the façade 

with presence of moisture. Thanks to the 3D geometry provided by the 

laser scanner, it is possible to create true orthoimages so performing 

quantitative analysis of the conditions of the façade was also possible. 

Finally, the advantages and disadvantages arising from the use of each 

sensor and wavelength to detect the main pathologies and the 

difficulties of the hybridization process are pointed out.  

IV.2: An automatic protocol for the detection and mapping moisture 

in concrete structures is established in this section by capturing 

spectral data from four different sensors, two active and two passive, 

and data processing following a simplified analysis methodology. In 

this case it has been decided to conduct a radiometric analysis of the 

raw-digital data without applying any radiometric calibration in order 

to study the feasibility of automating the moisture detection. Mapping 
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products about the pathologies with metric properties are obtained 

derived from several geometric transformations and thanks to the 3D 

geometry provided by the active sensors. This makes quantitative 

assessments about the different degrees of affectation possible. 

IV.3: This section addresses the sensor fusion in a theoretical way 

oriented to multispectral analysis of constructions for the detection of 

possible pathologies. It presents the fundamentals, principles and 

methods of data acquisition and data processing in this regard. 

Chapter V: This final chapter provides a technical discussion based on 

the results and conclusions reached through the development of the 

Doctoral Thesis are carried out. Different open approaches towards the 

continuity of this research line are also set.    
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2. VICARIOUS RADIOMETRIC CALIBRATION 
OF A MULTISPECTRAL SENSOR 

 

This chapter contains the paper Vicarious radiometric calibration of a 

multispectral camera on board an unmanned aerial system published in 

the high impact journal Remote Sensing in February 2014. 

2.1. Abstract 

This paper describes the procedure followed to radiometrically calibrate a 

low-cost multispectral camera (Mini MCA-6, Tetracam
®
) on board an 

unmanned aerial system to a very low flight height (30 meters). The 

camera calibration and its subsequent validation were solved by applying 

the vicarious radiance-based method (Slater et al., 1987) through the use 

of MULRACS (Appendix B), software developed by the authors for this 

purpose. The main objective was to determine the spectral response of 

the camera, that is, find out the relationship between the input (radiation 

reflected by each cover) and output data (digital levels). Once this 

relationship is known, it is possible to use the multispectral camera for 

analysing the radiometric behaviour of any land surface or material in 

physical values, whether radiances or reflectances, instead of digital 

levels. 

The presented vicarious method requires: (i) a test area in which various 

homogeneous and Lambertian surfaces of interest (natural and artificial) 

are available, (ii) a spectroradiometer whose measurements serve as 

ground truth and (iii) a simultaneous data acquisition between the camera 

and the ground-based spectroradiometer. The spectroradiometer is the 

element responsible to measure the radiation reflected (in this case in 

radiance values, W·m
-2

·sr
-1

·nm
-1

) by each surface of interest and for 

multiple wavelengths according to its spectral resolution. For its parts, 

the camera on board the unmanned aerial system captures, for each of its 

six spectral bands, the radiation reflected by each surface. This signal can 
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be disturbed by the gas absorption and scattering of suspended particles 

in the atmosphere (Chan, 1960). That is why the knowledge of some 

meteorological data at the time of the data acquisition (temperature, 

optical thickness, water vapour, etc.) is important to eliminate any 

alteration that a 30-m atmospheric column could produce in data. After 

removing the atmospheric influence, data from the camera and the 

spectroradiometer can be analysed as if both were taken at the same 

height level. Thus, the spectral behaviour of each surface of interest is 

compared with the digital levels provided by the camera for each spectral 

band, finding the desired relationship between these two values and thus 

estimating the radiometric calibration coefficients of the camera for each 

band. 

Since low-cost sensors often pass down systematic errors to the final 

images, a handicap associated with this study was to analyse these errors 

and correct them prior to the radiometric calibration process. For the 

specific case of this camera, background and vignetting errors were 

studied and corrected for each of its six bands. Finally, conclude that all 

these aspects were implemented in the MULRACS software which 

solves the radiometric calibration by the Danish iterative method 

proposed by Krarup (Krarup et al., 1980). 

The study served on the one hand, to validate the use of vinyl sheets and 

canvas of different colours as low-cost calibration surfaces while some 

natural surfaces (soil, dry straw and pines) were used as validation 

surfaces. Note the high correlation obtained (mean error of 1.8%) 

between the in-situ radiances and those obtained with the calibrated 

camera for the pine grove as checking surface. On the other hand, and 

after the assessment of the atmospheric influence through the 6S 

radiative transfer model (the most widely used by the Scientific 

Community in the field of remote sensing), it is concluded that to a 30-

meter flight height in a clear sky day the atmospheric influence is 

negligible. All this leads to the possibility of analysing land covers with 

limitations in data acquisition due to the point of view (forest cover or 

some rock masses), so that an aerial data acquisition would be the most 

suitable solution thanks of the high spatial and temporal resolution that 

this system offers compared to satellite systems. Finally it is concluded 
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that the MULRACS calibration software guarantees robustness in the 

radiometric calibration process of passive sensors that is evidenced by 

the good fit (R
2
 = 0.98) obtained in the results. 

  



Multispectral imaging for the analysis of materials and pathologies in civil engineering,
constructions and natural spaces

50                                                                                                                    



Chapter II. Vicarious radiometric calibration of a multispectral sensor

51



Multispectral imaging for the analysis of materials and pathologies in civil engineering,
constructions and natural spaces

52                                                                                                                    



Chapter II. Vicarious radiometric calibration of a multispectral sensor

53



Multispectral imaging for the analysis of materials and pathologies in civil engineering,
constructions and natural spaces

54                                                                                                                    



Chapter II. Vicarious radiometric calibration of a multispectral sensor

55



Multispectral imaging for the analysis of materials and pathologies in civil engineering,
constructions and natural spaces

56                                                                                                                    



Chapter II. Vicarious radiometric calibration of a multispectral sensor

57



Multispectral imaging for the analysis of materials and pathologies in civil engineering,
constructions and natural spaces

58                                                                                                                    



Chapter II. Vicarious radiometric calibration of a multispectral sensor

59



Multispectral imaging for the analysis of materials and pathologies in civil engineering,
constructions and natural spaces

60                                                                                                                    



Chapter II. Vicarious radiometric calibration of a multispectral sensor

61



Multispectral imaging for the analysis of materials and pathologies in civil engineering,
constructions and natural spaces

62                                                                                                                    



Chapter II. Vicarious radiometric calibration of a multispectral sensor

63



Multispectral imaging for the analysis of materials and pathologies in civil engineering,
constructions and natural spaces

64                                                                                                                    



Chapter II. Vicarious radiometric calibration of a multispectral sensor

65



Multispectral imaging for the analysis of materials and pathologies in civil engineering,
constructions and natural spaces

66                                                                                                                    



Chapter II. Vicarious radiometric calibration of a multispectral sensor

67



Multispectral imaging for the analysis of materials and pathologies in civil engineering,
constructions and natural spaces

68                                                                                                                    



Chapter II. Vicarious radiometric calibration of a multispectral sensor

69



 

  



 

 

 

 

 

 

 

 

 

CHAPTER III 

MULTISPECTRAL IMAGING APPLIED 

TO GEOLOGY 

 

 

 

 

 

  



 

  

 



Chapter III. Multispectral imaging applied to geology 

  

 

 
73 

 

3. MULTISPECTRAL IMAGING APPLIED TO 
GEOLOGY 

 

This chapter contains the paper Discrimination between sedimentary 

rocks from close-range visible and very-near infrared images, published 

in the high impact journal Plos One in July 2015. 

3.1. Abstract 

The aim of this paper was to validate the use of the calibrated Mini 

MCA-6 multispectral camera (Chapter II) to study and discriminate 

different types of sedimentary rocks arranged in their natural state. The 

main difficulty was the spectral range of the camera (visible and near 

infrared) that was not the ideal for the analysis of such natural covers 

(short wave infrared) (Hunt, 1982). By the multispectral analysis of a set 

of 12 geological formations with different percentages of limestone, 

marlstone and sandstone of the Rhone-Alpes region in France, the 

potential and limitations of this camera for the discrimination of 

sedimentary rocks was evaluated. 

The spectral signature is characteristic and inherent of each material and 

shows graphically how the electromagnetic energy interacts with matter 

in terms of reflected radiation. Specifically, it represents the amount of 

energy reflected by the surface of a material for each wavelength of the 

spectrum, expressed in percentage terms. Since the goal was to find 

significant differences between the 12 geological formations within the 

spectral range of the camera, raw images in digital levels were converted 

into reflectance values. To this end, it was necessary not only to know the 

calibration parameters of the camera for each spectral band (c0 and c1) 

but also the solar irradiance (E, W·m
2
·sr

-1
·nm

-1
) at each capture time, 

which relates with radiance and reflectance (L and ) under the 

Lambertian hypothesis (Equation 2). This parameter was obtained by 

using a Spectralon
®

 (Bruegge et al., 2001), a reference panel of known 
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reflectance calibrated in the laboratory. The Spectralon
®
 was placed in 

each outcrop so that it appeared in each multispectral image. Since the 

reflectance is the ratio of solar irradiance and radiance (Equation 2), and 

the reflectance and radiance reflected by the calibrated panel are known, 

the irradiance can be calculated according to Equation 3 in first 

approximation. Once the solar irradiance is known, it is possible to 

transform digital levels (DL) into reflectances. 

0 1L c c DL
E  

 

 
     (3) 

With the set of multispectral images in reflectance values, the analysis 

process to assess the recognition capability of the camera starts. On the 

one hand, the spectral signature of the three types of sedimentary rock 

(sandstone, limestone and marlstone) that form the 12 geological 

formations was obtained, and secondly, a supervised classification based 

on the results of the spectral signatures was performed by the maximum 

likelihood algorithm. Four informational classes were evaluated: 

limestone, marlstone, vegetation and shadows. Sandstone was not 

included in the classification process since its spectral signature overlaps 

with the limestone spectral signature in the range offered by the 

multispectral camera. 

After analysing the results, it was concluded that this multispectral 

camera is capable to find spectral differences between two of the three 

types of rock analysed, limestone and marlstone, not being currently 

possible the discrimination between limestone and sandstone. The 

spectral signatures obtained for the three rock types are consistent with 

the spectral behaviour of their mineral compositions and grain sizes. 

Bearing in mind that the spectral range of this camera is not the 

appropriate for spectral studies of rocks, additional difficulties associated 

with the study of this particular land cover should be added. Rocky walls 

usually have heterogeneous surfaces that cause variations in the 

reflection of incoming radiation. In addition, its surface geometry favours 

the formation of surface shadows. Therefore, it is recommended to 

perform the data acquisition on a cloudy day where diffused light 

promotes a more progressive transition between well-lighted and shadow 

areas, allowing better analysis and results of this type of coverage. 
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Finally it was concluded that: (i) the sensor hybridization between this 

multispectral camera and other sensor capable of recording information 

in the short wave infrared and (ii) the study of the bidirectional 

reflectance distribution function (BRDF) of these type of rock covers 

would lead to a completely successful multispectral analysis of rock 

outcropsque recoge el trabajo de investigación de cada uno de ellos. 
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4. SENSOR FUSION APPLIED TO CIVIL 
ENGINEERING AND CULTURAL 

HERITAGE 

 

4.1. Detection of pathologies in façades from active and 

passive remote sensing 

This section contains the paper Multispectral radiometric analysis of 

façades to detect pathologies from active and passive remote sensing, 

published in the high impact journal Remote Sensing in January 2016. 

4.1.1. Abstract 

The purpose of this paper was to achieve the hybridization of two 

geomatics sensors with different operating principles, a passive and an 

active sensor, to detect pathologies of façade building materials. This is 

to determine, firstly, what operating principle and spectral range was the 

most suitable for the detection of some pathologies such as moisture, 

biological colonizations (mosses, fungi, etc.) or chemical alterations and, 

secondly, to assess the degree of improvement obtained by working with 

radiometrically calibrated sensors. For this purpose, the Mini MCA-6 

multispectral camera (Chapter II) and the FARO
®
 Focus-3D terrestrial 

laser scanner were analysed. 

Passive sensors detect natural radiation that is emitted or reflected by 

surface covers while active remote sensing emits its own radiation source 

in order to scan objects (Kaasalainen et al., 2005). While it is true that the 

use of terrestrial laser scanners is more widespread to perform geometric 

studies and measure distances, in this case the intensity of the return 

signal is used to perform radiometric studies of different land covers. The 

main advantage of active remote sensing is that it is less influenced by 
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atmospheric conditions than passive remote sensing and it can be used 

both day and night. 

To merge data from both kind of sensors and analyse them in physical 

quantities (reflectances, in this case) several corrections and 

transformations must be applied to raw data. In the case of multispectral 

images, they must be corrected from two systematic radiometric errors 

that are propagated to final images, the background error and vignetting 

effects (Chapter II). For its part, 3D laser data must be aligned and 

filtered to remove redundant information captured. 

After this pre-processing, and thanks to the use of a Spectralon
®
 in the 

data acquisition (Chapter III), raw data was converted into reflectance 

values. For the case of the multispectral camera, it was previously 

calibrated (Chapter II), and was only necessary to know the solar 

irradiance at the time of each acquisition. For its part, a vicarious 

radiometric calibration of the terrestrial laser scanner was performed by 

the reflectance method (Palmer, 1993). Thus, the relationship between 

the intensity of the return signal from the Spectralon
®
 and the a-priori 

known reflectance of the Spectralon
®
 was analysed. 

Finally, and in order to analyse data from both sensors together, both the 

3D data and multispectral images were transformed into true orthoimages 

thanks to the metric provided by the laser scanner and after a prior 

computation of the external orientation of each multispectral image. 

These orthoimages were finally classified by applying several supervised 

and unsupervised classification processes for both raw pixel values and 

reflectance, concluding that: 

 The terrestrial laser scanner was the sensor for which better 

results were obtained since, on the one hand, it is not influenced 

by changes in lighting conditions and, on the other, the main 

pathology of the façade (moisture) is better characterized by the 

laser scanner wavelength. For its part, results of the multispectral 

camera were conditioned by both the registration of its six bands 

for the orthoimage generation and the influence of lighting 

conditions. Better results could be expected if the data acquisition 

was conducted in a cloudy day with diffuse light. 
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 It should be mentioned that the laser scanner gives an added value 

to radiometric data. It provides scale and as a result is not only 

possible to quantify the pathologies detected by laser intensity but 

also detect possible structural problems such as cracking, peeling, 

etc. 

In general, and for both cases, significant improvements were achieved 

from the use of calibrated sensors. A 34% improvement of the results, by 

means of Kappa coefficient (Cohen, 1960), was reached after calibrating 

both sensors.
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4.2. Automation in the moisture detection process in 

concrete structures by integrating different 

sensors 

This section contains the paper Automatic mapping of moisture 

affectation in exposed concrete structures by fusing different wavelength 

remote sensors, published in the high impact journal Structural Control 

and Health Monitoring in November 2015. 

4.2.1. Abstract 

The main objective of this paper was to analyse the feasibility of 

automating the inspection of moisture in concrete structures through the 

analysis and processing of multispectral data from multiple sensors. A 

total of four sensors, two active laser systems and two passive digital 

cameras (one standard and one multispectral), were analysed covering 

the visible, near and short wave infrared ranges. In order to automate the 

process, the radiometric calibration of the sensors was dismissed. Thus, 

raw data in digital levels was analysed simplifying the acquisition and 

processing of data. In addition, automatic image classification algorithms 

were used to analyse the results minimising human interaction. 

Sensor fusion was achieved after several geometric data transformations: 

(i) processing of 3D point clouds from laser scanners to 2D orthoimages 

and (ii) correction and registration of images from the two passive 

sensors. Finally, and after applying an automatic unsupervised 

classification methodology, it was possible to analyse different levels of 

moisture and results were subsequently contrasted with the visual 

inspection offered by an expert. 

After this study it is conclude that while passive sensors offer greater 

spectral resolution than that offered by lasers scanners (mono-spectral), 

the latter gave best results even when the radiometric calibration was not 

applied. This is because they are sensors less influenced by changes in 

light conditions between consecutive shots. However, for these devices a 

decrease in the returned signal proportional to the square of the 

acquisition distance occurs and data should be corrected from that. After 
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an analysis of variance, it was determined that the most suitable range for 

moisture detection is the infrared, specifically the 778, 905 and 1550-nm 

wavelengths noting that best results were obtained for the short wave 

infrared (1550 nm). After this research work, the automation in the 

detection of different moisture levels in concrete structures using non-

calibrated sensors was validated (for the intended purposes of this work), 

preferably for those working in the infrared range. In addition to the 

detection of different levels of humidity, and thanks to the use of active 

sensors, it was possible to quantify these degrees of surface moisture. 
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4.3. Theory of the multispectral imaging and its 

application to the assessment of construction 

pathologies 

This section contains the chapter Multispectral imaging: fundamentals, 

principles and methods to damage assessment in constructions of the 

book Geotechnologies for the Reverse Engineering of Structures and 

Infrastructures published as a volume of the series Structures & 

Infrastructures for the editorial CRC Press/Balkema of the Francis & 

Taylor group in December 2015 

4.3.1. Abstract 

This book chapter highlights the versatility and potential of multispectral 

images for the diagnosis and evaluation of pathologies particularized for 

the case of construction materials. Through a theoretical review by the 

fundamentals, principles and methods, it is possible to acquire the basis 

for both the technical knowledge and the processes to get efficient and 

cost effective damage assessments. There is also a subsection devoted to 

the optimal choice of sensors depending on each specific case study, 

required resolutions, cost, time, etc. Moreover, it highlights the 

importance of converting the captured raw data to physical quantities to 

improve classification results by reducing the automation of the process. 

To that end, there is a specific subsection that provides advice and best 

practices for both the radiometric calibration and the sensory registration 

for a wide range of sensors. In conclusion, it can be said that 

multispectral systems allow the generation of hybrid mapping products 

really useful to the experts in construction materials. Multispectral 

imaging becomes a valuable tool for both detect and quantify pathologies 

by using non-parametric statistical methods being this technique very 

convenient for the decision making and maintenance processes in this 

regard. 
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5. CONCLUSIONS AND FUTURE WORK 

 

5.1. Conclusions 

This Doctoral Thesis deals with the multispectral imaging analysis in the 

visible and infrared region and based on the radiometric calibration of the 

sensors used. The methodological procedure and the results have been 

published in various impact journals as research scientific papers or book 

chapters. 

In this chapter a summary of the contributions including most relevant 

results and the directions for future works are discussed. The following 

conclusions can be drawn from the use of the sensors applied, 

individually and jointly, in different fields of application.This section 

contains the paper Multispectral radiometric analysis of façades to detect 

pathologies from active and passive remote sensing, published in the 

high impact journal Remote Sensing in January 2016. 

5.1.1. In general terms 

 After the development of this research work, a high level of the 

basis of spectrometry and radiometry as well as the analysis of 

multispectral data procedures has been achieved. This knowledge 

has been evidenced with the issues included in the published book 

chapter (IV.3 section) 

 In the field of remote sensing, there are two common radiometric 

calibration methods: the absolute and the relative calibration 

(Dinguirard and Slater, 1999). For absolute calibration, the 

instrument response is compared with a known and consistent 

radiation source; while the relative calibration consists of the 

equalization of the output signal when the sensor is irradiated by a 

uniform source of radiance. In this Doctoral Thesis, two sensors, 
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a passive low-cost multispectral camera and an active terrestrial 

laser scanner, have been successfully calibrated by the absolute 

radiometric calibration method. 

 The radiometric calibration of the passive sensor was carried out 

in a field campaign and through the vicarious radiance-based 

method, on the other hand, the radiometric calibration of the 

terrestrial laser scanner was performed in the laboratory under 

temperature and humidity controlled conditions by applying the 

vicarious reflectance-based method (Slater et al., 1987). In both 

cases, the actual radiation (whether natural or artificial) was 

compared with the captured by each sensor and the output digital 

data with a final high level of agreement. 

 All systems are not necessarily linear by design. Some detectors 

are inherently nonlinear. The analysis of the absolute calibration 

results for both devices revealed intrinsic differences related with 

their internal behaviour. The signal of the passive sensors follows 

a linear function while the internal behaviour of the active sensors 

follows a combination of exponential and/or logarithmic function 

for different ranges. Active systems behaviour vary depending on 

the manufacturer.  

5.1.2. Radiometric calibration 

 Low-cost artificial surfaces have been tested and verified to be 

used as calibration surfaces for the vicarious radiometric 

calibration. 

 It is possible to perform aerial remote sensing without the need of 

correcting signal from atmospheric affectation by boarding 

sensors on unmanned aerial systems at a moderate height (<100 

m) or working at ground level. 

 The MULRACS software was developed in order to assist and 

automate the radiometric calibration process of passive sensors 

with the ability of avoiding the effects of outliers due to the 

robust algorithms added. 
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Significant improvements were achieved after calibrating remote sensors; 

a 34% improvement of the Kappa coefficient was achieved in our 

studies. 

5.1.3. The Mini MCA-6 camera as a passive sensor 

 The spectral configuration of the Mini MCA-6 multispectral 

camera (530-801 nm) is ideal for conducting vegetation studies 

(as it is shown in the results of the Chapter II); even so it would 

be used with promising results in the fields of geology and 

moisture detection by the hybridization of sensors. 

 Some radiometric corrections had to be made to raw data prior to 

the radiometric calibration process. Background error and 

vignetting corrections were necessary since certain systematic 

patterns were transmitted to the images, degrading the final 

results. 

 The Mini MCA-6 is capable to find spectral difference between 

some sedimentary rocks but this land cover has heterogeneous 

surfaces that propitiate difficulties associated with passive remote 

sensing studies. Due to the ground-level acquisition, these 

variations cause shadows in the surface and different reflection 

patterns 

5.1.4. Terrestrial laser scanners as active sensors 

 Laser intensity is less influenced by changes in lighting 

conditions than passive sensors so that through their use better 

spectral results were obtained, even if the radiometric calibration 

is not available. 

 For the specific case of the FARO Focus 3D (905 nm) and the 

Riegl LMS Z390i (1550 nm) the moisture is well characterised 

since this pathology has its characteristic spectral response in the 

infrared range. 
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 Laser scanners give added value to the radiometric data. It 

provides scale so it is possible to quantify pathologies detected by 

its intensity data. 

 In spite of the black-box behaviour of TLS, it is possible to obtain 

their radiometric calibration for reflectance values, since the light 

source is controlled (active sensor). 

5.1.5. Sensor fusion 

 A successful sensor hybridization of four different sensors, two 

active (terrestrial laser scanners) and two passive (a multispectral 

and a digital camera) has been achieved. 

 Through sensor fusion has been validated not only the ability to 

automate the detection of moisture but also the precise 

identification and quantification of the pathology on the surface 

of different materials.  

 Data from the digital and multispectral cameras were conditioned 

by both the registration of its bands and the influence of lighting 

conditions. 

5.2. Future works 

After the development of this Doctoral Thesis several research lines and 

implementations are open to improve, complement and optimize 

multispectral studies with the fusion of active and passive remote 

sensors. 

5.2.1. In general terms 

 It should not be forgotten that the surface of most of land covers 

have a non Lambertian behaviour, contrary to the behaviour 

assumption at first instance. By studying the anisotropic 

behaviour of materials a better characterization of their 

reflectance and thus, a more accurate spectral analysis of them 
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would be possible. The reflectance of any surface depends on 

both the orientation of the source of radiation and the viewpoint 

of the data acquisition.  

5.2.2. Radiometric calibration and the Mini MCA-6 

camera as a passive sensor 

 It would be desirable to perform a radiometric calibration of the 

sensor under laboratory controlled conditions with the purpose of 

monitoring the possible changes that the calibration coefficients 

may have with the use over the time.  

5.2.3. Terrestrial laser scanners as active sensors 

 Broaden the range of possibilities offered by MULRACS 

calibration software so that it enables not only the radiometric 

calibration of passive sensors but also the calibration of active 

sensors. Thus, it would contribute to automate the sensor 

hybridization process and also to increase the use of this kind of 

sensors to perform spectral analysis. 

 The incidence angle of a laser beam is an important factor that 

affects the received intensity according to the Lambert´s Law. 

While its effect has been minimised in the study cases performed 

during the research work, it is proposed, whenever possible, to 

estimate it and correct intensity data in to improve results of the 

future spectral analysis. 

5.2.4. Sensor fusion 

 The opportunity of using active terrestrial laser scanners working 

on the visible range and passive remote sensors in the SWIR 

range would complement these studies and more comprehensive 

conclusions about the remote sensing operating principles and 

spectral ranges would be drawn. Furthermore, the use of 

hyperspectral sensors would open new challenges in this regard. 
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 The spatial resolution of multispectral images can be enhanced by 

employing pan-sharpening. This technique is proposed to 

optimise results from sensor fusion trying to combine the best 

spatial and radiometric resolution offered by each of the sensors 

used
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INDEXATION AND IMPACT FACTOR OF THE 

JOURNALS  

 

Paper I and III:  

- Vicarious radiometric calibration of a multispectral camera on 

board an unmanned aerial system 

- Multispectral radiometric analysis of façades to detect 

pathologies from active and passive remote sensing 

 

Journal: Remote Sensing 

Editorial MDPI AG 

ISSN: 2072-4292 

Impact factor (2014): 3.180 

Ranking: 5/28 

Quartile: Q1 
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Paper II:  

- Discrimination between sedimentary rocks from close-range 

visible and very-near infrared images  
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Editorial Public Library of Science 
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Impact factor (2014): 3.234 

Ranking: 8/55 
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Paper IV:  
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Editorial Wiley Online Library 

ISSN: 1545-2255 

Impact factor (2014): 2.133 

Ranking: 8/59 (constructions & building technology) 
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MULRACS SOFTWARE 

 

MULRACS-Multispectral Radiometric Calibration Software 

Type: Registration of intellectual property 

Reference: SA-00/2015/4722 

University: University of Salamanca 

UNESCO codes: 

- 2209.18 Photometry 

- 2209.20 Radiometry 

- 2209.90 Image Processing 

- 3311.11 Optical Instruments 

Abstract: 

The Multispectral Radiometric Calibration Software “MULRACS”, 

developed in Matlab, is a software built-up for the radiometric calibration 

of passive sensors at close-range distances (unaffected by atmosphere 

scattering and absorption of solar radiation). It is based on the vicarious 

calibration process, specifically on the radiance-based method likely to 

be applied for both mono-spectral and multispectral detectors. After the 

calibration process, images with physical values (reflectance or radiance) 

can be generated. These images have a high potential for studies about 

natural resources, environment, precision agriculture, crop classification, 

etc. very useful for both the International Scientific Community and final 

users that perform analysis of spectral signatures and radiometric image 

analysis. 

Applications:  

It is of great interest to companies working with spectral signatures and 

radiometric image analysis either to make assessments, surveys, 



Multispectral imaging for the analysis of materials and pathologies in civil engineering, 

constructions and natural spaces 

  

    
190                                                                                                                      

inspection of materials and studies of production of natural resources. It 

is also of great interest to the scientific community to investigate the 

potential of sensors that are normally used for other purposes in the field 

of radiometry. 

Authors: 

- Susana Del Pozo Aguilera 

- Mónica Herrero Huerta 

- David Hernández López 

- Pablo Rodríguez Gonzálvez 

- Diego González Aguilera 

Partial Features: 

Any company or research group seeking the analysis of land covers and 

materials by using remote sensors must calibrate the devices that will be 

used for that purpose adopting a measurement and calibration protocol 

that helps adequately control the inspection of such surfaces. The 

MULRACS software is purpose-built to assist this process and help to 

effectively manage and control the radiometric calibration of passive 

devices. 

MULRACS software allows performing a rigorous calibration of sensors 

through the vicarious radiance-based calibration method. From multiple 

artificial targets collected in several images, a least squares adjustment is 

applied.  

iiiii Δα),DL,cf(cRadiance  10  (4) 

where c0i and c1i, offset and gain, are the calibration coefficients of the 

device, DLi the digital levels of the control targets extracted from the 

collection of images, and αi a correction coefficient, all of them per ith 

bands/channels of the device. 

Furthermore, a robust estimation was chosen instead of an ordinary least 

squares method. In particular, the Danish Method is applied iteratively in 

order to give a series of weights according to the residual value of each 

previous iteration in order to dismiss outliers. The CD that accompanies 
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the Thesis (at the back of the book) includes the digital version of the 

Thesis along with an executable and the source code of MULRACS 

software. 

Inputs/requirements: 

- Surface radiances measured by a spectroradiometer  

- Artificial Lambertian targets as control surfaces 

- Artificial or natural surfaces as check surfaces 

- The quantum efficiency of the CCD/CMOS sensor and filters of 

the device 

- Collection of images and their main parameters (focal length, 

ISO, exposure time and aperture) 

Outputs: 

- Radiometric calibration parameters per band/channel 

- Solar irradiance  

- Radiance images 

- Reflectance images 

- Statistical calibration results: graphics, information about the 

bands/channels and regarding the control and check surfaces. 

 

Figure App.B.1: A screenshot of the software interface showing the most 

noteworthy final products.
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Work & Research Experience 

2009-2016 TIDOP Research Group 
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- Reverse Engineering 

- Photogrammetry and Computer Vision 

2014 Research Stay at TuDelft University of Technology, The 

Netherlands (3 months) 
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