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Resumo 

 

O objetivo específico deste trabalho é estender as capacidades da técnica de rastreamento de pontos 

em 3 dimensões (three-dimensional point tracking – 3DPT) para identificar as características 

dinâmicas de estruturas grandes e complexas, tais como pás de turbina eólica. Um sistema multi-

camera (composto de múltiplos sistemas de estéreo visão calibrados independentemente) é 

desenvolvido para obter alta resolução espacial de pontos discretos a partir de medidas de 

deslocamento sobre grandes áreas. Uma proposta de técnica de costura é apresentada e empregada 

para executar o alinhamento de duas nuvens de pontos, obtidas com a técnica 3DPT, de uma 

estrutura sob excitação dinâmica. Três diferentes algoritmos de registro de nuvens de pontos são 

propostos para executar a junção das nuvens de pontos de cada sistema estéreo, análise de 

componentes principais (Principal Component Analysis - PCA), decomposição de valores 

singulares (Singular value Decomposition - SVD) e ponto mais próximo iterativo (Iterative Closest 

Point - ICP). Além disso, análise modal operacional em conjunto com o sistema de medição multi-

camera e as técnicas de registro de nuvens de pontos são usadas para determinar a viabilidade de 

usar medidas ópticas (e.g. three-dimensional point tracking – 3DPT) para estimar os parâmetros 

modais de uma pá de gerador eólico comparando seus resultados com técnicas de medição mais 

convencionais. 

 

Keywords: Técnicas de registro de imagens. Three-dimensional point tracking. Medição de 

grandes áreas. Estereofotogrametria. Análise modal com base somente na resposta. 

  



Abstract 

 

The specific objective of this research is to extend the capabilities of three-dimensional (3D) Point 

Tracking (PT) to identify the dynamic characteristics of large and complex structures, such as 

utility-scale wind turbine blades. A multi-camera system (composed of multiple independently 

calibrated stereovision systems) is developed to obtain high spatial resolution of discrete points 

from displacement measurement over very large areas. A proposal of stitching techniques is 

presented and employed to perform the alignment of two point clouds, obtained with 3DPT 

measurement, of a structure under dynamic excitation. The point cloud registration techniques are 

exploited as a technique for dynamic measuring (displacement) of large structures with high spatial 

resolution of the model. Three different image registration algorithms are proposed to perform the 

junction of the points clouds of each stereo system, Principal Component Analysis (PCA), Singular 

value Decomposition (SVD) and Iterative Closest Point (ICP). Furthermore, operational modal 

analysis in conjunction with the multi-camera measurement system and registration techniques are 

used to determine the feasibility of using optical measurements (e.g. three-dimensional point 

tracking (3DPT)) to estimate the modal parameters of a utility-scale wind turbine blade by 

comparing with traditional techniques. 

 

Keywords: Image registration techniques. Three-dimensional point tracking. Large areas 

measurement. Stereophotogrammetry. Output-only modal analysis. 
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CHAPTER 1 - INTRODUCTION 

 

 

 

Stereophotogrammetry is an optical non-contact measurement technique that provides 

some additional measurement capabilities compared to accelerometers and lasers sensors. The 

technique is an image based measurement system which can provide the displacements of a certain 

set of points of interest on the surfaces of a structure. The common techniques to conduct non-

contact vibration measurements include scanning laser vibrometer, digital speckle shearography, 

(DSS), electronic speckle pattern interferometry (ESPI) and holographic interferometry 

(STETSON, 1975; JONES; WYKES., 1989; CLOUD, 2003). 

 Holographic interferometry is well suited for high frequency measurement (>20 kHz) 

where traditional accelerometers are not so effective. DSS and ESPI are similar to holographic 

interferometry and can provide full-field measurement to visualize static and dynamic 

displacements of structures with optically rough surfaces; however, the major drawback for these 

optical techniques is that they are limited to measure only along a single axis. Scanning laser 

doppler vibrometers (SLDVs) are commonly used in the vibration community to measure the 

velocity of a surface over a broad area of interest. The laser light reflected back to the sensor from 

the structure is compared to a reference beam and a relative shift in frequency between the beams 

will correlate to the surface velocity at the beams location. In this technique and its improved 

derivatives, only one point on the structure’s surface is measured at a time and to have a reliable 

measuring data set, the vibration levels during the entire scan needs to be consistent. Therefore, 

stereophotogrammetry could supplement these gaps providing a three-dimensional quantitative 

measurement of a vibrating surface over a large area in a simultaneous manner (WARREN et al., 

2011). 

In the stereophotogrammetry, images captured from a stereo pair of charge-coupled device 

(CCD) or complementary metal–oxide–semiconductor (CMOS) cameras over a period of time are 

processed using either digital image correlation (DIC) or three-dimensional point tracking (3DPT) 

techniques to determine the position of discrete points on the geometry’s surface and displacement 

of the structure subjected to a static or dynamic load (HELFRICK et al., 2011; BAQERSAD et al., 

2016b). Stereophotogrammetry, using digital image correlation (DIC) and three-dimensional point 
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tracking (3DPT), operates on the principle of triangulation to determine the coordinate of an object 

by comparing at least two images recorded simultaneously of the same object from different angles 

of view.  

The 3DPT technique, which is the technique of greatest interest in this work, uses 

photogrammetric cameras to identify the coordinates of discrete points mounted to the object. In 

the 3DPT technique, a series of optical targets (usually high contrast circular points or 

retroreflective targets) are mounted on the structure, which will be seen at a different angle of view 

of the cameras. The centers of the optical targets are obtained using an ellipse finding algorithm 

and the coordinate of the points in space are calculated by using a triangulation technique. The 

3DPT technique determines the targets’ displacement in different stages and compares the values 

to a reference coordinates, which provides the displacement of the structure at those target points. 

In the case of structural analysis, it gives responses of the model at discrete points which is very 

similar to results from point-wise conventional measurement systems (laser and accelerometers 

sensors). So, the data can readily be adapted to be used in ordinary and operational modal analysis 

by using those well-established conventional modal analysis tools (WARREN et al., 2011) with 

some advantage. Stereophotogrammetry offers the potential to collect 3D dynamic measurements 

at many more points on a structure, more easily, compared to a typical multi-channel transducer 

data acquisition system.  

Large and complex structures measurement is, in general, a big issue and the 

instrumentation and measurement of long and complex structures are a challenge for experimental 

test engineering. 

These structures demand the use of many sensors when it is desired a good spatial resolution 

of the model, which is not always possible due to the needing of special instrumentation and 

acquisition systems which are very specifics and generally high costs. For instance, a 50m utility-

scale wind turbine blade might require about 200 installed gages (costing US$35k-US$50k) and 

takes around 3 weeks for the test set up (POOZESH et al., 2016). So, many barriers need to be 

overcome in the instrumentation and measurement of long and complex structures. 

The use of traditional contact sensors, such as strain-gauges and accelerometers, for 

inspection of long and complex structures is a challenge too, since they are punctual sensors and 

the use of only a limited number of strain sensors could be not enough to a comprehensively 

monitoring of all critical regions of the model. Consequently, a reliable inspection usually demands 
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a large number of installed sensors, which involves large cables extensions that can induce noise 

in the measurement and even, in long and flexible structures, adding mass in the structure. These 

contact punctual sensors are widely used also in the modal analysis field, however, in the case of 

large and complex structures it is demanded a large number of sensors to obtain accurate mode 

shapes of the model having reasonably high spatial resolution. Also, in pre-tests and initial 

evaluation of the model, it is not certain where nodes of modes shapes exist and the placement of 

sensors at some nodes may inadvertently provide a misrepresentation of the true structural 

dynamics of the model (i.e. not identifying certain modes). Performing accurate modal tests 

requires numerous, low frequency, and high sensitivity accelerometers that can be very expensive 

(e.g. US$300 to US$700 per sensor) along with the associated signal conditioners. In the fatigue 

testing, accelerometers are generally not used and therefore having information about the structural 

dynamics during the course of a test is an issue. In this way, carrying out tests of long and complex 

structures becomes difficult using these sensors. 

There are other complications when instrumenting a large structure using these sensors. In 

addition, it is required a lot of attention regarding to details (e.g. orientation: in-plane/out-of-plane) 

and time consuming with the transducer placement. They require expensive installation equipment 

(e.g. aerial lifts, high data channel count acquisition systems, wiring) and man-power/hours (e.g. 

time and cost). Additionally, isolated sensor failures during tests can cause excessive delays in test 

completion. 

An alternative to these more traditional techniques is the use of stereophotogrammetry, 

which has been highlighted as very promising optical technique for dynamic measurements 

(SUTTON et al., 1983; SUTTON et al., 1986 and CHU et al., 1985), since it can be used to measure 

a set of points simultaneously (full-field) and it is not so restrictive to large deformations 

(BAQERSAD et al., 2016). However, for large structures in both, indoor and outdoor areas, the 

use of stereophotogrammetry may be limited due to its field of view, either by the distance required 

between the two cameras of the stereo system or by the distance between the structure and the 

measurement system that does not allow the system to capture the entire field of view of interest. 

In these cases, where it is not possible to acquire all data together or the field of view is limited, 

the stereophotogrammetry measurement could be applied stepwise, wherein the pair of cameras 

would be suitable positioned to capture the structure in parts, i.e., from different angles. This, of 
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course, requires repeated assemblies, making impossible to acquire all points simultaneously in a 

single measurement setup.  

The extension of stereophotogrammetry through the use of a multi-camera measurement 

system is a way of observing the entire structure (full field) without the need for repeated 

assemblies. Thus, it can significantly reduce the time and cost of the experiment by measuring all 

points of interest at once and still obtain good spatial resolution of the model. This possibility of 

extension of stereophotogrammetry application through the use of more than one stereovision 

system to capture the entire field of view of interest has been discussed in some papers (NGUYEN 

et al., 2012; CHEN et al., 2013; LEBLANC et al., 2013; WANG et al., 2013; MALESA et al., 

2014). In the work of Chen et al. (2013), four synchronized Charged Couple Device (CCD) cameras 

are employed and the experimental setup is tested in both, static and dynamic cases, to show the 

potential of non-contact multi-camera digital image correlation (DIC) measurement system. In the 

proposed system, the multiple cameras are calibrated as a single system. In this system, any two 

arbitrary cameras can be grouped into pairs, and each pair of cameras measures a part of the 3D 

object based on the fundaments of triangulation. The measured data from the different pairs of 

cameras can be stitched into a common coordinate system by using information of the data from 

the calibration of each system. LeBlanc et al. (2013) performed static tests on a 9-m composite 

turbine blade to extract full-field displacement and strain measurements. The full blade surface was 

imaged by moving a gantry - which held the cameras - down the length of the blade. The process 

resulted in 16 separate imaged sections which were stitched together with photo-editing software, 

generating a unique photo of the blade surface. The results were obtained processing these large 

images.  

In the article of (Chen et al., 2013), the authors use two stereo systems to create a multi-

camera system capable of capturing the entire surface of the model. The cameras are all calibrated 

in a unique coordinate system, so that the multi-camera system obtains the measurements in a 

common (global) coordinate system and the process of joining the point clouds of the two stereo 

systems is performed using the subset-based matching method adopted in the 3-Dimensional 

Digital Image Correlation (3DDIC) technique. A limitation of the technique, in this case, is that 

the calibration of the cameras requires that the calibration object be viewed simultaneously by all 

cameras, which, in some practiced cases, can be difficult. In the work of (WANG et al., 2013), it 

is also used a multi-camera system and the calibration of each stereo system is made independently, 
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generating a coordinate system for each stereovision system. Subsequently, the calibration 

parameters of the stereo systems are used for transformation of those independent coordinate 

systems in a common coordinate system. This method has the advantage, in relation to the previous 

one, of being able to calibrate each stereo system separately; however, it is necessary to perform 

the merging of the point clouds using some frame transformation technique. In this case, the frame 

transformation must be performed to achieve the global coordinate system.  

Currently, techniques of stitching have been emerging to be used in the 3D objects 

reconstruction aiming at achieving various point clouds in a global coordinate system. In most 

found articles in literature review of this these, the stitching techniques are employed just to achieve 

the geometry of the model. It recreates the geometry design of the structure of the model by 

merging the point clouds captures by various view positions of the camera and the geometry of the 

structure is obtained in a stepwise way, therefore, the stitching techniques cannot be employed for 

dynamic measurement, unless ensuring the stead state data condition. 

In this scenario, a promising approach for measuring large and complex structure is to use 

two or more stereovision systems operating simultaneously and conveniently positioned to capture 

the entire field of view of interest and later making the junction of the point clouds of each stereo 

system obtained separately in a unique one.  

In this work is presented a proposal for using the 3-Dimensional Point Tracking (3DPT) 

measurement technique for the measurement of structures where the entire field of view of interest 

could not be captured by a unique stereo vision system. In the proposal, unlike of its most common 

use (static and stepwise), the stitching techniques are employed to perform the alignment of two or 

more point clouds of a structure under dynamic excitation condition. Three different image 

registration algorithms, Principal Component Analysis (PCA), Singular value Decomposition 

(SVD) and Iterative Closest Point (ICP) are proposed to perform the junction of the point clouds 

of each stereo system. The main aspect to be highlighted herein is the use of these algorithms to 

perform the alignment of the point clouds aiming the application to dynamic measurements, since 

in the most found articles these algorithms are used to perform static measurements in that the point 

clouds are captured in a sequential way (LI et al., 2005; RUSU et al., 2009; BARONE et al., 2012; 

WANG et al., 2016) and not in a single measurement set.  

Hence, this work intents to exploit the point cloud registration technique used in 3D 

scanning for obtaining the model geometry as a technique for dynamic measuring (displacement) 
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of large structures. It also should be mentioned that the correct definition of the point clouds would 

provide a good spatial resolution of the model. 

The proposal is applied and evaluated to vibration measurement of a wind turbine blade of 

2.3 meters in length, whose field of view of the whole set of points of interest is greater than the 

field of view of a standard stereovision system. The reconstruction of the set of measured points 

was obtained from the junction of the points clouds of each stereo system, and later, a probabilistic 

and statistical analysis of the error generated by the transformation of the point clouds was 

performed. In a final evaluation, it is discussed the use of 3DPT optically measured data to modal 

and operational modal analysis of structural system.  

The alignment of 3D point clouds, obtained using different stereophotogrammetry systems 

has been shown a crucial step in the extending the capability of conventional optical measurement 

systems. Spatial data stitching, using a robust and accurate point cloud registration allows for lower 

noise levels and higher reliability. Some of the registration techniques are limited by the accuracy 

of the measurement and the shape of the point clouds. Therefore, when performing stitching of the 

point clouds, it is important to use a technique that is less sensitive to the influence of unavoidable 

measurement noise. 

 

1.1 MOTIVATION 

 

Stereophotogrammetry presents some limitation for measuring large areas or large-scale 

and complex structures under dynamic conditions, which includes: 

− size of the structure is beyond the field of view (FOV) of the cameras or when the working 

distance between the optical measurement system and the test structure is limited due to 

physical space limits (indoors tests). 

− The complexity of the structure may produce visual blind spots that cannot be covered by 

just a single stereo camera pair. 

Thus an extension of stereophotogrammetry application through the use of two or more 

stereovision systems to capture the entire field of view of interest coupling the pair of cameras to 

simultaneously capture the object and later making the junction of the point clouds of each stereo 

system obtained separately in a unique one is very desired. The data obtained with individual 
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standard stereovision systems would be stitched together in a global coordinate system to create a 

high spatial resolution displacement profile over essentially the entire structure. 

 

1.2 GOAL 

 

The main aim of this work is to extend the capability of a standard stereovision 

measurement system to measure displacement of larger and complex structure by combining 3DPT 

measurement technique with image registration techniques for operate with data from two or more 

independent stereovision systems, conveniently installed to capture the entire field of view of 

interest, for dynamic measurement applications.  

 

1.3 CONTRIBUTIONS OF THIS RESEARCH 

 

This research presents a methodology that contribute to extend the capabilities of standard 

stereovision measuring system, by utilizing multi stereovision systems where it is shown its 

feasibility of performing high spatial resolution measurement (discrete points) of large structures 

by using optical sensing techniques. 

By completing this research, the following benefits and advantages are achieved: 

- extension of the understanding of the stereovision measurement capabilities by evaluating 

the performance of a multi-cameras system in which the data obtained with each 

conventional stereovision system are stitched together in a global coordinate system; 

- demonstrate the feasibility of using optically based sensing system for high density 

discrete points measuring displacement of large areas which can span essentially the entire 

surface of a model; reduction of time-consuming of wiring more conventional sensors 

(strain gage, potentiometer, and accelerometer) mounted on the structure; 

- identification and understanding measurement constraints associated with performing an 

optically-based modal test (i.e. geometry, lighting, working distance, field of view, 

appropriate frame rate). 

The knowledge gained by performing this research may lead to: 
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- the development of a non-contact optical measurement system which can, eventually, be 

used to replace typical existing instrumentation (i.e. accelerometers and strain gages) 

employed nowadays; 

- an optical measurement methodology with the potential to reduce the time and cost 

associated with instrumentation of large structure for dynamic test; 

- an enhancement of the capability of optical measurement systems for very large fields of 

view. 

 This work originated an article which has been published in the Journal of 

the Brazilian Society of Mechanical Sciences and Engineering (Sabino et al., 2018). 

 

1.4 CONTENT SUMMARY 

 

In this chapter is presented the motivation for the current work, the proposed approach for 

extending the FOV of standard stereovision system, and the discussion of possible contributions of 

this dissertation.  

Chapter 2 provides a description of the most current trends in the photogrammetry 

technique (point tracking and digital image correlation approaches) and discusses some 

applications of the technique in structural dynamics. 

Chapter 3 provides a description of the basics of point cloud registration techniques 

(Principal component analysis, Singular Value decomposition and iterative Closest Point 

techniques) and presents the proposal of joining point clouds from more than one stereovision 

system in a single point cloud in a global coordinate system. 

Chapter 4 describes a multi-camera measurement system in conjunction with dynamic 

spatial data stitching to evaluate the dynamic characteristic of a utility-scale wind turbine blade 

subjected to dynamic loading. In particular, this chapter summarizes the results of optical 

measurements performed using two coupled stereovision systems over an area of a 2.3-meter 

utility-scale blade and the joining of two point clouds using the point cloud registrations techniques. 

All the preliminary tests performed within this chapter are made in order to evaluate the proposed 

methodology.  
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In the Chapter 5, further merits of the multi-camera system are demonstrated by using the 

proposed optical stitching technique in conjunction with an output only system identification to 

detect the blade’s operating mode shapes and natural frequencies. 

Chapter 6 contains the final remarks and conclusions about the contributions of this work. 
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CHAPTER 2 – PHOTOGRAMMETRY TECHNIQUES 

 

 

 

INTRODUCTION 

 

An overview of the photogrammetric aimed to displacement measuring systems is 

presented.  It gives a brief historic, some bases of the technique and its application in the field of 

measuring, discusses also some aspects of sensitivity and uncertainty, their advantages and 

limitations. And finally, it discussed a proposal of methodology aiming at to extend the application 

of the technique to deal with long and complex structures. 

 

2.1 BRIEF HISTORY OF PHOTOGRAMMETRY 

 

Currently, digital image-based measurement tools have been a significantly subject of 

research worldwide. These tools can provide more details and information about the dynamics of 

systems and structures than the obtained with the conventional measurement tools. 

As technology advances in the field of computing, with ever greater memories, better 

processing power and more affordable costs, the optical measurement technology has undergone 

great advances as well. At this scenario, the optical technology as a non-contacting measurement 

technique has seen many advances in the last few decades and so, it has shown itself as a powerful 

measurement tool for different purposes.  

Generally, the optical measurement techniques can be categorized in two groups: (1) the 

approaches that use laser beams and (2) the approaches that use white light. 

Laser Doppler Vibrometry, electronic speckle pattern interferometry (ESPI) and other 

techniques, as discussed in chapter 1, all use laser beams to monitor the dynamics of structures. 

The second class of optical techniques works by using white light and it is called image-based 

systems. Photogrammetry fits into this category and reads rays of light that are reflected from a 

structure. 

Photogrammetry is the science of making measurements from photographs. In its former 

days, it was used for aerial and terrestrial applications, but nowadays, it is used in different 
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applications, for instance, biology (STANFORD et al., 2008), medicine (VERESS et al., 2003) and 

others. This shows how powerful and useful these techniques can be at different fields. In the 

mechanical engineering field, it is used to obtain the geometry of pieces and components, to 

measure displacement and deformation of a structure. Photogrammetry can be separated into two-

dimensional (2D) and three-dimensional (3D) measurements. The main differences between 

photogrammetry in 2D and 3D measurements are related to the number of measuring cameras and 

the number of measured axis. For 2D measurements, only a single camera is used, and its 

measurement is limited to in-plane movements. Therefore, if the object of measurement has any 

movement at the out-of-plane direction, it will not be measured, and this movement can cause 

errors into the in-plane measurements. In order to deal with this problem, it is possible to use the 

called 3D measurement based on photogrammetry, which uses two synchronized cameras to 

capture images at the same time which allows to perform the measurements in both, in- and out-

of-plane. 

The analytical aspects of the stereovision concept for 3D measurement is not new, as 

discussed in (BURTCH, 2000), it was studied by Pulfrich and Fourcade in early of 1900s 

(LUHMANN et al., 2013). 

The idea of using photogrammetry to measure mechanical stress/strain during deformations 

in structures was first introduced by Peters and Ranson in 1980s (PETERS; RANSON, 1982). 

Using a numerical model of a plate in uniform tension, they introduced the concept of subset in an 

image and combined digital imaging with an experimental boundary integral method to extract the 

stress in the structures. Sutton, Chu, and colleagues (SUTTON et al., 1983; CHU et al., 1985) 

expanded this approach and used it to perform a two-dimensional digital image correlation (2D 

DIC) on a specimen. This is an optical measurement technique that includes image processing and 

numerical computation for measuring deformations of structures. In this case, the surface geometry 

is usually determined by observing a speckled pattern (typically black and white) and monitoring 

how the pattern deforms when multiple images from a sensor pair are captured in time. 

Many different areas of engineering have benefited from the advances made in 

photogrammetry in the last three decades, for instance, experimental solid mechanics (SUTTON 

et al., 2009), aerospace industry (LIU et al., 2012), 3D shape measurement (SU; ZHANG, 2010), 

civil engineering and bridge inspection (JIANG et al., 2008). More recently, these techniques have 

been exploited for vibration measurements, being that the most applied measurement techniques 
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are based on the point tracking and digital image correlation. Next, it is discussed the fundamentals 

of photogrammetry and the cited techniques. 

 

2.2 THE BASIS OF STEREOPHOTOGRAMMETRY 

 

Digital photogrammetry is the science of extracting reliable measurements from two-

dimensional (2D) images, generally captured with imaging sensors such as charge-coupled devices 

(CCD) and complementary metal-oxide semiconductor (CMOS) to identify coordinates of points, 

patterns, and features in the images. From a practical point of view, when a photogrammetric 

measurement is performed, the main goal is to obtain a three-dimensional (3D) mesh as output. 

This 3D output is obtained utilizing a more sophisticated technique of photogrammetry known as 

stereophotogrammetry. Stereophotogrammetry involves estimating 3D coordinates (triangulation 

techniques) of an object by comparing at least two images of the same subject from different angles 

of view that were simultaneously recorded (see Figure 1). 

 

Figure 1 - A schematic of the stereophotogrammetry technique showing how the location of a point 

is identified using triangulation. 

 
Source: (HELFRICK et al., 2011). 

 

Usually, optical targets or a speckle pattern is applied to the structure’s surface to be found 

and tracked by an image processing algorithm and have their movements identified. This optical 

target or pattern can include coded targets, uncoded targets, or a combination of both. In the Figure 

2 is shown examples of coded and noncoded optical targets, as well as the speckle pattern applied 

to an aluminum mean. 
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Figure 2 - (a) A disassembled calibration cross with coded and noncoded optical targets, (b) a 

cantilevered aluminum beam with mounted noncoded optical targets and (c) speckle pattern applied 

to an aluminum beam. 

 
Source: Author. 

 

These optical targets or speckle pattern are located in the images and tracked for each instant 

of time that the images were recorded through an algorithm. The estimating of the 3D coordinates 

of the optical targets and the speckle pattern is made through triangulation technique. By means of 

the triangulation technique, comparing at least two images of the same subject from different angles 

of view that were simultaneously recorded, it is possible to obtain the out-of-plane measurement 

for that optical target, as well as the in-plane measurement. 

 

2.2.1 TRIANGULATION TECHNIQUE 

 

 The point location in a 3D space can be obtained, in a simple way, by a triangulation 

process where at least two rays which comes from the perspective center of each utilized camera 

go through homologous points in the images and intersect themselves in object space. In order to 
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obtain the 3D position of a given target, the cameras orientation and the positions of the 

homologous points in the image space are necessary and it is possible to use several models in the 

solution of this problem. 

For the development of these models, some existing geometric conditions in a pair of 

photographs, acquired over the same scenario, can be established. These conditions are known as 

Epipolar Geometry. 

 

2.2.2 EPIPOLAR GEOMETRY 

 

Considering a generic point P (X, Y, Z) of the object space and two images by two cameras, 

or by a single camera at different instants, in which the perspective centers, represented by PCL and 

PCR (left and right perspective center, respectively), are located in [XPCL YPCL ZPCL]t and [XPCR YPCR 

ZPCR]t, some geometric elements can be established. Assigning the left and right images by IL and 

IR, respectively, the projections of the object point P on IL and IR are represented by pL and pR. The 

segment connecting the perspective centers is called the baseline, and by intersecting the straight 

line passing through the PCs with the image planes IL and IR, the points eL and eR, called epipoles, 

are obtained, as can be seen in Figure 3. 

Figure 3 - Epipolar geometry elements. 

 

Source: Adapted from (HARTLEY; ZISSERMAN, 2000). 

 

In Figure 3, it can be observed that the epipoles eL and eR are located on the images, which 

does not occur in all situations, since the location of the epipoles depends on the position and 

relative orientation of the two cameras at the instant of acquisition of the images. As can be seen 
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from this figure, the perspective centers PCL and PCR, and each of the points of the object space, 

determine a plane, called the epipolar plane. Besides these three points (P, PCL and PCR), the two 

epipoles (eL and eR), as well as the projections pL and pR also belong to this plane. Analyzing the 

Figure 3 and the established geometry, it can be seen that at the intersection of the epipolar plane 

with the planes IL and IR, there are two lines passing through the respective image point and epipole, 

these lines are called epipolar lines. Given the positions of the perspective centers, as well as the 

orientations of the cameras, the positions of the epipoles eL and eR can be determined and kept fixed 

for a given pair of images. Thus, each point of the object space will be responsible for a pair of 

competing epipolar lines in the epipoles, as shown in Figure 4. 

 

Figure 4 - Epipolar lines and epipoles located on the image. 

 
Source: Adapted from (HARTLEY; ZISSERMAN, 2000). 

 

In the Figure 4, besides the epipoles and the competing epipolar lines in the epipoles, one 

can observe the main points (mpL and mpR) for each of the images. The main point can be defined 

as the projection of the perspective center in the plane of the image. 

In a situation where the optical axes are parallel and not rotated, the epipoles will be at 

infinity and the epipolar lines will be parallel, as shown in Figure 5 (a), being this condition 

denominated as 'normal' in Terrestrial Photogrammetry (KARARA, 1980). In the case shown in 

(b) the optical axes are parallel and there is a certain rotation around the optical axis of one of the 

cameras, which modifies the epipolar lines in one of the images. In Figure 5 (c) it is shown a generic 

situation in which the optical axes are not parallel and the epipoles are located outside the image. 

In the latter situation it can be seen that the epipolar lines are no longer parallel. 
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Figure 5 - Possible conditions for epipolar lines: (a) optical axis parallel, no rotation; (b) optical 

axis parallel and rotation into the optical center and (c) both optical centers converging. 

 

Source: Adapted from (HARTLEY; ZISSERMAN, 2000). 

 

A relevant observation refers to the fact that once the positions and the relative orientation 

of the cameras are known and, given a point in one of the images, the homologous point in the 

other image, if it exists, will be located on the competing epipolar line, hence the importance of 

these elements and of the "epipolar geometry" in the solution of the matching problem. Thus, 

established this epipolar geometry, it can be developed models that relate the various elements 

involved to find the matches between points on the images. In this work, in broad terms, the 

photogrammetry technique can be categorized based on the type of targets used into digital image 

correlation (DIC) or point-tracking (PT). Both techniques are described in the next sections. 

 

2.3 POINT TRACKING 

 

Three-dimensional point tracking (3DPT) is a non-contact optical 3D measuring technique 

that analyzes and computes object deformations, rigid body movements and the dynamic behavior 

of a measuring object. In order to track the optical targets mounted to the measuring object, it is 
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common the use of a find ellipses (a perspective view of reference points) algorithm. With that, 

3DPT provides a dynamic, precise and synchronous position detection for all measuring markers 

(optical targets) applied to the object. 

A stereovision camera system records different load or movement states. After the images 

are processed, the measured makers points have their 3D coordinates assigned and the displacement 

of the points are calculated. The measuring results can be graphically represented using colored 

deviation vectors and/or diagrams, facilitating the understanding of the measure. 

The first step to carry out a typical measuring procedure is to determine a measuring 

volume. For this, the camera sensors must be adjusted, the angle relations of the lenses, the focus 

and the aperture need to be set. Then, the complete system is calibrated by means of calibration 

panels or calibration crosses. If the measuring volume is adjusted successfully by calibration, then 

a measuring project may be started. 

Prior to start measuring, it is necessary to make sure that the measuring object fits into the 

selected measuring volume in all its deformation stages. The measuring volume determines the 

distance between sensor and specimen and the set of lenses (see Figure 6), this shows how 

important is to determine the measuring volume according the project needs and the available 

equipment. 

 



33 

 

Figure 6 - Determination of the measuring volume. 

 

Source: (PONTOS v6.3, 2011) 

 

Once the measuring volume is determined, the next step is to prepare the object surfaces. 

In the 3DPT case, optical targets must be applied to the object on the points of measuring interest. 

In the Figure 7 it is presented an example of (a) optical targets applied to a side of a car, (b) the 

location of the optical targets obtained with PONTOS software and (c) the obtained point cloud.  
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Figure 7 - (a) optical targets applied to car, (b) PONTOS software locating the targets and (c) the 

obtained point cloud. 

 

Source: Adapted from (PONTOS v6.3, 2011). 

 

Usually, the optical targets are white circles (uncoded markers), as seen in the Figure 8 (a), 

in (b) it is shown the coded markers. The markers size must be previously analyzed and chosen 

according to the size of the measuring volume. The coded optical targets, usually, are just used for 

calibration purposes.  

 

Figure 8 - (a) Uncoded reference points and (b) coded reference points. 

 

Source: Author. 
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Once the measuring object is prepared, it is necessary to calibrate the stereovision system. 

In the Figure 9 is shown a typical way to calibrate the stereovision system PONTOS using 

a calibration cross. A series of images are taken obeying a determined sequence of positions of the 

calibration cross. Among these positions are angles multiples of 45°, inclination of the upper/lower 

side of the calibration cross and bringing it closer and further away from the stereo camera system. 

 

Figure 9 - Some steps for the stereovision system calibration by using cross calibration. 

 

Source: Adapted from (PONTOS v6.3, 2011) 

 

There are many other different calibration objects and calibration process, each commercial 

software has its own way to perform such process. 

Now, the system is prepared to perform the measuring and the next step is to find ellipses 

(optical targets (circles) viewed from different perspectives). 

A common and efficient ellipse detection algorithm used nowadays is based on the Hough 

transform (ITO et al., 2011). The Hough transform is a feature extraction technique used in image 

analysis, computer vision, and digital image processing. The purpose of the technique is to find 

imperfect instances of objects within a certain class of shapes by a voting procedure. This voting 

procedure is carried out in a parameter space, from which object candidates are obtained as local 

maxima in a so-called accumulator space that is explicitly constructed by the algorithm for 
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computing the Hough transform. Ito et al. (2011), describes in their work, 7 steps to find ellipses 

in an image. These steps are listed below: 

 

Step 1. An edge image is obtained from an input image. 

Step 2. Euclid distance map is generated from the edge image. 

Step 3. An edge point list is generated from the edge image. 

Step 4. Center candidates are detected by voting midpoints of every two edge points. 

Step 5. Slope candidates are detected by voting perpendicular bisectors of every two edge 

points. 

Step 6. Axes candidates are detected by the result of voting the length of axes for every 

edge point. 

Step 7. Every candidate is evaluated with Euclid distance map. 

 

In general, the technique of the Hough transform can be directly used for any parameterized 

curve.  An ellipse can be defined by the five parameters, its center (cx, cy), the major axis a, the 

minor axis b, and the slope θ as shown in Figure 10. 

 

Figure 10 - Five parameters of an ellipse. 

 

Source: (ITO et al., 2011) 

 

In each detection, based on the edge image, the center detection, middle points of every two 

edge points are voted. To detect the slope, perpendicular bisectors of every two edge points are 

voted. Voting the lengths of two axes, a major axis and a minor axis are found, Figure 11. After 

detecting the ellipse candidates, each candidate is checked whether it is a true ellipse or not, using 

Euclid distance map of the edge image. 
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Figure 11 - Overview of the ellipse detection algorithm. 

 

Source: (ITO et al., 2011). 

 

Once the ellipses were found on the images, their positions (in pixels) are used to calculate 

their own positions in the world coordinate system, by means of triangulation technique. With the 

ellipses located for all images, as results, the 3DPT provides displacement fields, which can be 

seen in the form of arrows with maximum and minimum displacement values and their directions, 

Figure 12. 

 

Figure 12 - Displacement field over the entire measuring object. 

 

Source: (PONTOS v6.3, 2011). 
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The point tracking technique has been widely used for high spatial resolution measurement, 

but for full-field measurement it is advised the use of the DIC technique. Digital image correlation 

is a non-contact optical 3D deformation measuring technique that works based on gray-scale 

variations of continuous patterns. In this technique, an object is analyzed, and are made calculations 

of its deformation and strain. As results, the deformation measurement can be presented in a 

graphical way that provides an optimum understanding of the behavior of the measuring object. If 

the measuring object has only a few object characteristics, like it is the case with homogeneous 

surfaces, it is needed to prepare such surfaces by means of suitable methods, for example apply a 

stochastic color spray pattern. Examples of speckle pattern can be seen in the Figure 13. 

 

Figure 13 - Example of (a) pen speckle pattern, (b) spray speckle pattern, (c) brush pattern and (d) 

stencil/spray pattern. 

 
Source: Author. 

 

DIC observes the deformation of the specimen through the images by means of various 

square or rectangular facets. In the Figure 14 is shown an example visualization of facets for (a) an 

object in undeformed state and (b) deformed state. 
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Figure 14 - Facets example of an object under (a) undeformed state and (b) deformed state. 

 

Source: Adapted from (ARAMIS v6.3, 2011) 

 

The DIC technique is a great full-field measurement tool of displacement and strain, 

however, in this work, the use of 3DPT technique fits better once the main goal will be to perform 

vibration analysis. In the next section are presented examples of point tracking applications.  

 

2.3.1 POINT TRACKING APPLICATIONS 

 

In early stages, the applications of point tracking in dynamic measurements were related to 

using single cameras and performing 2D measurements. One of the early efforts that used 

photogrammetry for dynamic measurement was performed by (OLASZEK, 1999). He developed 

a real-time photogrammetric system using a single camera and applied it for inspecting bridges and 

measuring displacements of optical targets mounted to these bridges. In this work, the measured 

displacements were presented in the time domain. Light Emitting Diodes (LEDs) have also been 

used as optical targets to monitor the dynamics of a suspension bridge (WAHBEH et al., 2003). In 

this experiment, each target had two LED lights that are fixed at a known distance with respect to 

each other; this known distance was used for camera calibration. The 2D photogrammetric 

measurement has also been used to determine dynamic aeroelastic deformations of a wing inside a 

wind tunnel (GRAVES et al., 2003). In this research, the measured displacement was transferred 

to the frequency domain to extract natural frequencies. (CHUNG et al., 2004) used the 2D point 

tracking approach to perform a non-linear system identification and studied Coulomb friction 

effects on a pendulum and a base isolation device. They also used a set of targets on a non-linear 

elastomeric membrane to extract displacements on the surface of the membrane and validate the 

results by comparing them to a FE model. (LEE; SHINOZUKA, 2006) used a vision based system 
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for real-time monitoring of bridges using optical targets consisted of four white spots on a dark 

background. (JI, 2010) used square shaped optical targets in the point tracking approach and 

tracked corners of the optical targets to extract dynamic displacements of points on a sample beam 

and on a bridge. (JURJO et al., 2010) used the photogrammetry technique to extract natural 

frequencies in a slender column subjected to self-weight. They also developed an approach for 

point tracking and used it to extract the response of the column to a pluck test. The first natural 

frequency of the column and its associated damping was extracted using a time domain modal 

parameter extraction. They also revealed that the calibration of the photogrammetry technique can 

be improved by increasing the number of points used in the calibration process. A bridge inspection 

during a train transit was performed by (BUSCA et al., 2013) using point tracking. (WU et al., 

2014) introduced new calibration approaches that can improve the accuracy of photogrammetry 

and performed a 2D measurement on a structure located on a shaking table and excited using 

different sine dwell excitations. The FFT of the response of the structure measured by using point 

tracking shows some modes of the structure, but they did not extract the mode shapes. (CHEN et 

al., 2015) also used commercial camcorders to identify the natural frequencies and mode shape 

ratios of cable-stay-bridges.  

While 3D photogrammetry measurements usually need at least two cameras, (RYALL; 

FRASER, 2002) proposed an approach to use a single camera recording at different locations to 

extract 3D displacement. Because the camera should record the vibration from different locations, 

this approach only works under controlled conditions and when the structure is subjected to steady 

vibrations. Point tracking can also be used for posing estimation. In this approach, 6DOF position 

and orientation of targets can be extracted using single cameras (SHAN et al., 2009; CHELI et al., 

2013). Using a space resection algorithm, (TRIEU et al., 2015) proposed an approach to extract the 

6DOF position and orientation of an object using a single camera. 

Three-dimensional point tracking using two cameras has also been used to extract dynamics 

of structures. 3D photogrammetry has been used by Chang and his colleagues (CHANG; JI, 2007) 

for measuring vibrations of a building model subjected to an earthquake ground displacement, and 

a bridge model subjected to a pluck test. (PAI et al., 2013) presented an approach for fast calibration 

of commercially available cameras for dynamic measurements and validated their theory by 

measuring the vibrations of a straight beam and an L-shaped beam vibrating at their natural 

frequencies. 
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An important application of photogrammetry as a non-contacting approach is to perform 

measurements on lightweight structures because conventional sensors may induce mass loading. 

(BLANDINO et al., 2003) showed the capability of 3DPT in extracting very low frequency and 

rigid body shapes of a lightweight membrane. Wings used for unmanned aerial vehicles are also 

very lightweight and 3DPT is an effective approach to extract their natural frequencies and 

operating shapes (BLACK et al., 2010). 

Motion capture cameras, which work very similar to the photogrammetry, have also been 

used for vibration measurements. These systems usually have several cameras that enable 

performing measurement when a very complicated deformation occurs. (PARK et al., 2015) used 

motion capture cameras for vibration measurement. They verified the proposed approach by 

monitoring free vibrations of a small three-story building models using three single motion capture 

cameras. The difficulties with using these systems are the limitation in the number of LED targets 

and their lower accuracy compared to photogrammetry systems. 

3DPT measures response of a structure at discrete points; these measurements are very 

similar to results from point-wise measurement systems. Because, the modal analysis and 

operational modal analysis techniques for these conventional systems have been well established, 

the conventional modal analysis tools can be readily used for data processing. On the other hand, 

the measured displacement using 3DPT in the time domain can be fed to commercially available 

modal analysis programs to extract modal parameters. (WARREN et al., 2011) used displacement 

for out-of-plane measurement of optical targets mounted to a based-upright structure and imported 

it to LMS (a commercial modal analysis software - (LMS Test.Lab 10A, 2009)) for operational 

modal analysis. The operating shapes of a single cantilevered blade were also extracted by using 

operational modal analysis in LMS by (BAQERSAD et al., 2012). (VAN KARSEN et al., 2014) 

mounted optical targets to the wires of a violin string and tracked the points on the wire. They also 

used LMS to analyze the data and extract the operating mode shapes.  

 

2.4 SENSITIVITY AND UNCERTAINTY OF THE MEASUREMENT 

 

The noise floor of photogrammetry systems changes based on the resolutions of cameras, 

the field of view, and test set up conditions (speckling, camera angle, etc.). According to the 

literature (SCHMIDT, TIMOTHY et al., 2003; SCHMIDT, et al., 2003) , the out-of-plane accuracy 
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of DIC in term of displacement for in-plane and out-of-plane measurements are approximately 0.01 

and 0.03 pixels, respectively. These numbers change based on the facet size, filtering, and testing 

conditions. The strain accuracy is also reported to be as low as 30 microstrain but lower values of 

accuracy for strain could be achieved. 

Researchers have studied effects of different parameters on the accuracy of the 

photogrammetry in dynamic conditions. (EHRHARDT; BEBERNISS, 2013) showed that in a DIC 

measurement, the speckle pattern has less effect on the accuracy of a DIC system compared to the 

camera angle, shutter speed, and level of measured displacement. (D’EMILIA et al., 2013) 

compared two camera systems and studied the effects of high frequency measurements on the 

accuracy of DIC systems. (ZAPPA; MAZZOLENI et al., 2014) performed a systematic uncertainty 

assessment of the DIC method in general dynamic applications by means of an image processing 

technique that allowed to estimate the motion effect in each image and therefore the uncertainty 

associated to the DIC in that specific image. They also proposed an image pre-processing technique 

(ZAPPA; MATINMANESH et al., 2014) to improve the performances of DIC in dynamic 

applications. They revealed that the proposed technique could significantly reduce both the bias 

error and the uncertainty of measurements in dynamic applications of DIC. (BUSCA et al., 2014) 

also proposed a performance analysis of imaging devices applied to dynamic measurements. This 

analysis aimed to qualify the measurement uncertainty by some indexes, designed to quantify the 

motion effect on the acquired images and consequently the measurement uncertainty. These 

indexes were based on exposure time and Spatial Frequency Response (SFR) function. (WANG et 

al., 2007) and (HWA KIM, 2014) presented approaches to extract modal parameters using blurry 

photos. 

The accuracy of the measurement technique can be improved by using finite element 

smoothing or least square method (MENG et al., 2007; PAN et al., 2009). In the dynamic 

conditions, (BAQERSAD et al., 2015a; b; BAQERSAD et al., 2016a) used a linear combination 

of the mode shapes to smooth and expand the measured data and reduce the noise. (Ha et al., 2015) 

also used an averaging approach (30 averages) in dynamic measurement to reduce the noise floor 

on the system. 
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2.5 WORK PROPOSAL 

 

Within this work, it is proposed the use of the three-dimensional point tracking technique 

(3DPT) for measurement of large areas, where one ordinary stereo system cannot encompass the 

measuring region of interest. The main goal is to extend the capability of a standard stereovision 

measurement system to measure larger areas. This will be possible by combining the 3DPT 

measurement technique with image registration techniques, and so, data from several independent 

stereovision systems can be stitched together in a global coordinate system to create a unique 

displacement field. In the Figure 15 is shown a flowchart of the proposed approach. It is a 

representation of the proposal of multi-camera system for measuring a structure which the view of 

just one stereovision system is not enough to compass the whole structure. Each stereovision 

system works independently of the others and will capture only a part of the model and the 3DPT 

technique is used to obtain the called point clouds measurements. Once the point clouds from all 

stereovision system are obtained, each one of them in your own coordinate system, it is necessary 

to align them in a unique coordinate system in order to obtain the global displacement field. 
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Figure 15 - Flowchart of the multi-camera stereovision system proposal. 

 
Source: Author. 

 

The alignment of the 3D point clouds, obtained using different stereophotogrammetry 

systems, is a crucial step in extending the capability of conventional optical measurement systems. 

Spatial data stitching, using a robust and accurate point cloud registration allows for lower noise 

levels and higher reliability. Some of those registration techniques are limited by the accuracy of 

the measurement and the shape of the point clouds. Therefore, when performing stitching it is 
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important to use a technique that is less sensitive to the influence of unavoidable measurement 

noise. In this work it will be discussed the use of three algorithms to register different point clouds 

in the stitching process. 

 

2.6 CONCLUSIONS 

 

This chapter presented a brief historic of photogrammetric techniques applied to 

displacement measurement systems.  It gave some bases of the techniques and their application in 

the field of measuring. The aspects of sensitivity and uncertainty were also discussed. The most 

discussed technique in this chapter was the 3DPT, which is the focus of this work. The main 

advantages and limitations were treated. Finally, it was discussed the proposal of the methodology 

aiming at to extend the application of the technique to deal with long and complex structures.  
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CHAPTER 3 – REGISTRATION TECHNIQUES 

 

 

 

INTRODUCTION 

 

Point cloud registration techniques are widely employed in order to obtain virtual models 

of real structures. They are used in different fields, such as 3D printing, 3D mapping, 3D objects 

detection, 3D scanning and others (URBANIC et al., 2008; KEAVENEY et al., 2016). In the 3D 

scanning, which this work has been based on, full reconstruction of structures using multi-camera 

system requires a reliable and robust image registration algorithm to align different 3D point clouds 

captured by the different cameras to obtain the entire field of view of the whole model, the called 

stitching process. The algorithms discussed within this chapter were implemented by the author in 

Matlab, which were applied in the chapter 4 and chapter 5. 

 

3.1 MATHMATICAL BACKGROUND 

 

The stitching process, in this work, consists in the realignment of the corresponding point 

clouds which were obtained by the two independent stereo camera systems, properly positioned, 

seeking to obtain a field of view of the whole measurement system through of the junction of both 

point clouds. In this case, it is defined a reference point cloud denominated as target point cloud 

and another point cloud denominated source is reoriented, to the target system, from the alignment 

of the paired points in the common area of two point clouds. The alignment is performed using the 

transformation matrix (rotation and translation) obtained from the set of corresponding points in 

the common area of both point clouds. In the Figure 16 is shown, schematically, this process. 
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Figure 16 - Stitching process based on the junction of two point clouds (target and source) located 

in different coordinate systems. 

 

Source: Author. 

 

In the following is presented the algorithms used in the proposed digital image 

measurement system aiming at measuring of large structures. 

 

3.1.1 PRINCIPAL COMPONENT ANALYSIS 

 

Principle Components Analysis (PCA) is an statistical tool that has found applications in 

different fields, such as data reduction, image registration, face recognition and others (Smith, 

2002). It is a powerful tool for compressing data by projecting the data in the direction of their 

largest variances. The direction of the largest variance corresponds to the eigenvector with highest 

eigenvalue. The eigenvector with highest eigenvalue is the principle component of the data set. 

Therefore, if the covariance matrixes of two point clouds differ from identity matrix, a registration 

algorithm can be employed to align the eigenvectors of covariance matrixes associated with each 

data set. The main steps to find the transformation matrix to align the different data sets are 

presented as follow.  

Step 1 - Centroids of the common points of the two point clouds. 

The centroid position of the two point clouds A and B, {𝑃𝐴̅̅ ̅} = [𝑋𝐴̅̅ ̅, 𝑌�̅�, 𝑍𝐴̅̅ ̅] and 

{𝑃𝐵̅̅ ̅ = [𝑋𝐵̅̅̅̅ , 𝑌𝐵̅̅ ̅, 𝑍𝐵̅̅̅̅ ]}, are obtained by dividing the sum of all coordinate points, {𝑃𝐴𝑖} =
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[𝑋𝐴𝑖 𝑌𝐴𝑖 𝑍𝐴𝑖] and {𝑃𝐵𝑖} = [𝑋𝐵𝑖 𝑌𝐵𝑖 𝑍𝐵𝑖], by the number of points in each individual point 

clouds, Equations (1) and (2).  

 

𝑃𝐴̅̅ ̅ =
1

𝑛
∑{𝑃𝐴𝑖}

𝑛

𝑖=1

 (1) 

𝑃𝐵̅̅ ̅ =
1

𝑛
∑{𝑃𝐵𝑖}

𝑛

𝑖=1

 (2) 

 

Step 2 - Re-center both sets of common points. 

The centroids calculated in the step 1 are subtracted from the X, Y and Z coordinates of all 

reference points in both data sets, Equations (3) and (4). This procedure removes the translation 

component of the point clouds, leaving only the rotation to be compensated for. 

 

[𝐴𝑐𝑡𝑟] = [

𝑋𝐴1 − 𝑋𝐴̅̅ ̅ 𝑋𝐴2 − 𝑋𝐴̅̅ ̅ ⋯ 𝑋𝐴𝑛 − 𝑋𝐴̅̅ ̅

𝑌𝐴1 − 𝑌�̅� 𝑌𝐴2 − 𝑌�̅� ⋯ 𝑌𝐴𝑛 − 𝑌�̅�
𝑍𝐴1 − 𝑍𝐴̅̅ ̅ 𝑍𝐴2 − 𝑍𝐴̅̅ ̅ ⋯ 𝑍𝐴𝑛 − 𝑍𝐴̅̅ ̅

] (3) 

[𝐵𝑐𝑡𝑟] = [

𝑋𝐵1 − 𝑋𝐵̅̅̅̅ 𝑋𝐵2 − 𝑋𝐵̅̅̅̅ ⋯ 𝑋𝐵𝑛 − 𝑋𝐵̅̅̅̅

𝑌𝐵1 − 𝑌𝐵̅̅ ̅ 𝑌𝐵2 − 𝑌𝐵̅̅ ̅ ⋯ 𝑌𝐵𝑛 − 𝑌𝐵̅̅ ̅

𝑍𝐵1 − 𝑍𝐵̅̅̅̅ 𝑍𝐵2 − 𝑍𝐵̅̅̅̅ ⋯ 𝑍𝐵𝑛 − 𝑍𝐵̅̅̅̅
] (4) 

 

Step 3 - Covariance matrix of the mean centered point clouds. 

The covariance matrix of the two sets of reference points from the data set [Actr] and [Bctr] 

are calculated, Equations (5) and (6). 

 

[𝐶𝐴] = ∑([𝑃𝐴𝑖]

𝑛

𝑖=1

− [𝐴𝑐𝑡𝑟]) × ([𝑃𝐴𝑖] − [𝐴𝑐𝑡𝑟])
𝑇 (5) 

[𝐶𝐵] =∑([𝑃𝐵𝑖]

𝑛

𝑖=1

− [𝐵𝑐𝑡𝑟]) × ([𝑃𝐵𝑖] − [𝐵𝑐𝑡𝑟])
𝑇 (6) 

 

[CA] and [CB] are an orthogonal 3x3 covariance matrices, which their diagonal values 

represent the variances of the data and the off-diagonal values represent the covariances. 
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Step 4 - Eigenvectors and eigenvalues associated to the covariance matrix of each point 

cloud. 

The eigenvalues and eigenvectors of the covariance matrices [CA] and [CB] are calculated. 

The eigenvector provides the direction that the data is spread out and the corresponding eigenvalue 

is a number indicating how spread out the data is on the corresponding direction. The eigenvector 

with largest corresponding eigenvalue gives the direction that the point cloud is the most spread 

out, thus the principal component associates with that point cloud, Equations (7) and (8). 

 

[𝑉𝐴, 𝐷𝐴] = 𝑒𝑖𝑔(𝐶𝐴) (7) 

[𝑉𝐵, 𝐷𝐵] = 𝑒𝑖𝑔(𝐶𝐵) (8) 

 

Where DA and DB are the calculated corresponding eigenvalues and VA and VB are the 

calculated eigenvectors of the covariance matrixes A and B. 

Step 5 - Finding the transformation matrix. 

The alignment of the principal components of each point cloud is achieved by using the 

transformation matrix obtained directly from the directions of the eigenvectors. In this case, where 

[CA] and [CB] have their columns as oriented axes, the rotational alignment of two sets of oriented 

axes can be calculated by using the rotational matrix, Equation (9). 

 

[𝑅] = [𝑉𝐵] × [𝑉𝐴]
−1 = [𝑉𝐵] × [𝑉𝐴]

𝑇 (9) 

 

Step 6 - Translation matrix.  

Finally, the centroid of the reference data is added to each of the transformed coordinates 

to translate the aligned and transformed point cloud. By Equation (1) and (2) and (9) the translation 

matrix can be calculated, Equation (10). 

 

{𝑇} = {𝑃𝐵̅̅ ̅} × [𝑅] × {−𝑃𝐴̅̅ ̅}
𝑇 (10) 
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3.1.2 SINGULAR VALUE DECOMPOSITION 

 

The singular value decomposition (SVD) is one of the most important tools in numerical 

linear algebra and finds many applications in the field of signal processing and statistics. The SVD 

of a matrix is its factorization, being it real or complex, into the product of three matrices (U, E and 

V) where the columns of U and V are orthonormal, and the matrix E is diagonal with positive real 

entries. The procedure of estimating the transformation matrix using SVD (BELLEKENS et al., 

2014) can be broken down into the follow main steps: 

Step 1 - Centroids of the common points of the two point clouds. 

The centroid of the common points of the two point clouds are calculated as discussed in 

the PCA method, Equations (1) and (2). 

Step 2 - Covariance matrix between the two point clouds. 

The covariance matrix of the two point clouds is calculated by Equation (11). 

 

[𝐻] =∑([𝑃𝐴𝑖]

𝑛

𝑖=1

− [𝑃𝐴̅̅ ̅]) × ([𝑃𝐵𝑖] − [𝑃𝐵̅̅ ̅])
𝑇 

  

(11) 

 

Step 3 - Optimal rotation matrix. 

The optimal rotation matrix values that minimizes the root mean squared deviation between 

two paired sets of points can be calculated using the SVD, Equation (12). 

[𝜎] = [𝑈] × [𝐸] × [𝑉]𝑇 (12) 

 

Where [𝑈] and [𝑉] are orthogonal matrices and [𝐸] is a diagonal matrix of singular values. 

[σ], [U], [E] and [V] are all 3 × 3 matrices. The eigenvectors of [σ][σ]Tare the columns of [U] and 

the eigenvectors of [σ]T[σ] are the columns of [V]. Using the method outlined by (Kabsch, 1978), 

the orientation of any axis of the rotation matrix can be fixed in the case of reflection. For a proper 

orientation, the determinant of [V] must be greater than 0, 𝐷𝑒𝑡(𝜎) > 0, however, if the opposite 

happens (𝐷𝑒𝑡(𝜎) ≤ 0) the third column of [V] must be multiplied by -1. Let [S] be the matrix to 

verify if the orientation of the principal component is correct. So, [S] can be defined according 

Equation (13). 
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[𝑆] =

{
 
 

 
 [
1 0 0
0 1 0
0 0 1

]            𝑖𝑓 𝐷𝑒𝑡(𝜎) > 0

 [
1 0 0
0 1 0
0 0 −1

]       𝑖𝑓 𝐷𝑒𝑡(𝜎) ≤ 0

 (13) 

 

The [𝑈], [𝑉] and [𝑆] provides the necessary information of the rotation matrix and the 

optimal rotation matrix can be calculated according to Equation (14). 

 

[𝑅] = [𝑉] × [𝑆] × [𝑈]𝑇. (14) 

 

 

Step 4 - Translation matrix.  

The translation matrix can be calculated as discussed in the PCA method, Equation (10). 

 

3.1.3. ITERATIVE CLOSEST POINT  

 

The Iterative Closest Point (ICP) algorithm introduced by Besl and McKay (BESL;  

MCKAY, 1992) minimizes the difference of the Euclidean distance among the points contained in 

two point clouds. The SVD algorithm directly solves the least-square problem that iteratively 

disregards outliers in order to improve upon the previous estimate of the rotation and translation 

parameters. The basis of the procedure to estimate the matrices is shown in the Figure 17. 

 

Figure 17 - A schematic of the ICP algorithm. 

 

Source: Author. 

 

The algorithm input data are the point cloud used as reference, the called target point cloud 

(fixed coordinates), and the point cloud to be fitted to the reference point cloud, the called source 

point cloud. The correspondent points in the common region in both point clouds are defined based 

on a nearest neighbor approach and a more complex algorithm is used to define these correspondent 
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points using different features, such as color information or geometric shapes. The SVD is used to 

obtain an initial estimate of the affine transformation matrix that aligns both point clouds. After 

registration, this whole process is repeated by removing outliers and redefining the point 

correspondences. Different approaches based on ICP technique can be used to solve the problem, 

the technique used in this work is the ICP point-to-point algorithm. 

The ICP point-to-point algorithm was originally described in (Rusu, 2010) and it simply 

obtains the point correspondences by searching for the nearest neighbor target point 𝑞𝑖 of a point 

𝑝𝑗 in the source point cloud. The nearest neighbor matching is defined in terms of the Euclidean 

distance metric, Equation (15). 

 

𝑖̂ = argmin‖𝑝𝑗 − 𝑞𝑖‖
2

𝑖
 (15) 

 

Where 𝑖 ∈ [1,2, … , 𝑁], and N represents the number of points in the common area of the 

target point cloud. The rotation [𝑅] and translation [𝑡] matrices are estimated by minimizing the 

squared distance between these corresponding pairs, Equation (16). 

 

�̂�, �̂� =
arg𝑚𝑖𝑛
𝑅, 𝑡

∑‖(𝑅𝑝𝑖 + 𝑡) − 𝑞𝑖‖
2

𝑁

𝑖−1

 (16) 

 

The �̂� and �̂� matrices are obtained iteratively solving the Equation (16). 

 

3.2 STITCHING SEQUENCE FOR STRUCTURE RECONSTRUCTION  

 

In the Figure 18 is schematically shown the whole process to obtain the reconstruction of 

the structure in a common reference system, which involves capturing the structure in separated 

pieces by the multicamera system, the obtaining of the transformation matrices and the stitching of 

the two point clouds. 
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Figure 18 - The whole stitching process, views of the displacement fields of the stereovision A and 

B, the proposed algorithms to perform the alignment and the view of the reconstructed structure. 

 

Source: Author. 

 

This proposal will allow to perform measurements in larger structures and will pave the 

way for more sophisticated techniques for measuring large and complex structures. The algorithms 

were implemented in Matlab. 

 

3.3 CONCLUSIONS  

 

In this chapter was discussed the basis of point cloud registration techniques. The proposal 

of making full reconstruction of structures using multi-camera system requires a reliable and robust 

image registration algorithm to align different 3D point clouds and the mathematical background 

was presented for all three proposed algorithms, PCA, SVD and ICP.  
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CHAPTER 4 – EXPERIMENTAL ANALYSIS  

 

 

 

INTRODUCTION 

 

In order to evaluate the feasibility of the proposal of using the stitching process to extend 

the capability of the digital image measurement system to measure large structures, it was mounted 

a test bed of a wind turbine blade. In this context, large structure means that the measured field of 

view of interest of the model could not be captured by a unique stereovision system because of its 

size. Hence, it is necessary to do it in parts or by using multi stereo systems. The blade structure 

was also instrumented with a set of accelerometers for comparison purpose. In the Figure 19 is 

shown one scheme of the proposed approach. It is a representation of the proposal of multi-camera 

system for measuring a wind turbine blade in a testing facility. Each stereovision system works 

independently of the others and will capture only a part of the model and the 3DPT technique is 

used to obtain the point clouds. Once the point clouds from all stereovision system are obtained, 

each one of them in your own coordinate system, it is necessary to align them in a unique coordinate 

system in order to obtain a global displacement field.  
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Figure 19 - Multi-camera stereovision system for measurement of large and complex structures 

proposal. 

 

Source: Author. 

 

In this chapter, all preliminary tests are just performed in order to evaluate the proposed 

methodology and they are not a final measurement or experiment. The test bed with a wind turbine 

blade was mounted in the University of Massachusetts Lowell at the Structural Dynamics & 

Acoustic Systems Laboratory where the whole experiment was performed.  

 

4.1 MULTI-CAMERA SETUP 

 

The multi-camera experimental setup includes a 2.3-meter cantilevered wind turbine blade, lights 

and two stereo-vision systems, composed of four synchronized complementary metal-oxide 

semiconductor (CMOS) cameras. The multi-camera system is composed of a pair of twelve-

megapixel cameras (4046 × 3072  pixel CMOS sensor) named stereovision A and a pair of four-
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megapixel (2048×2048 pixel CMOS sensor) PHOTRON high-speed cameras named stereovision 

B, both stereovision systems were equipped with 24-mm lenses. In the Figure 20 is shown a picture 

of the wind turbine blade where it possible to see the optical targets points, a total of 142 points.  

 

Figure 20 - 2.3-meter cantilevered wind turbine blade, location of the optical targets and details of 

the clamped extremity. 

 

Source: Author. 

 

The stereovision system A was placed 1.3-meters away from the turbine blade and the 

stereovision system B was placed 1.6 meters away from the blade and the fields of view of the 

cameras contain an overlapped area covered by both stereovision systems. The lights were placed 

behind the stereo camera systems pointing to the blade. In the Figure 21 it is possible to see a view 

of the stereo camera system.  

 

Figure 21 - Stereovision system A and B.  

 

Source: Author. 

 

The calibration process was performed to calibrate each individual stereovision system 

(PONTOS v6.3, 2011; ARAMIS v6.3, 2011) using a cross calibration device.  See details of the 
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cross calibration bars in the figure 2. It was performed on the effective measurement volume to 

obtain the extrinsic and intrinsic parameters for each vision system. The intrinsic parameters 

describe the properties of the camera including focal length, and lens radial distortion factors. The 

extrinsic parameters determine the relative position of the cameras with respect to one another. The 

software PONTOS obtains these parameters directly in the proper calibration test.  

In the Figure 22 is shown schematically the view of the two stereovision systems, including 

the common area viewed by both systems. The right half of the blade was covered by the 

stereovision A, while the left one was covered by the stereovision B and the common area at the 

middle of the blade was covered by both. 

 

Figure 22 - Multi-camera setup with the two-synchronized stereovision systems and their 

respective fields of view. 

 

Source: Author. 

 

The measuring points were conveniently chosen and identified by a collection of 142 

optical targets (measured points) placed on the blade. The targets were numbered in a sequential 

order, from the top-right corner increasing as it goes down and left. Part of them (104 points) is 

viewed from the stereovision A and part of them (64 points) is viewed from the stereovision B and 

the overlap area is viewed for both. In the Figure 23 is illustrated how the target points are 

numbered and viewed by the stereovision systems. 
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Figure 23 - Target points viewed by the stereovision systems A and B and their respective 

numbering. 

 
Source: Author. 

 

The points viewed by the stereovision system A are numbered from 1 to 104 and those 

points located in the overlap area (captured by the two stereovision systems) include those points 

numbered from 79 to 104 (totalizing 26 points). The points viewed by the stereovision B, including 

the overlapped area, are numbered from 1 to 64, also in a sequential order, from the top-right corner 

increasing as it goes down and left. In this case, the points located in the overlap area those 

numbered from 1 to 26. Thus, the point 79 in the displacement field A corresponds to the point 1 

in the displacement field B, the point 80 in the displacement field A corresponds to the point 2 in 

the displacement field B and so on. 

  

4.2 ACCELEROMETERS SETUP 

 

The wind turbine blade was instrumented with a set of twelve triaxial 100mv/g sensitivity 

accelerometers conveniently positioned in the structure in such way that each accelerometer has a 

corresponding measuring point in the optical system. The accelerometer sensors were used in order 

to compare the optical stitched data with a more well-established measuring system. In the picture 

present in the Figure 24 it is possible to see the triaxial accelerometers mounted through the blade, 

details of the load cell and the shaker. The twelve accelerometers were mounted through the blade 

positioned on the back view of the blade. Table 1 gives the corresponding optically points to the 

accelerometers. 
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Table 1 - Optical and accelerometers corresponding points. 
Accelerometer Optical Point 

1 139 
2 129 
3 117 

4 113 
5 109 

6 105 

7 106 
8 78 

9 73 
10 58 

11 24 
12 11 

Source: Author. 

 

Two distinct excitations were used in the pre-test, an impact hammer and a shaker.  

 

Figure 24 - a) A view showing the triaxial accelerometers locations on the blade’s back, b) zoom for a better 

understanding of how the accelerometers are attached in the blade and c) load cell and shaker location. 

 

Source: Author. 
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To align the three axes of the triaxial accelerometers to the right direction, a string was used 

tying its tips to the blade’s root and the blade’s tip, as can be seen in the Figure 25. This procedure 

is an alternative to aligning accelerometers only with naked eye, since the string direction can be 

used for a better orientation of the alignment. Even with this resource, the alignment of the three 

axes still depends on the human eye and a misalignment of a single axis may compromise the whole 

measurement. 

 

Figure 25 - String used as alternative way to align the three axes of the accelerometers. The string 

had its tips tied at the blade’s root and the blade’s tip.  

 

Source: Author. 

 

Although the alignment of the axes was apparently successful, it is not possible to measure 

the accuracy of this alignment. This demonstrates how complicated and uncertain it can be to 

perform tests on large and complex surface structures using conventional contact sensors. 

The software LMS (LMS Test.Lab 10A, 2009) was used to control the acquisition system 

of the excitation and the responses, as well as, the processing data to provide the corresponding 

Frequency Response Function (FRFs). The modal parameters of the structure were initially 

estimated by the conventional modal analysis through the FRF(s). These estimated parameters were 

used later as reference data to evaluate the capability of the output-only system identification to 

operate with stitched optically measured data. 

 

4.3 STITCHING RESULTS 

 

Two tests were carried out, firstly, a static test for a statistical and probabilistic study of the 

errors concerning of the alignment and the transformation of the point cloud source to the point 
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cloud target in the stitching process and later, a dynamic test of vibration of the wind turbine blade. 

In the first test, the wind turbine blade was in a stationary condition, which means, without any 

load or motion and in the second test, the blade was excited by an impact input. After the 

measurement, all the data were processed using the stitching algorithms discussed in the chapter 3 

implemented by the author in Matlab. 

 

4.3.1 STATIONARY TEST 

 

In the stationary test the goal was to verify the noise level of the measurement due to the 

stitching process. The test consisted of capturing a series of images of the blade without loading 

and applying the stitching techniques to reconstruct the whole structure by stitching the point 

clouds (point cloud A and B) in a reference coordinate system and to obtain the displacement field 

of all points for this stationary condition. By comparing the points position of the point cloud B 

(source) measured into the overlapped area, now transformed to the reference system A (target), 

with their corresponding into the reference system A, the calculated values must be equal (null 

displacement), since the structure was in a stationary condition without any loading. 

The stereovision systems were, as previously discussed, conveniently calibrated and 

positioned to capture the whole structure.  50 frames of the blade were captured in the test 

experiment and the analysis was performed considering that the displacement field A is the 

reference system and the points from the overlapped area of the two fields of view were used to 

obtain the transformation matrices, used to transform the points of the field B to the reference field 

A. Once the realignment of those points of the field B to the reference system was obtained, the 

points displacement of the field B, now into the reference system (field A), were estimated. The 

displacements were obtained in three directions, in the in-plane direction, X and Y and in the out-

of-plane direction, Z. 

The data from the two point clouds captured by the stereovision systems from the field of 

view A and from the field of view B were used to obtain the displacement position of each target 

point of the model. The key issue in this process is that, in the case of using two or more stereovision 

systems aiming at measuring of large or complex structure, it demands to operate the stereovision 

system in their own coordinate system. Therefore, once each set of target points was captured in a 

specific coordinate system it is necessary to represent the two captured sets of points in a common 
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coordinate system. Herein, this was carried out by stitching technique. In the stitching process the 

two point clouds were aligned in the reference coordinate system by using the SVD, PCA and ICP 

proposed algorithms. 

In the Figure 26 are presented the histograms of the out-of-plane displacement of the point 

3, belonging to the point cloud B, whose corresponding in the point cloud A is the point 81. Since 

in the stereophotogrammetry it is assumed that the measuring in this direction is three times more 

inaccurate than in-plane directions(ARAMIS v6.3, 2011; PONTOS v6.3, 2011), only the out-of-

plane direction measuring was analyzed herein. The Figure 26 shows the histograms, as well as the 

estimated probability density function of the measured data. It is possible to see that they present a 

shape of a Gaussian distribution and it would be used to provide the estimation of the expected 

errors limits in the measurement for such measuring setup. The results shown in the Figure 26 (a) 

refers to the use of the PCA algorithm transformation, (b) refers to the SVD and (c) refers to the 

ICP and the respective standard deviations were 0.0133 mm, 0.0133 mm and 0.0149 mm. 

 

Figure 26 - Histogram and distribution curve of the point 3 (displacement field B) for a) PCA, b) 

SVD and c) ICP registration techniques. 

 

Source: Author. 

 

In this stationary test (zero displacement of the structure), the errors in the measuring might 

be related to the stitching process and to the optical system noise level. The obtained errors are in 

the order of hundredth of millimeters. Assuming that, the measuring points will stay in a limit of 

±1 σ from the mean, the largest expected error in the measuring process will be ±0.0133 mm, 

±0.0133 mm and ±0.0149 mm, respectively for the use of PCA, SVD and ICP algorithms. 

The same analysis was carried out for the whole points in the overlapped area and the results 

presented the same pattern.  
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4.3.2 DYNAMIC TEST 

 

In this test, the goal was to verify the capability of the proposal to measure dynamic 

deformation of structure. The proposal was applied for measuring the vibration of the blade when 

submitted to a dynamic condition. In this test, the structure was excited with an impact hammer in 

the Z direction at the point 104 and the multi-cameras systems and measuring setup of were the 

same of the previous test (static test). The point cloud A was used as reference system (target) and 

the point cloud B (source) was been aligned to the reference system. The multicamera system, 

stereovision system A and B, captured the motion of the structure through separated piecewise 

using a sample rate of 96 frames per second. The total time of acquisition was defined by the total 

available memory in the cameras, which provided 19 seconds of time recording.  

The analysis of the data from the two point clouds captured by the stereovision systems 

from the field of view A and from the field of view B was realized frame by frame to tracking the 

movement of each target point.  In the analysis, the displacement of a target point is given by the 

difference position of the point from a frame to other and it is defined in a coordinate system of the 

own stereovision system (stereovision system A and stereovision system B). The calculation of the 

displacement was done, directly, by the 3DPT software. However, once each set of target points 

was captured in a specific coordinate system it is necessary to represent the two captured sets of 

points in a common coordinate system, which was carried out by stitching technique. In the 

stitching process the two point clouds were aligned in the reference coordinate system by using the 

SVD, PCA and ICP proposed algorithms. 

In this dynamic test the blade also was instrumented with a set of accelerometers to 

comparing propose. In the acquisition process using the accelerometers, it was used an acquisition 

sample of 128 Hz and block size of 4096 points. 

Like in the static test, initially it is presented a discussion of the measuring results of the 

points 3 in the field view A and its corresponding point 81 in the field view B in the out-of-plane 

direction. The time response displacement of the model measured at point 81 (the reference system) 

and the displacement signal of its corresponding in the field B (point 3) after stitching process are 

presented in the graphics of the Figure 27.  The figure detail shows that the measured displacements 

of the two points are practically the same. 
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Figure 27 - Out-of-plane displacements of points 81 (Stereovision A) and its corresponding 3 

(Stereovision B). 

 

Source: Author. 

 

The measured displacements of the points were also compared in a quantitative way. The 

time response assurance criterion (TRAC) was used. In this criterium, TRAC values close to 1.0 

indicate very good similarities and values close to 0.0 indicate minimal or no similarity between 

the time traces. The TRAC value obtained for this analysis is given by Equation (17).  

 

𝑇𝑅𝐴𝐶𝑗𝑖 =
[{𝑋1𝑗(𝑡)}

𝑇
{𝑋2𝑖(𝑡)}]

2

[{𝑋1𝑖(𝑡)}
𝑇{𝑋1𝑖(𝑡)}] [{𝑋2𝑗(𝑡)}

𝑇
{𝑋2𝑗(𝑡)}]

= 0.99 
(17) 

 

In the Figure 28 is shown the plot of the difference of the two displacement signals taking 

the displacement signal of the point 81 as reference. The difference of the signal at each discrete 

time point was also calculated, they present a mean difference value of 0.0130 mm and standard 

deviation of 0.0232 mm. 
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Figure 28 - Difference displacement between points 81 (reference) and point 3 (point cloud B). 

 

Source: Author. 

 

In the Table 2 are presented a comparison of the results obtained from the 3 algorithms. It 

presents the maximum and the mean error of the RMS values, as well as, the corresponding points 

at which it happens taking the measured signal in the field A with their corresponding from the 

field B. All corresponding points were analyzed and to define the error, the field A is assumed as 

reference. In the first column are presented the maximum errors and which points them occurs for 

the in-plane and out-of-plane measurement and in the second are presented the average errors. The 

results show that the out-of-plane displacement error is not greater than 66.1μm obtained with ICP 

algorithm at the point 22. It can be seen that, the PCA and SVD algorithms obtained a more precise 

result than ICP, although the difference was not so significant.  

 

Table 2 - Out-of-plane and in-plane displacements of corresponding points in the overlapped 

area.  
 Error (mm) 
 RMS (Max.) RMS (Average) 
 X Point Y Point Z Point X Y Z 

PCA 0.0208 3 0.0293 21 0.0638 22 0.0187 0.0282 0.0489 
SVD 0.0209 3 0.0292 21 0.0639 22 0.0187 0.0281 0.0490 
ICP 0.0238 26 0.0345 21 0.0661 22 0.0188 0.0331 0.0507 

Source: Author. 

 

In the Figure 29 are presented graphics of bars of the standard deviation of the error between 

each corresponding point in the overlapped area of the model. The error was calculated for the 

whole 26 points in this overlapped area, i.e., from the points numbered from 79 to 104 and their 

corresponding in the system B from the 1 to 26. 
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Figure 29 - Standard deviation of errors of the corresponding points in the overlapped area. 

 

Source: Author. 

 

In the Figure 29, it can be firstly seen that, the PCA and SVD algorithms have practically 

the same results for all directions in any measured point. As discussed in the section 2.5, the 

sensitivity in the Z direction (out-of-plane measurement) is three times higher than X and Y 

directions (in-plane measurement). A better way to see that difference qualitatively is looking at 

the maximum errors values in the Table 2 and associating them to the figure, where the maximum 

errors come from the Z direction (around 0.06 mm of error) unlike the X and Y directions (around 

0.02 mm of error). Another feature of that result is related to ICP algorithm, that has shown to be 

more sensitive to the registration technique. The ICP algorithm has the highest values for Y and Z 

directions and even in the X direction the ICP algorithm has the highest values for some measured 

points. Besides to the difficulty in dealing with registration techniques, the ICP has shown higher 

processing and time consuming, once the algorithm depends on the iterations to find the best match 

among the points. Therefore, when performing the stitching for high spatial point clouds, the PCA 

and SVD algorithms can be considered in order to have good results and fast processing. 
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4.4 DISCUSSIONS  

 

The multi-camera measurement system described in this work was evaluated and it was 

demonstrated that it is able to accurately measure deflections, deformations and vibration within 

the field of view that spans a large area of a utility-scale wind turbine blade. Although the proposed 

optical system was validated, some challenges need to be considered for improving the 

measurement process. 

The calibration method identifies the intrinsic and extrinsic parameters of the cameras and 

is crucial in obtaining accurate results. The large-area calibration method explained in chapter 2 is 

not an ideal approach to be used to large areas because it is cumbersome, and the cameras’ positions 

need to be changed after calibration is performed. The large-area calibration method is most 

convenient for an experiment in which there is no need to change the cameras’ position and the test 

structure can be positioned in front of the calibration panel after having the cameras calibrated. 

Therefore, a new calibration algorithm or calibration setup needs to be developed that does not 

require changing the position of the cameras after calibration.  

Because of the large energy consumption and heat generated, the stadium lights (1500 Watt 

metal-halide) are not recommended for prolonged testing. LED lights are recommended but are 

also more expensive. Additionally, the metal-halide lights have a 60 Hz intensity variation that can 

affect the results because of flickering in the sequence of images captured. Other than using LED 

lights, one way to overcome the flickering problem is to choose a frame rate equal to lighting pulse 

frequency divided by some integer value. However, if the frame rate is chosen to be too low, motion 

blur can occur when capturing the blade dynamic response. 

 

4.5 CONCLUSIONS  

 

In this chapter it was discussed the test bed of a wind turbine blade used to evaluate the 

feasibility of the proposal of using the stitching process to extend the capability of the digital image 

measurement system. The blade was instrumented with optical targets and also with a set of 

accelerometers for comparison purpose. 

Two different experimental tests were performed, a stationary and a dynamic test. In the 

stationary test the goal was to verify the noise level of the measurement due to the stitching process, 
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the estimated errors in the measurement were in the order of hundredth of millimeters for all three 

proposed algorithms. In the dynamic test, the goal was to verify the capability of the proposal to 

measure dynamic deformation of the structure. The proposal was applied for measuring the 

vibration of the blade excited with an impact hammer. The point cloud B was aligned to the 

reference system using the proposed algorithms PCA, SVD and ICP and the results showed a great 

TRAC value. It was calculated the standard deviation of the error between each corresponding 

point in the overlapped area of the model and the results were about 0.06 mm at Z direction. The 

ICP algorithm had the highest errors values for all measured directions. The ICP has presented 

difficulty in dealing with registration techniques and also a high processing time, since the 

algorithm depends on the iterations to find the best match among the points. 
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CHAPTER 5 – OUTPUT ONLY MODAL ANALYSIS 

 

 

 

INTRODUCTION 

 

Structural modeling is an important step for high performance and reliable operation of 

structures and equipment. The study and the correct acknowledgment of their dynamic parameters 

are necessary requirements for having the correct evaluation of the operation, as well as, the 

performance and safety indices of the models.  

Usually, the identification of the dynamic parameters of a model is done through 

experimental modal tests, which can be based in the input-output relationship of the model or, 

alternatively, based only in the response of the model, the called output only based modal analysis. 

Unlike the classical modal analysis, the output only based modal analysis allows one to obtain the 

modal parameters of the model without measuring the input forces acting on the model. The study 

of the structural behavior of the model in the later case can be considered more attractive when 

compared with conventional experimental modal analysis, since it is a good option when it is not 

possible to measure the input forces and the modal parameters of the model can be estimated using 

only the responses, avoiding the difficulties and limitation to measure the excitation of the model. 

The proposed approach of using optical displacement measurement fit these requirements 

and its use for modal analysis appears as a promising option to study and evaluate the structural 

dynamic behavior of models in laboratory or even in real operation conditions. The measured data 

from the blade discussed and presented in the previous sections was used to proceed the operational 

modal analysis of the model. The optical responses (in displacement) of the structure area were 

used in a straight way into the commercial software from LMS to estimate the modal parameters 

of the model by using the Operational PolyMAX method. All operational modal parameters 

obtained from the stitched optical data were compared to the modal parameters from the data 

measured with a more conventional measurement system (accelerometers). 
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5.1 OUTPUT-ONLY MODAL ANALYSIS BACKGROUND 

 

In the classical experimental modal analysis test the modal model consisting of 

eigenfrequencies, damping ratio, mode shapes and modal participation factors is identified from 

the measured input-output relationship. However, there are cases where it is not always possible to 

create an artificial excitation force or even measure the input that causes the vibration on the 

structure or it relies upon available environmental excitation sources such as wind, traffic and 

others. In these cases, the output is the only measured information to be passed to the system 

identification and one will be speaking in terms of the called operational modal analysis. 

In this work an output-only modal analysis system identification is evaluated to operate 

with optically stitched data, the parameters were estimated by using the Operational PolyMAX. 

The Operational PolyMAX is a frequency-domain operational modal analysis method, derived 

from PolyMAX which requires output spectra as primary data (Peeters e Van Der Auweraer, 2005). 

In case of linear invariant systems, the vibrating response of the model for any input can be 

calculated from the convolution of the impulse response function and the input excitation, while it 

corresponding spectra response is given from the Frequency Response Function (FRF) of the model 

and the corresponding input spectra (PAPOULIS, 1991; MAIA; SILVA, 1997). For a system of m 

input and n output, the spectral output matrix can be calculated by using the Equation (18). 

 

[𝑆𝑦𝑦(𝜔)] =  [𝐻(𝜔)][𝑆𝑢𝑢(𝜔)][𝐻(𝜔)]
𝐻 (18) 

 

where •H is the complex conjugate transpose (Hermitian) of a matrix. 

The n x n output spectra matrix [S yy (ω)] and m x m input spectra matrix [Suu(ω)] of a 

system are related through the FRF matrix [H(ω)]. The well know modal decomposition of the FRF 

matrix [H(ω)] is the key point of the parameters of the systems, Equation (19). 

 

𝐻(𝜔) =∑
{𝑣𝑖} < 𝑙𝑖

𝑇 >

𝑗𝜔 − 𝜆𝑖
+
{𝑣𝑖

∗} < 𝑙𝑖
𝐻 >

𝑗𝜔 − 𝜆𝑖
∗

𝑛

𝑖=1

 (19) 
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Where n is the number of modes, •* is the complex conjugate of a matrix, •H is the complex 

conjugate transpose (Hermitian) of a matrix, vi are the mode shapes, 𝑙𝑖
𝐻 are the modal participation 

factors and 𝜆𝑖 are the poles, which are occurring in complex-conjugated pairs and related to the 

eigenfrequencies ωi and damping ratio ξi  as follows: 

 

𝜆𝑖, 𝜆𝑖
∗ = −ξ𝑖ω𝑖 ± 𝑗√1 − ξ𝑖

2ω𝑖 (20) 

 

In the case of operational data, the output spectra are the only available information and the 

deterministic knowledge of the input is replaced by the assumption that the input of the model is 

white noise. A property of white noise is that it has a constant power spectrum. Hence, it can 

redefine the output spectra substituting the Equation (19) into (18). Now, taking the fact the 

[𝑆𝑢𝑢(𝜔)] is constant and consequently with no changes in the frequencies, one can write the modal 

decomposition of the output spectrum matrix, Equation (21).  

 

[𝑆𝑦𝑦(𝑗𝜔)] =∑
{𝑣𝑖} < 𝑔𝑖 >

𝑗𝜔 − 𝜆𝑖
+
{𝑣𝑖

∗} < 𝑔𝑖
∗ >

𝑗𝜔 − 𝜆𝑖
∗ +

{𝑔𝑖} < 𝑣𝑖 >

−𝑗𝜔 − 𝜆𝑖
+
{𝑔𝑖

∗} < 𝑣𝑖
∗ >

−𝑗𝜔 − 𝜆𝑖
∗

𝑛

𝑖=1

 (21) 

 

Where 𝑔𝑖 are the so-called operational reference factors, which replace the modal 

participation factors, in cases, where only the output data are available. Their physical 

interpretation is less obvious as they are function of all modal parameters of the system and the 

constant input spectrum matrix. In the Equation (21) the order of the power spectrum model is 

twice the order of the FRF model. Now, the goal of the Operational Modal Analysis is to identify 

the terms of (21) based on the output spectra obtained from the measured output data. For detailed 

formulation of the methods, see (PEETERS; VAN DER AUWERAER, 2005). 

 

5.2 MEASUREMENT SETUP  

 

The modal parameters of the cantilevered blade were initially estimated through a 

conventional modal analysis test using initially shaker and later an impact hammer to excite the 

structure. A set of twelve 100mv/g sensitivity accelerometers was used for responses measurement. 
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They were conveniently positioned on the structure as close as possible of each corresponding 

measuring point used in the optical measuring system. In the Figure 30 is shown a sketch of the 

location of the optical measured points and the accelerometers on the blade, as well as, the position 

of the shaker.  

 

Figure 30 - Representative diagram of the accelerometers’ position related to the optical targets. 

 

Source: Author. 

 

 Several pre-tests were performed in order to gather better understanding of the behavior of 

the model to define the whole setup. It was carried out two major tests, a using the shaker and other 

using the hammer impact excitation. In the analysis using the shaker to excite the model, the shaker 

was mounted on the back’s blade close to the 16th optical target. Between the blade and the stinger 

was placed an impedance head (force/acceleration). All accelerometers were aligned to let their 

axes aligned with the axes of the optical targets. Although the alignment of the axes was apparently 

successful, it was not possible to measure the accuracy of this alignment. In the Figure 31 is shown 

the blade and the connected accelerometers and also the axes orientation. 
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Figure 31 - Coupling between shaker and blade and accelerometers axes orientation. 

 
 Source: Author. 

 

In the test using the shaker, the experiment was performed with a 90% burst random 

excitation signal, bandwidth of 100 Hz, 4096 spectral lines and 50 averages. In the Figure 32 are 

shown the time signal of excitation of the structure and its spectrum and also a typical response 

measured with the accelerometers and its spectrum.  The signal shown in the figure was measured 

by the accelerometer of number 8. All results are presented for the Z axis. 
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Figure 32 - Shaker input signal excitation and the response measured by accelerometer 8, Z 

direction. 

 
Source: Author. 

 

In the impact test, the excitation was carried out by using an instrumented impact hammer. 

The input excitation was applied in the back of the blade, close to point 8. The acquisition system 

was set to run the measurement to a bandwidth of 64 Hz, 2048 spectral lines and 10 averages. In 

the Figure 33 are shown the time input signal and its spectrum and also the response measured at 

point 8 and its spectrum, in the Z axis. 
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Figure 33 - Input impact excitation and the response measured by accelerometer 8, Z direction. 

 
Source: Author. 

 

Once the results were obtained, they were stored for further comparisons. 

 

5.2.1 ESTIMATED REFERENCE MODAL PARAMETERS 

 

The estimating of the modal parameters of the model in this section aims to identify the 

parameters of the modal using the conventional modal analysis test based in the measured input-

output relationship in order to provide the necessary insight of the model and to define the reference 

parameters that will be used to evaluate the optical measuring proposal approach for modal analysis 

purpose.  The parameters of the model were estimated using both, the FRF(s) from the impact and 

shaker tests. It was used PolyMax method from LMS package software. The choice of the 

PolyMAX method was defined since it is considered an accurate and accepted method for modal 

analysis (PEETERS et al., 2004; PEETERS; VAN DER AUWERAER, 2005). In the Table 3 are 

shown the values of the estimated parameters (frequency) for the first modes of the model and in 

the Figure 34 are plotted the modes shape of the model.  
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Table 3 - Estimated frequencies from accelerometer data using the PolyMAX method, impact and 

burst excitation. 
 Burst Impact  

Modes Freq. (Hz) Diff. (%) 

1 5.59 5.59 0 
2 15.87 15.91 0.25 
3 26.05 26.06 0.03 

 
4 36.34 36.36 0.05 

Source: Author. 

 

Figure 34 - FRF in the point 8, Z direction and the estimated mode shapes. 

 

Source: Author. 

 

In the figure are shown modes estimated only from the impact test data since the results 

from the impact and shaker tests are equivalent, it was decided to use impact test in the discussion. 

The comparison of the models from the impact and shaker data presented full correlation (MAC-

values equal 1). 
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5.3 OPERATIONAL MODAL ANALYSIS  

 

The output-only system identification was, initially, used to estimate the parameters of the 

model by using data obtained from the conventional measurement sensor, i.e. the set of responses 

measured with accelerometers. In a second step it was used the optically measured responses data 

by using the cameras system. In both analysis it was used the Operational PolyMax algorithm from 

LMS software package.   

 

5.3.1 OPERATIONAL MODAL ANALYSIS USING ACCELEROMETERS DATA 

 

In order to have a clear evaluation of the capability of the optically proposed approach, it 

is being used for dealing with operational data, initially, the data measured with the established 

measuring system (accelerometers) used in the modal analysis of the previous section will be taken. 

In this case, only the responses measured with the accelerometers will be used to estimate the 

parameters of the model aiming at evaluating, not only the consistency of the set of data, but the 

capability of the only-output algorithm.  

In the Table 4 are presented the estimated frequencies and the difference of them when 

compared with the reference data defined from the ordinary modal analysis. 

 

Table 4 - Estimated frequencies and the comparison of them with the reference data. 

 Reference Op. PolyMAx  

Modes Freq. (Hz) Diff. (%) 

1 5.59 5.58 0.17 

 
2 15.91 15.89 0.12 

 
3 26.06 26.02 0.15 
4 36.36 36.26 0.27 

 
Source: Author. 

 

The correlation of the estimated modes with the reference modes (input-output based 

modes) was also calculated.  In the Table 5 is given the matrix of MAC-values of two estimated 

models. 
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Table 5 - Modes correlation (MAC values matrix) between estimated and reference mode shapes. 

1.000 0.018 0.018 0.006 

0.016 1.000 0.025 0.008 

0.017 0.019 1.000 0.025 

0.020 0.017 0.025 1.000 

Source: Author. 

 

The comparison confirms that the output-only system identification gives a good estimation 

of the modal parameters of the model, in the frequency range analyzed, using only the measured 

responses. Thus, it is expected that the PolyMax algorithm will operate with the stitched optically 

data and the results will depend only of the quality of data.   

 

5.3.2 OPERATIONAL MODAL ANALYSIS USING OPTICALLY MEASURED DATA 

 

In this section is presented the operational modal analysis of the structure using the optically 

measured data. The purpose, as being discussed, is to compare the results with the ones estimated 

from the accelerometers measuring system to verify the capability of the output-only identification 

system to operate with optically stitched data. 

The parameters of the model were estimated directly from the displacement data measured 

in dynamic test (section 4.3.2). The data, as discussed in the section, were obtained through the use 

of the stereophotogrammetry in conjunction with 3DPT technique and the proposed stitching 

process used to join the two point clouds. The structure was excited by using an input impact and 

the stereovision system was conveniently positioned to capture the motion/movement of the whole 

set of optical targets points aiming to give the complete field of displacement of the model, i.e., the 

displacement of a total of 142 points in order to take a spatial mapping of the structure.  

In the Figure 35 is shown the time response of the model and its spectrum, measured at 

point 78, which is equivalent to the position of the accelerometer number 8. 
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Figure 35 - Response of the model measured at optical target 78 and its spectrum, Z direction. 

 
Source: Author. 

 

The Operational PolyMAX method was used in the analysis.  In a first moment, it was 

conducted by using only those measured points where their positions are the same of the 

accelerometers, totalizing 12 positions, which allows a more direct comparison of the models. The 

time displacement responses optically measured were used directly to feed the software in an easy 

and straight way.  

In the Table 6 are shown the estimated natural frequencies obtained with Operational 

PolyMAX method and the respective differences in relation to the reference parameters. 

 

Table 6 - Frequencies comparison between Operational PolyMAX and reference data with stitched 

optical data. 
 Reference Op. PolyMAx  

Modes Freq. (Hz) Diff. (%) 

1 5.59 5.66 1.25 
2 15.91 16.10 1.19 

 
3 26.06 26.40 1.30 
4 36.36 36.73 1.01 

Source: Author. 

 

The modes shape of the model, estimated taking only the responses at those points 

corresponding to the accelerometers position are shown in the plots of the Figure 36.  
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Figure 36 - Mode shapes of the model using a reduced measuring points. 
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In the figure is shown the modes shapes in isometric perspective view, top view and the 

first edgewise and bending mode also presents a third view, the lateral one. 
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The qualitative comparison of the modes through the Mac-values analysis in this case was 

compromised since the accelerometers position in the back of the blade was not so well aligned as 

expected and, which possibly will lead to some misalignment between points. Therefore, the 

comparison was only visual, as can be seeing the four estimated modes are the same in the two 

analyses and present a good visual correlation. After this previous analysis, the modes were 

estimated by using the whole 142 points which leads to a spatial mapping of the structure. The 

plots of the Figure 37 show these modes. 

 

Figure 37 - Mode shapes of the model using all measuring points. 

 

Source: Author. 

 

 The operational modal analysis of the blade model using the data measured with 

accelerometers and with the stereovision cameras system was presented and the parameters were 

compared aiming to evaluate the proposed stitching optically measuring approach to be used for 

operational modal analysis purposes. The comparisons of the obtained results with the more 

conventional measuring system have been shows promising. 
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5.4 CONCLUSIONS 

 

In this chapter the proposed methodology was applied to an output-only modal analysis of 

the wind turbine blade. First, it was presented a brief background of output-only modal analysis. 

Later, the experimental setup is presented showing the position of the sensors, accelerometers and 

optical targets. Some pre-tests were discussed in order to better understand the structure behavior 

and to setup the equipment. The estimating of the modal parameters was initially made by means 

of the conventional modal analysis test based on the measured input-output relationship.  It was 

used in order to provide the necessary insight of the model and to define the reference parameters 

that would be used to evaluate the optical measuring proposal approach.  

The output-only system identification was, initially, done using data obtained from the set 

of accelerometers. The comparison with the reference parameters confirms that the output-only 

identification process gives a good estimation of the parameters of the model, in the frequency 

range analyzed.  In a second step the identification was based on the optically measured data, the 

blade was excited by the hammer impact and the multi-camera system captured the blade’s 

movement and the stitching process was used to create a unique point cloud of measured points. 

These measured points were used to estimate the parameters of the model and the estimated modes 

shape were correlated with their corresponding points in the accelerometer test model (12 

positions) to evaluate the results.  
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CHAPTER 6 – REMARKS 

 

 

 

In this study a measurement technique based on a multi-cameras 3D digital image 

correlation system for the measurement of displacement of large and complex structures is 

proposed and verified experimentally. This research contributes to the goal of developing a 

dynamic testing system that can monitor the condition of a large and complex structure in static 

and dynamic tests. Unlike most conventional SHM sensing systems, that, generally, provide only 

discrete measured points and also could lead to high costs due to the assembling test which involves 

wires, data transmission, power requirements, etc., the proposed imaging system enables large 

displacement fields’ measurements over the entire surface of the structure. To achieve these results, 

a system made of synchronized cameras sets is proposed, and the individual field of views recorded 

are stitched together to obtain the full-field displacement of the structure being tested. The structure 

test was a ~2.3-meter long wind turbine blade. A system made of two independent stereovision 

systems was used to evaluate the proposal; however, the concept can easily be applied to multi-

camera systems embedding more stereovision devices. The two synchronized systems enable to 

cover an area having dimensions of approximately 2.5 x 1 m. 

Two different experimental tests were performed, a stationary and a dynamic test. In the 

stationary test the noise level of the measurement due to the stitching process were in the order of 

hundredth of millimeters. In the dynamic test, the vibration of the blade excited with an impact 

hammer was measured and the calculated standard deviation of the error between each 

corresponding point, in the overlapped area of the model, were in the order of 0.06 mm at Z 

direction (out-of-plane). The z direction, in the stereophotogrammetry techniques, is assumed to 

be more inaccurate than the others in-plane directions 

The algorithms used in the realignment of the displacement field A and B in order to create 

a global displacement field of the whole structure, PCA and SVD algorithms had practically the 

same results, therefore, a more detailed study must be conducted in order to understand their 

advantages and limitations. In the series of laboratory tests, ran during modal analysis experiment 

of the wind turbine blade, the multi-cameras 3DPT system has been shown to be able to detect in-

plane and out-of-plane displacements as low as 0.013 mm. 
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With regard to the modal tests performed on the blade, the multi-camera system has 

demonstrated its capability to be used in the output-only modal analysis. In the test, the first four 

natural frequencies, as well as, the modes shape of the blade were estimated. The frequencies were 

measured with maximum error of 1.3%.  Although the proposed optical system has the potential 

of streamlining tests on structures, the practical implementation of a continuous monitoring system 

with the system used in this study, still faces many challenges. 

The main challenges that deserve attention to be improved are the calibration process and 

the lighting system since the large area calibration method used in this experiment is cumbersome 

and needs to be streamlined. Concerning to the lighting, it depends on the environment and needs 

to be adequate with sufficient intensity to illuminate the structure uniformly, however, the lighting 

system can heat the structure and, consequently, modify the model compromising the 

measurement. With these challenges overcame, a fully optimized system would have the potential 

to replace the use of currently used instrumentation that is routinely used during the tests in 

laboratories and companies, thereby lowering costs and time of the experiment while providing a 

larger set of displacement information.  

 

6.1 SUGGESTIONS FOR FUTURE WORKS 

 

From this work, it is possible to analyze and define a few new goals for future research in 

order to improve the current results and also explore new applications: 

• An auto-calibration or a self-calibration method that accounts for any subtle motions 

of the cameras relative to each other could be developed. 

 

• Seeking for cameras and lenses with better light sensitivity, since illumination of 

the structure for a sustained period could compromise the test due to structure 

heating. 

 

• The stitching algorithm could be improved in order to operate with no pre-defined 

location points. The full point clouds would be inputted, and the algorithm would 

find the corresponding points and align the two point clouds automatically. 

 

• The approach considered relied on data capture and post-processing, however, if 

real-time processing is of interest, the software should be modified. 

 

• Finally, to apply the methodology in a real structure.  
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