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In any infrastructure project, monitoring and managing the built assets is an 

important task. Structural Health Monitoring (SHM) is meant for continuous assessment 

of safety and serviceability of a structure and its elements. SHM has taken a leading role 

in the field of structural engineering and has become very popular in recent age. Bridge 

deflection is the basic evaluation index to examine the health status of a bridge structure. 

The existing bridge monitoring systems have several drawbacks. Hence, a new 

methodological approach has been proposed to overcome the limitations of traditional 

contact-based bridge deflection monitoring system and other non-contact based system.  

This study developed a non-contact linear feature based Deflection Monitoring System 

(DMS) using Terrestrial Laser Scanning (TLS) and cameras for timber railroad bridges. 

The process and detailed workflow of building the DMS, its components and sensors 

involved are discussed here. The efficiency of this DMS is validated against a 

deflectometer.  
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CHAPTER 1 

INTRODUCTION 

          Structural Health Monitoring (SHM) is meant for continuous assessment of safety 

and serviceability of a structure and its elements. It is very crucial to build a reliable health 

monitoring system of civil structures to learn the structure condition, detect damages, 

ensure public safety, maintain functionality, determine the potential future risk to safety, 

increase the longevity of the structure, reduce the structural maintenance cost and to take 

the preventive action well before the fatal damage is caused. A SHM system is typically 

used for collecting data to obtain the quantitative information of the structure which is 

required to improve the qualitative assessment. A reliable SHM system should be capable 

of identity and locate the damage and its severity and also analyze its consequences on the 

residual life of the structure (Silkorsky, 1999). Implementation of Structural Health 

Monitoring (SHM) system is very crucial in order to identify the damages and take proper 

action before fatal damage is caused. Also, it has a direct impact on the reduction of the 

operating cost. 

          Various factors like deterioration, lack of quality control, external factors such as 

environmental load, temperature, humidity and many more may cause malfunction to the 

structures like bridges, dams, pipelines, heritage buildings, pavements and others. The 

authors Biezma and Schanack have pointed out mainly six factors behind the cause of the 

bridge failure. Those are Natural disaster and warfare; Accidental collision and 

overloading; Inadequate design of structure; Washout; Inadequate construction and  
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management; and Inadequate inspection and maintenance (Biezma & Schanack, 2007). 

These factors lead to increased deformations over time and this results in the need for SHM 

of structures to ensure its safe operation.  

SHM involves various fields such as civil engineering, geomatics, transportation 

engineering and computer engineering area such as pattern recognition and algorithm 

design which makes it a highly interdisciplinary area of research. In the past three decades, 

SHM has been applied to the health monitoring and maintenance of grand bridges all over 

the world. 

Timber railroad bridges are important part of transportation system. Safety 

monitoring is quite necessary for timber railroad bridges and deflection measurement is a 

crucial part in the process of bridge safety monitoring. Deflection is the key index 

parameter in bridge health monitoring that judges the vertical stiffness, load-bearing 

capacity, and integrity of the bridge. The deflection limits for bridges are mostly decided 

by the comfort criteria i.e. vibrations and overall movement under live load. If the 

deflection crosses the specified limit of the bridge design, it can increase the risk of fatal 

damage and even the bridge can collapse at any time which eventually could be a serious 

threat to people live and could lead to a loss of property.  

Suboptimal condition of bridge infrastructure can lead to safety and security issue. 

Lack of maintenance and monitoring of bridge structure can be a disaster, for example, the 

collapse of the Mianus River Bridge in 1983 (Balageas, 2010), collapse of the I35W 

Mississippi River Bridge (l-2) in 2007 claimed 14 lives and collapse of FIU bridge in 2018 

resulted in 6 deaths and 9 injuries (Figure 1).  Load and condition rating of bridges form 

an essential part of Structural Health Monitoring. Several studies have been conducted by 
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the researchers to evaluate and rate the condition of existing timber railroad bridges based 

on analytical methods, field load tests and laboratory load tests. There are several 

techniques available to monitor the deflection of bridge structures. This includes installing 

traditional sensors and targets or reference points on the bridges. However, the techniques 

that need access to the bridge causes safety concerns due to hazardous condition of the 

structure and also it requires high manual intervention. In addition, typically the deflection 

could be measured only on certain fixed points where the sensors are installed. To 

overcome the limitation of conventional contact sensors, non-contact methods are being 

used in recent times as an alternative for structural deformation monitoring. 

 

 
 

 

Figure 1: (left) Collapse of I35W Mississippi River Bridge; (right) Collapse of Mianus River Bridge; 

(bottom) Collapse of FIU bridge 

(Source: Photograph from Google) 
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CHAPTER 2 

BACKGROUND AND LITERATURE 

Bridge deflection is one of the main measuring parameter for assessing the real 

condition of a bridge structure and it is important to monitor deformation in order to assure 

its safety (Abir, et al., 2016). Geotechnical measurements and geomatics based survey are 

two main techniques available traditionally for bridge deflection monitoring. In 

geotechnical survey, deformation is being monitored by using extensometer, tilt meter and 

micrometer whereas theodolites, electronic distance measurement (EDM) devices, GNSS 

and remote sensing are being used for geomatics based survey (Handayani, et al., 2015). 

The structure condition can be evaluated by visual inspection as a first step of the 

maintenance and monitoring process. But visual inspection is both laborious and time-

consuming job. Moreover, it requires more experienced and skilled personnel to inspect 

the structure in order to get a better accuracy. In some cases, it is not feasible to visually 

inspect the underground or underwater structures due to its inaccessibility. The limitations 

of visual inspection method can be avoided by an inspection robot with embedded sensors 

and CCD camera. There are various traditional electronic contact sensors commercially 

available for several SHM applications and measuring the bridge deflection. The 

conventional ways of bridge deflection measuring systems includes dial gauges, level 

gauge, acceleration sensors, displacement sensors (Park, et al., 2005) and linear-variable-

differential transformers (LVDTs) which give an accurate result but those systems are  
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mostly manually operated and hence expensive; also, the maintenance cost is high. A 

detailed description of LVDT operation can be found in Doebelin (Doebelin, 1990). Level 

gauge and displacement meters are mostly used for measuring the static deflection and not 

effective for the continuous dynamic measurement (Tian & Pan, 2016). Accelerometer is 

another conventional technique extensively used for measuring dynamic displacement of 

structures. Though it provides high sensitivity data with low noise by measuring 

acceleration in three mutually perpendicular axes (x, y, and z) (Kessler & Spearing, 2014), 

performance assessment of a bridge based on acceleration measurement is difficult. 

Different types of strain sensors have been deployed in the structure for measuring 

the deformation in several studies (Inaudi, et al., 1998; Hampshire & Adeli, 2000; Leung, 

2001; Vurpillot, et al., 1996). Fiber Optic Sensor (FOS) technology is a substitute for 

traditional electronic sensors which has been widely used in the field of health monitoring 

of civil engineering structures (Uttamchandani, 1994; Casas & Cruz, 2003; Li, et al., 2004). 

Beddington Trail Bridge in Alberta, Salmon River Bridge in Nova Scotia, Taylor bridge in 

Manitoba are few examples of the application of fiber optic sensors to bridge structures 

(Tennyson, et al., 2001). FOS sensors are typically installed on the engineering structures 

in order to continuously transmit the deflection data. However, the cost is too high and 

installation of sensors is a challenging job. Brillouin FOS is an exception to the general 

FOS technology in terms of cost; it is cost-effective and shares almost the same advantages 

of general FOS (Bastianini, et al., 2007). Kang et al. have conducted a study where carbon 

nanotube strain sensor has been used for the health monitoring of large structures (Kang, 

et al., 2006). Despite of having a low sensitivity, this strain sensor shows linear symmetric 

strain response under static and dynamic strain. Limited range is a big challenge for most 
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of the existing strain sensors. Safety assessment of the structure is mainly based on the 

maximum deformation measured in a fixed location which enforced the installation of a 

large number of sensors in the structure and as a consequence, the data processing job 

becomes more tedious (Park & Lee, 2007). 

Though these commercially available contact sensors are deployed physically on 

the bridge structure for measuring the deflection, mostly they are well suited in laboratory 

environment. Not only because it is a strenuous job of deploying sensors on structures but 

also it is not practical to install the instruments where the part of the structure is not 

accessible. Moreover, in case of destructive testing, there is a chance to lose expensive 

instruments like LVDT. So, it is always recommended to remove the sensor before the 

complete failure of the structure. In that case, deflection measurement in critical points can 

be missed.  

Global Positioning System (GPS) is used by many researchers in recent years for 

serviceability monitoring of civil structures as a non-contact geomatics based survey 

(Handayani, et al., 2015; Meng, et al., 2011). As GPS collects three-dimensional data, it 

has potentiality of measuring real-time 3D absolute displacement of the structure (Kessler 

& Spearing, 2014). Though it has ability to measure both magnitude and frequency of 

structural deflection, it has its own limitations including erroneous sources, multipath, 

cycle clips and slow sampling rate (Meng, et al., 2011; Amin & Akib, 2003). Koo et al. has 

conducted a study to measure the longitudinal, vertical and lateral movements of a 3-span 

suspension bridge using an automated Total Position System with fifteen reflectors 

installed on the structure (Koo, et al., 2013). 
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The limitations of contact sensors can be avoided using photogrammetry technique 

and Terrestrial Laser Scanning. The following section review the literature on use of 

photogrammetry and laser scanning for various structural health monitoring applications.  

Digital photogrammetry has several advantages over conventional contact sensors 

for structural health monitoring. It is a non-contact, non-destructive technique which 

requires less manual intervention than traditional sensors and does not require any 

involvement of professional surveyors. It provides deflection measurements with high 

accuracy and efficiency. Even for destructive testing, only set of inexpensive targets can 

be lost on complete failure of the structure but deflection of critical points can be measured. 

Not only the deformation and movement, velocity, acceleration and frequency of an object 

can also be measured due to rapid data acquisition (Atkinson, 1980). Measurements can be 

taken from difficult-to-access bridges without even touching the structure and three-

dimensional information can be gathered within a very short span of time (Jauregui & 

White, 2005). Photogrammetry has a wide application in the fields of industry, 

biomechanics, chemistry, biology, archaeology, architecture, automotive etc. (Fraser, 

2000), in bridge engineering including crack analysis (Bales, 1985), vertical deflection 

measurements (Jáuregui, et al., 2003; Jiang & Jauregui, 2007; Uhl, et al., 2011) and in both 

vertical and horizontal deformation measurements (Cooper & Robson, 1990; Fraser & 

Riedel, 2000).  

Photogrammetry is a technique where measurements are taken from perspective 

photographs or images of an object captured from at least two camera positions. Three-

dimensional measurements can be made from two-dimensional information of images in 

photogrammetry. The limitations of traditional surveying methods and contact based 
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sensors can be avoided by photogrammetry technique as it does not require to obtain 

information or measurements from the object directly. In some cases, acquiring data 

directly from object is costly, impractical and it is even possible that the part of an object 

or scene might be difficult to access physically for taking measurements. Due to all these 

limitations photogrammetry has gained a popularity over traditional survey methods from 

past few years. Based on the camera location, photogrammetry can be classified as Aerial 

Photogrammetry and Terrestrial (or Close-Range) photogrammetry. In case of aerial 

photogrammetry, photographs are taken from high precision camera mounted on aircraft, 

drones or UAVs whereas unlike the terrestrial photogrammetry where the camera position 

is fixed on ground. When the distance between the object and the camera is in range of 4 

inch to 330 ft., it is defined as close-range terrestrial photogrammetry (Moffitt & Mikhail, 

1980). In close range digital photogrammetry, objects are measured directly from the 

images taken by camera at close range (Atkinson, 1996; Fraser, 1996). The whole 

photogrammetry procedure can be achieved in three steps: 1) planning and taking 

photographs; 2) processing the photographs and 3) taking measurements from the 

photographs (Hilton, 1985). During the planning phase of the procedure, reflective 

reference targets or control points are needed to be set up for the registration of images. 

Camera calibration is an important task to be accomplished before taking the actual 

photographs in the field (Leitch, 2002). Camera needs to be calibrated for determining the 

true camera parameters (interior orientation of camera) such as calibrated focal length, 

principal point offset, radial and tangential distortion and image resolution. The true 

camera parameters describe the metric characteristics of the camera and are needed for 
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correcting lens distortion, measuring the size of an object in world units, or determining 

the location of the camera in the scene.  

 

 

Figure 2: The central perspective projection 

 

In photogrammetry, the external orientation consists of locating the perspective 

center of each bundle of rays in the global coordinate system of the camera positions at the 

moment of exposure. Figure 2 shows the central perspective projection where XO is the 

perspective center. Exterior Orientation (EO) parameters consists of six parameters, three 

representing the spatial position coordinates (X, Y and Z), and three representing the axis 

orientation angles (ω, ϕ and κ, rotation with respect to X, Y and Z axis respectively). 

Subsequently, the collinearity condition equations require that the camera perspective 

center (point XO), an arbitrary point in the 2D image xa (xa, ya) and the global spatial 

position of this point on the surface of the object XA (XA, YA, ZA) are located on a straight 
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line (Figure 1). Using the space resection problem in photogrammetry, the 3D position of 

a point on the object´s surface can be obtained by intersection, after measuring the 

corresponding image coordinates of the point on two images (Luhmann, et al., 2006). 

Krauss has mentioned about bundle adjustment triangulation method that allows the direct 

computation of the relations between 2D image coordinates and 3D object coordinates 

(Krauss, 2007). 

There exist several applications of digital photogrammetry in metrology task 

including testing of concrete slabs (Woodhouse, et al., 1999), coal dredger deformation 

(Fraser & Shortis, 1995), pavement deformation (Mills, et al., 2001) and thermal 

deformation of steel beams (Fraser & Riedel, 2000). Close-range photogrammetry 

(Jáuregui, et al., 2003) have been widely used from past few years in the field of structural 

health monitoring and gained a huge popularity. Though photogrammetry is being used for 

deformation monitoring from the year 1970, the system became more feasible from 1990 

upon commercially availability and rapid development of digital image acquisition and 

computer vision system (Jiang & Jauregui, 2010). Researchers are making a great effort to 

make this measurement system more accurate, efficient and cost-effective from past 

several decades of years. A detailed literature review on application of close-range 

photogrammetry over the span of 20 years, from 1985 to 2003, in the field of bridge 

engineering including deformation and structural test monitoring and historic 

documentation has been published by Jiang et al. (Jiang, et al., 2008). Leitch has conducted 

a study on the application of close-range photogrammetry for measuring bridge 

deformation under dead and live load condition in three phases: testing a steel beam in 

laboratory environment, evaluating a pre-stressed concrete grinder bridge in dead load 
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condition and testing a non-composite steel girder bridge under live load condition. During 

his investigation, he has performed parametric studies including camera calibration, targets 

layout etc. and the measurements results from photogrammetry have been compared with 

measurements from conventional contact sensors including dial gauge, level rods and strain 

gage data. Two sets of photographs were taken for measurement in dead load condition, 

one set was used for measuring the un-deformed position and the other one was used for 

deformed position under dead load. The range between camera and the mounted targets 

was set to 60 ft. approximately. Low lighting condition has been reported which cause the 

identification of targets in the photograph more difficult (Leitch, 2002). Researchers have 

found four ways of achieving better photogrammetric accuracy through their study: 1) 

control points should be well distributed all over the structure; 2) double-sided targets 

shows better result than single-sided targets; 3) camera-to-object distance should be closer 

and 4) lighting condition in the study area should be good for easier identification of control 

points in the photograph during data processing phase (Jáuregui, et al., 2003). Measuring 

of local buckling deformations in a curved, steel box-girder bridge using stereo-metric 

camera has been documented by Scott. In his study, 1800 targets were used for 

measurement purpose, however total of 4000 targets were attached to the structure. An 

accuracy of 0.2 mm (0.008 in.) has been reported with photogrammetric measurement but 

the stereo-metric camera is more expensive than dial indicators (Scott, 1978). Traditional 

metric cameras are customized and especially built for photographic measurements that 

makes the system highly expensive. In recent times, expensive Charge Coupled Device 

(CCD) image sensors were being replaced by the less expensive Complementary Metal 

Oxide Semiconductor (CMOS) sensors in high-end cameras which expand the application 
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of close-range photogrammetry in bridge measurement. CMOS sensor has many 

advantages over CCD sensor including lower price, higher speed, use less space and energy 

(Jiang & Jauregui, 2010). 

Various bridge applications have been reported by Bales using close-range 

photogrammetry which includes finding delamination in a reinforced concrete bridge deck, 

deflection of a rail bridge caused by thermal effects, deflection in three-span continuous 

steel bridge under dead load caused by the weight of the concrete deck on the girders 

(Bales, 1985). A comparison study of deflection measurement result between 

photogrammetry and conventional level has been reported by Bales in the study. A 

photogrammetric system was developed by Kim for monitoring deflection of the Sturgeon 

Bay Bridge in Wisconsin (Kim, 1989). Establishment of control points has been recorded 

as a problem for this bridge. Johnson reported a study on measuring the geometry of the 

Waldo–Hancock Bridge in the state of Maine using digital photographs taken with a Kodak 

DCS series camera from a low-flying helicopter (Johnson, 2001). Circular targets and 

Global Positioning System (GPS) were used for control purposes. Nastasia has conducted 

a study on automated digital close-range terrestrial photogrammetry system for highway 

design and maintenance where automatic points correspondence has been used instead of 

manual correspondence and this automated process improves the efficiency of 

photogrammetric system to a great extent. The system was built with a high-resolution 

camera mounted on a total station (Nastasia, 1998). Close-range photogrammetry shows 

good results not only for static deflection measurements, but also it has a great potentiality 

to perform real-time monitoring of structures i.e. dynamic measurements (Li & Yuan, 

1988; Weiqian, et al., 1990; Olaszek, 1999). Digital Image Correlation has been recorded 
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as a promising technique by many researchers for bridge deflection measurements 

(Yoneyama & Ueda, 2012; Kwak, et al., 2013; Lu, et al., 2016). These conventional 

photogrammetric techniques require control points to be established on the structure for 

metric applications and accessing the bridge structure to install the targets is a challenging 

job.  

In recent years, conventional contact sensors for deformation monitoring have been 

replaced by a new laser scanning technology in the field of structural health monitoring 

called Light Detection and Ranging (LIDAR). 3D laser scanning is a non-contact, non-

destructive technique where a dense three-dimensional data of structure can be acquired in 

a very short span of time without even touching the structure. This technology digitally 

captures fine details of structure using a line of laser light. The captured data appears as 

millions of points called a ‘point cloud’. Data acquisition is very fast using 3D laser scanner 

and it can gather up to 750,000 points per second with high precision (to ±.0005″) and 

records position (X, Y and Z), intensity, and color (RBG). Using specialized software, the 

3D point cloud data can be used to generate CAD model for further analysis of the 

structure. The use of LiDAR technology has begun in 1960 in several studies including 

atmospheric composition, surveying, law enforcement, etc. By using 3D laser scanning 

technology along with GPS, a fully geospatially referenced data set can be acquired which 

can be used for direct measurement of change. 3D laser scanning has several applications 

in the field of urban planning (Priestnall, et al., 2000; Zhou, et al., 2004) and forestry 

(Kimes, et al., 2006).  

In case, the 3D laser scanner is set up on ground near the structure within a range 

of approximately 350 meters, is referred as Terrestrial Laser Scanning (TLS). TLS has 
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many applications in the field of heritage mapping (Yastikli, 2007), topographic survey 

(Lague, et al., 2013), transportation (Jaselskis, et al., 2005), pavement monitoring (Li, et 

al., 2010), assets inventory (Gong, et al., 2012), hazard assessment (Biasion , et al., 2005) 

and structural health monitoring (Park & Lee, 2007) etc. Although TLS does not provide 

very adequate data for deformation measurement due to its low precision individual sample 

points, but 3D modelling of the structure or surface model from TLS point cloud has been 

recorded as very effective for observing and determining the change of the structure.  

Gordon et al. has conducted a study to measure bridge deflection of timber and 

concrete beams. The measurement was done by modelling the deflected surface into a 

cubic polynomial and the final results were compared with photogrammetry (Gordon & 

Lichti, 2007).  A point-surface based method using TLS has been proposed by Truong-

Hong and Laefer to calculate the difference in elevation of a bridge girder at unloaded and 

loaded conditions. The accuracy of this technique has been validated with Loughbrickland 

Bridge in Northern Ireland (Truong-Hong & Laefer, 2014). Lee and Park used TLS to 

estimate deformed shape of a simply supported steel beam structure subjected to a 

concentrated load. The performance of this deformation monitoring system has been 

validated by comparing result with measured deflection from linear variable differential 

transducers (LVDTs) (Lee & Park, 2008). Olsen et al. used TLS for monitoring 

deformation, volume change and crack location (Olsen, et al., 2010). Zogg and Ingensand 

has conducted a study using TLS to determine the vertical deflection of a viaduct by 

applying heavy load on different parts of the bridge (Zogg & Ingensand, 2008). Monserrat 

and Crosetto used TLS data for land deformation monitoring. The deformation parameters 

have been calculated using least squares 3D surface matching (Monserrat & Crosetto, 
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2008). Bitelli et al.  and Hesse and Stramm performed deformation studies by directly 

comparing Digital Elevation Models (DEM) from different TLS campaigns (Bitelli, et al., 

2004; Hesse & Stramm, 2004).  

It can be inferred from the above discussion that both close-range photogrammetry 

and Terrestrial Laser Scanning are replacing the conventional way of deformation 

monitoring using traditional commercially available contact sensors due to their several 

advantages in recent age. Both of these techniques have their own advantages and 

limitations to monitor structural deformation. Low cost, non-contact, higher sampling rate, 

large field-of-view, continuous acquisition of data are few advantages of photogrammetry 

which make this technique feasible for many structural deformation monitoring 

applications. Whereas, low lighting exposure in the study area during image acquisition 

make it difficult to find control points in the images for registration. Also, deploying targets 

in the structures requires manual intervention and can be associated with risk. Sometimes 

target installation could not be possible for difficult-to-access structures. These limitations 

of photogrammetry can be avoided by TLS technique. It does not require any target 

installation and large amount of data points can be acquired in very short periods of time 

even under hazardous conditions or where site access is problematic. Also lighting 

condition of the scene does not affect the measurements from 3D point cloud data. Higher 

cost and limited field-of-view are major limitations of using TLS.  

In order to exploit the advantages of both of these techniques, close-range 

photogrammetry and TLS, and to overcome their limitations, this study demonstrate a new 

methodological approach to develop a non-contact linear feature based Deflection 

Monitoring System (DMS) for timber railroad bridges to measure both the vertical and 

https://www.sciencedirect.com/science/article/pii/S0924271607000810#bib3
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lateral (three-dimensional) deflection. TLS is used to obtain a three-dimensional model of 

the bridge structure in a dead-load condition. The requirement of control points to register 

images can be avoided this way. Also, extracting control points that are visible both in 

images and TLS data is a challenging task due to different modality of the data. Linear 

features are abundant in manmade structures and thus easier to identify than point features. 

This research presents a method of extracting linear features from both data set. A 

mathematical model is derived to compute Exterior Orientation parameters of the images 

using a linear feature based registration algorithm. Finally, a methodology is demonstrated 

to compute the bridge deflection by measuring interest points using a single image and 

TLS point cloud on applying different loads in the structure.  
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CHAPTER 3 

DEVELOPMENT OF BRIDGE DEFLECTION MONITORING SYSTEM – PART I 

3.1 Development of Bridge Deflection Monitoring System 

This research has developed an innovative non-contact linear feature based 

Deflection Monitoring System using Terrestrial Laser Scanning (TLS) and cameras for 

timber railroad bridges. The requirement of control points to register images has been 

avoided by using the 3D model of the bridge created in dead load condition by TLS. This 

research project developed a rigorous linear feature based registration mathematical model 

to determine the orientation of images, which is later used to derive 2D/3D deflections 

under live load conditions.  

The project workflow is divided in the following steps: 

i. develop a Deflection Monitoring System (DMS) that includes a camera and TLS 

ii. develop a linear feature based registration methodology for the DMS, 

iii. develop a non-contact methodology to compute instantaneous 2D/3D deflections, 

and  

iv. perform field experiments to validate the performance of DMS in collaboration 

with CSX Transportation. 

The project is being implemented in two phases.  
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✓ Phase I: In this phase of the study, we developed a methodology to compute the 

Exterior Orientation (EO) of an image using TLS and camera which is done in dead 

load condition. 

✓ Phase II: In this phase of the study, we developed a workflow to compute the bridge 

deflection which is done in live load condition. 

3.2 Thesis outline 

The report is divided into following chapters: The next chapter following the 

introductory section, discusses the background for the research which includes a detailed 

description about  

existing methods of bridge deflection measurement and literature references supporting 

various advancements in bridge health monitoring applications, their advantages and 

drawbacks. The methodology is discussed over the next two chapters, which includes the 

system components, calibration of cameras, basic processing of the image and TLS data, 

linear feature extraction, automatic matching of linear features and computing Exterior 

Orientation of images by linear feature based image registration. The final two chapters 

explains the detailed workflow of computing the bridge deflection, specific details about 

the experiments conducted, discussion about the efficiency of proposed framework and 

concluding remarks.  

3.3 Proposed Methodology 

The proposed methodological approach is to develop a non-contact linear feature 

based Deflection Measurement System (DMS) using multi-sensors (Terrestrial Laser 

Scanner and cameras) for timber railroad bridges in order to measure both the vertical and 

lateral deflection. Terrestrial Laser Scanning (TLS) is used in a dead-load condition to 
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obtain a three-dimensional model of the bridge structure. In this way, the requirement of 

control points to register images can be avoided. Also, extracting control points that are 

visible both in images and TLS data is a challenging task due to different modality of the 

data. Our proposed study presents a method of extracting linear features instead of point 

features from both TLS data and images. Then Exterior Orientation parameters of the 

images is derived by using a linear feature based registration algorithm. Finally, bridge 

deflection has been calculated by measuring the interest points on applying different loads 

in the structure.  

The purpose of our study has been achieved in two phases: 

Phase1: Computing Exterior Orientation (EO) using TLS and camera 

During this phase, the EO parameters has been computed in dead load condition of 

the timber bridges. This phase of the study is achieved by the following steps which has 

been depicted in Flowchart 1. 

Step1: A Deflection Monitoring System (DMS) with cameras is developed.  

Step2: A picture of the bridge structure has been taken using the DMS in dead-load 

condition of the bridge. 

Step3: 3D scan of the structure has been performed using the TLS. 

Step4: 2D line segments from the picture have been extracted. This step is 

performed using these algorithms. 

• Histogram Equalization  

• Edge Extraction and  

• Edge linking and filtering 

• Converting poly-lines to line segments 
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Step5: The corresponding 3D lines from the TLS point cloud data have been 

extracted. This step is achieved by the following approaches. 

• 3D planer patches extracted from TLS point cloud data 

• Intersecting planes have been identified 

• 3D line segments extracted using the plane-to-plane intersection algorithm 

The study uses linear features to determine the camera position. It requires 

corresponding linear features to be identified in both images and TLS data. Linear feature 

matching can be done manually but we are trying to automate few steps of the matching 

process and this can be achieved by the following methodological approach. 

• The extracted 3D line segments from TLS data is back-projected in image space 

using the well-known collinearity model using approximate camera EO parameters. 

• Hough transform based line matching algorithm is performed on back-projected 

line segments from TLS data and the line segments extracted from image. 

The workability of the linear feature matching algorithm has been tested using the 

simulated data. The detailed description of these algorithms has been explained in the later 

sections of this chapter. 

The 3D point cloud capture using terrestrial laser scanner and extraction of 3D lines 

could be done totally independently from the photogrammetry steps as depicted in 

Flowchart 1. If the 3D point cloud data is already available for any structure of interest, the 

same data can be used provided the structure has not been changed over times. Also, in 

case of unavailability of the terrestrial laser scanner, total station could be used to extract 

linear features from the scene. 
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Flowchart 1: Phase1 - Methodology to compute EO using TLS and Camera 

 

Step6: Implementation of linear feature-based image registration.  

After performing the linear feature matching algorithm, next step is to establish a 

mathematical model for computing EO parameters of images. EO of the images can be 

determined by minimizing the area formed between corresponding linear features which is 

called Area Minimization (AM) (Nagarajan & Schenk, 2016). The computed EO is being 

used to determine both the vertical and lateral deflection of the timber bridges. 

Phase2: Computing the bridge deflection 

In this phase, the bridge deflection is measured with the use of EO parameters 

computed in Phase1. This phase of the study is achieved while applying the load on the 

bridge structure. This can be achieved by the following approaches and has been shown 

using Flowchart 2. 
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• In the first step of this phase, the camera has been calibrated for determining the 

true camera parameters such as calibrated focal length, principal point offset, radial 

and tangential distortion and image resolution. The true camera parameters are 

needed to correct for lens distortion, measure the size of an object in world units, 

or determine the location of the camera in the scene. This calibration process is 

achieved by the PhotoModeler software. 

• A picture of the deflected structure has been taken on applied load 

• Critical points in the image have been measured for which deflection is needed 

• The measure points are then forward projected (Projection Ray) using the EO 

parameters which we computed in dead load condition. 

• The Projection Ray has been intersected with the frontal plane of the beam extracted 

from TLS data collected in dead load condition. 

• The deflection of the interest point is measured. 
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Flowchart 2: Phase2 - Deflection computation methodology 

 

This proposed methodological approach of using non-contact based multi-sensor 

data, Terrestrial Laser Scanning and photogrammetry, as a bridge deflection monitoring 

system is faster, cost-effective, requires less manual intervention and suitable for 

monitoring sudden structural changes. The workability of the proposed solution of bridge 

deflection monitoring system is tested on lab environment and the image processing 

algorithms involve in different phases of this study have been implemented using Matlab. 

3.4 Sensors and equipment used 

Photogrammetry is an image based measurement technique that is used in this 

project for monitoring structural deformations. The traditional photogrammetric 

approaches involve taking pictures of the structures and registering those using targets or 
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control points established in the scene. The registered image can be used to measure 

deflections at any point on the structure that is visible. In order to overcome the requirement 

of establishing manual control points, this research uses Terrestrial Laser Scanners. 

Terrestrial Laser Scanners are modern geometric data capture instruments that offer 

numerous measurement benefits including three-dimensional data capture, remote and 

non-contact operation, a permanent visual record and dense data acquisition. The 

advantage of TLS data is that, although individual sample points are low in precision, 

modelling of the entire point cloud may be effective for representing the change of shape 

of a structure. A modelled surface will be a more precise representation of the object than 

the raw point cloud. The linear and/or surface features extracted from TLS data can be used 

to register the images taken from a camera instead of manual control points. 

    This research used FARO Focus 3D laser scanner for capturing 3D scan of the 

timber railroad bridge structure (Figure 3) and Nikon D3200 DSLR camera for 

Photogrammetry. Our goal of this study was to measure the bridge dimension from 3D 

point cloud data acquired using terrestrial laser scanner and compare the details with 

manually measured bridge dimension. In later phase of the research, the extracted linear 

feature from 3D point cloud data are going to be used as ground truth. 

3.4.1 Selection of Terrestrial Laser Scanner    

The features of TLS sensors can be grouped into three categories based on 

convenience, accuracy, and add-on sensors. The features related to convenience include 

speed (number of points per second), portability (size and weight), coverage (horizontal 

and vertical field of view), range, WiFi connectivity, storage options and power supply. 

The choice of TLS based on these convenience features will not affect the results of 
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deflection measurements. However, these features can help retrieving high resolution 3D 

point cloud of bridge structure much faster and less laboriously. The add-on sensors like 

camera and GPS receiver will not have an impact on the results. However, this process will 

make visualizing and locating specific points in the point cloud much easier. The critical 

aspect of laser scanner is the accuracy of laser point cloud. The accuracy of laser point is 

affected by range error, angular error and other errors associated with the scanner. During 

the preliminary field visit, FARO Focus 3D was used to get 3D scan of the bridge structure 

whereas during in laboratory environment, Leica ScanStation 2 was used.  The range 

accuracy for FARO Focus 3D is ±2 mm. whereas for Leica ScanStation 2 it is ±4 mm. 

 

 

Figure 3: Capturing 3D point cloud data using FARO FOCUS 3D laser scanner 
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3.4.2 Selection of camera 

The typical bridge characteristics of timber railroad bridges are identified in Table 1. 

 

Table 1: Typical dimensional characteristics for timber railroad bridges 

Bridge 

Specifications 

      

span length 

(ft) 

Accessible distance to 

the bridge (ft) 

Allowable deflection (in inches/mm) Frequency (Hz) 

Min Max Min Max Min Max Min Max 

12 16 5 50 0.576/14.6* 0.768/19.5* 0 5 

 

*Minimum and maximum deflections calculated for span lengths 12 feet and 16 

feet respectively.  

The important characteristics of the camera that are crucial to capture the bridge 

deflection for specified span length are: 

1. Camera spatial resolution (size of pixel) to capture the deflection 

2. Field of View (FOV) to cover the whole bridge span in one picture without 

having to move the camera 

3. Appropriate distance to the bridge based on accessibility and FOV 

4. Appropriate focal length ranges to be able to capture the deflection based 

on accessibility to mount the cameras 

5. Suitable frame rate to be able to capture the deflection due to live loads  
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There were multiple candidate cameras chosen and feasibility of each one of them 

analyzed to capture the deflections. While choosing the appropriate camera for deflection 

measurement, we mainly focused on the following parameters: 

i) how close the camera can be kept to the bridge structure and  

ii) how many pixels represent the maximum deflection 

The more the number of pixels, easier it is to measure and quantify the deflection. 

Video cameras are more suitable than still cameras as this allows to capture the deformation 

of a bridge structure continuously for the duration of moving load. The higher the 

resolution, it will help identify and measure much smaller deflections. After analyzing all 

the parameters and specification in eight different cameras, this research used lab’s existing 

Nikon D3200 DSLR camera which is most suitable for the deflection measurement in the 

lab environment. It has a fixed focal length lenses (35mm/50mm) which is easier to 

calibrate as compared to the variable focal length lenses. Table 2 shows the camera 

specification for Nikon D3200 DSLR camera. 

 

Table 2: Camera specification for Nikon D3200 

CMOS 

format (mm) 

Number of 

pixel (video) 

Pixel size (mm) Number of 

pixel (picture) 

Pixel size (mm) Focal length 

(mm) 

Shutte

r 

speed 

Fram

e rate 

Lengt

h 

widt

h 

lengt

h 

widt

h 

pr pc Lengt

h 

widt

h 

pr pc mi

n 

ma

x 

.  

15.4 23.2 1080 192

0 

0.0142592

59 

 

0.0120

83 

 

4000 

 

601

6 

 

0.003

85 

 

0.0038

56 

 

18 

 

55 

 

1/4000 to 

30 sec 

30 

fps 
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3.5 Meeting with CSX Transportation and Field Visit 

In order to understand the dimensional characteristics of timber railroad bridges, 

we made two trips to meet with CSX bridge engineers. The first trip took place prior to the 

official start of the project at CSX Transportation’s headquarters at Jacksonville. The main 

purpose of this field visit was to meet and discuss with railroad structural engineers to study 

the dimensional characteristics of timber railroad bridges. Two timber railroad bridges 

have been identified for the initial study which are located at milepost SV 849.90 (Open 

Deck, Figure 4) and SV 839.90 (Timber Ballast Deck, Figure 5).  

           Data collection of physical dimensions of the structural elements such as rail road 

ties, stringers, cap beam, number of piles and pile dimensions and batter, braces, and types 

of connections, span dimensions for open deck railroad bridge of 3 spans and ballast deck 

timber railroad bridge of 43 spans in Valrico, Florida was carried out using both contact 

and non-contact techniques. The former is done by using a measuring tape and the latter 

by using FARO laser scanner. The measurements taken from point cloud are compared 

with the measurements taken using a tape (Figure 6) in the field for validation. 
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Figure 4: Open deck timber trestle railroad bridge (SV 849.90) 

 

 

 

Figure 5: Ballast-deck timber trestle railroad bridge (SV 839.90) 
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Table 3 summarize the data collection results based on both physical measurement 

using tape and non-contact measurement using FARO laser scanner based TLS. The 

measurements from both the methods are comparable. 

  

Table 3: Summary of data collection for open deck timber 3-span trestle rail-road bridge (SV 849.90) 

S. No. List of items Literature/practice 

Actual field 

condition (Tape 

measurement) 

Actual field 

condition (laser 

scanner 

measurement) 

1 

Bridge 

identification 

number 

Not applicable 

SV 849.90 (VL-

Valrico), built 

1948 

SV 849.90 (VL-

Valrico), built 

1948 

2 

Height of the 

trestle 

15' to 70' 7' 7.2' 

3 No. of spans Not applicable 3   

4 Span size 11.5' to 14' 12.5' 12.3' 

5 

No. of bays in the 

bent 

1 to 6 1 1 

6 No. of piles 5 to 7 6 6 

7 Pile size 14"D/12" x 14" 14"D 14.2"D 

8 Pile cap size 14" x 14" x 14' 

14" x 14" x 15' 

(distance between 

c/c piles at the top 

starting from cap 

beam end: 70 cm, 

14.4" x 14.1" x 

13.5' (distance 

between c/c piles 

at the top starting 

from cap beam 
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70cm, 45cm, 

80cm, 70 cm, 70 

cm, 53 cm) --from 

other side to 

instrument side 

end: no 

measurement x 

79 cm x 48.7 x 91 

cm x 67.8 cm x 

68.6 cm x 53.5 

cm)-from other 

side to instrument 

side 

9 

Lateral Bracing 

pattern 

single/cross/longitud

inal 

Cross bracing Cross bracing 

10 

Lateral bracing 

size 

4" x 8" 3" x 8" 3.1" x 9.3" 

11 Type of wood 

Douglas 

fir/Oak/Southern 

pine 

Oak Oak 

12 Age of the bridge 

50 to 100 years or 

more 

69 years 69 years 

13 Type of Connections 

  a. Bracing Nail Nail Nail 

  

b. Stringer to cap 

beam 

Nail Nail Nail 

  

c. Cap beam to 

pile 

Nail/bearing Neoprene bearing Neoprene bearing 

14 Type of deck open/ballasted Open Open 

15 Deck width 10' single track-15' single track-15' 
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16 Spacing of ties 18" 

4" at trestle 

location 

no measurement 

17 Size of ties 8" x 8" x 10' 9" x 7" x 10' no measurement 

18 

Number of 

stringer beams 

8 to 12 

2 chords each 4 

beams 

No measurements 

19 

Chord spacing 

(c/c) 

4.71' 

4.76' (4 packed 

beams with 2 ft 

clear spacing 

between chords)  

No measurements 

20 Stringer size 

9" to 10" width, 16" 

to 20" depth 

8" width, 15" 

depth 

no measurement, 

15" depth 

21 Soil condition sandy/silty/clayey sandy sandy 

22 Obstacles 

Vegetation/terrain 

condition 

Quite accessible 

(small canal 

beneath trestle) 

Quite accessible 

(small canal 

beneath trestle) 

23 

Lighting 

condition 

Good/fair/poor Good Good 

24 

Location of 

camera/Laser 

scanner 

Not applicable central span central span 
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Figure 6: Manually measuring cap beam dimension 

 

3.6 Camera calibration 

Camera calibration step is very crucial for any project in order to extract precise 

and reliable 3D metric information from images (Remondin & Fraser, 2006). Camera 

calibration is the process of estimating parameters of the camera using images of a special 

calibration pattern. The parameters include camera intrinsic, distortion coefficients, 

and camera extrinsic. It is the process of determining camera parameters such as calibrated 

focal length, principal point offset, radial and tangential distortion and image resolution. 

These values are also referred as Interior Orientation (IO) parameters. Despite some of 

these values are provided by the camera manufacturers, those are typically nominal values 

and need to be precisely determined for accurate mapping and monitoring applications. In 

addition, the commercial grade camera such as the one recommended in this project are 

non-metric and hence requires frequent calibrations. The suitable calibration method for 
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this research are test field calibration and self-calibration. Both methods are briefly 

discussed below. 

Test Field Calibration: It uses a target field with known coordinates and distances 

such as the checker board. The test field can also be three dimensional (Luhmann et al., 

2011). By keeping the target field fixed, multiple images are taken using the camera that is 

being calibrated from multiple viewpoints. These images of the test field must be 

perpendicular and oblique to each other (Photomodeler, 2018). Example test field is shown 

in Figure 7. Alternative to this approach would be to keep the camera fixed and rotate and 

tilt the test field in multiple angles. Then by using bundle block adjustment, the unknown 

camera parameters and camera orientations are determined. 

 

 

Figure 7: Imaging Configuration for test field calibration (Courtesy: Luhmann et al. 2011) 
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Self-Calibration: Self-calibration is the process of determining camera parameters in the 

field without having to use any test field. Instead, the approach determines parameters and 

image orientation simultaneously using the control points in object space coordinates. This 

enables to overcome unstable calibration parameters of non-metric cameras (Wolf et al., 

2014). Self-calibration is used in Computer Vision where no calibration objects are used; 

instead a set of ‘uncalibrated’ images are used to recover the metric information of the 

camera and the image scene.  

a. Interior Orientation – The interior orientation is a part of camera calibration 

where the internal measurements of the camera like the perspective center and focal length 

are determined. It also involves finding the scaling, skew factors and lens distortion. The 

interior orientation is performed in lab conditions by clicking pictures of a regular grid 

from different angles. By transforming the image pixels to real world lengths, the metrics 

of imaging can be determined.  

b. Exterior Orientation – Exterior orientation parameters change for every picture. 

It is the position and orientation of the camera for each photo with respect to a coordinate 

system. Space Resection is a conventional method used to determine exterior orientation 

parameters. It involves the measurement of ground control points and digitizing them on 

overlapping images to determine the camera position (X, Y, Z) and orientation (omega, 

phi, kappa). 

        There are a numbers of literatures available for various aspects of the camera 

calibration process starting from reviews, general investigation, accuracy aspects etc. 

(Fryer, 1996; Fraser, 2001; D’Apuzzo & Maas, 1999). This research use PhotoModeler 

software for the calibration process which is described in the later section of this report. 
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CHAPTER 4 

DEVELOPMENT OF BRIDGE DEFLECTION MONITORING SYSTEM – PART II 

This part of the report is mainly focused on implementation of different Image 

Processing Algorithms in order to automate some processes. More precisely, various 

feature extraction techniques in Digital Image Processing, feature extraction from 3D point 

cloud data and feature matching algorithms have been discussed here.  

4.1 Feature extraction from images 

Feature defines the behavior of an image. Feature extraction approach in Digital 

Image Processing area is very crucial in order to perform image analysis. There are various 

image pre-processing approaches like thresholding, resizing of sample image which could 

be applied to the image before extracting features. Feature extraction techniques are very 

useful for image classification, object recognition and categorization in Digital Image 

Processing. It has several image processing applications such as character recognition, 

pattern matching etc.  

Feature extraction techniques make the image classification problem easier as the 

output of feature extraction step is relevant shape information which make an image more 

informative. Feature extraction is a special form of dimensionality reduction in image 

processing. The main goal of feature extraction techniques is to extract more relevant 

information from an image. The process of transforming input data to a reduced 

representation set of features i.e. feature vectors, is called feature extraction. In most of the  
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cases, the input data is too large to be processed by the image processing algorithm and 

extracting relevant information make image analysis task easier.  

Feature selection is the next step after feature extraction. This step is very crucial 

as the poorly selected features can reduce the performance of an image processing 

algorithm. Criteria to choose features given by Lippman are: “Features should contain 

information required to distinguish between classes, be insensitive to irrelevant variability 

in the input, and also be limited in number, to permit, efficient computation of discriminant 

functions and to limit the amount of training data required” (Kumar & Bhatia, 2014). In 

feature extraction, features having more discriminating power were extracted, while in 

feature selection, a subset of the original set of features is selected. The main idea of 

features selection is to select a subset of input variables by cutout features with weakly or 

no predictive information (Kumar & Bhatia, 2014). In this report we mainly discuss about 

the ‘edge feature extraction’ based on Digital Image Processing techniques.  

4.2 Edge detection 

An edge is a place of rapid change in the image intensity function. The goal of an 

edge detection algorithm is to identify a sudden change or discontinuity in an image. A 

good edge detector should be able to find all real edges in an image by ignoring noise and 

other artifacts. The localization should be good i.e. the detected edges should be as close 

as possible to the true edges and there should be only one point for each true edge point. 

The pixel's gray-level which value is similar to other around pixel’s gray-level, there is 

probably not an edge at that point. However, if a pixel has neighbors with widely varying 

gray levels, it may represent an edge point. Following parameters are the cues for edge 

detection: 
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➢ Differences in color, intensity or texture across the boundary.  

➢ Continuity and closure. 

 

 

Figure 8: Characterizing edges 

 

Figure 8 shows the formation of edge in an image where the edge is a set of those 

pixels whose grey have step change and rooftop change. this could  exists between object 

and background, object and object, region and region, and between element and element 

(Cui & Zou, 2008). When an image is acquired, there could be many factors such as the 

projection, mix, aberrance and noise which can eventually make the feature extraction task 

difficult by making the image features blur and noisy. Those factors can make the edge 

detection task difficult. To obtain a set of true edges from an edge detection algorithm, 

firstly the acquired image is filtered and de-noised. Then different operators are applied to 

detect edge such as Differential operator, Log operator, Canny operator and Binary 

morphology operator. Finally, the edge pixels of image are connected using the method of 

bordering closed and a clear and complete image outline could be obtained. 
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       4.2.1 Comparison of different edge detection algorithms 

Edge detection is very crucial in Digital Image Processing and computer vision for 

object recognition so it is very important to have a good understanding of edge detection 

operators. There are several edge detection operators available in image processing area 

such as Canny, Sobel, Roberts, Prewitt, Zero crossing and LoG (Laplacian of Gaussian). 

Researchers in their study have found that in the presence of noise the Canny edge detector 

produce highest accuracy compared to other edge detection operator (Mohmoud & 

Marshal, 2008; Canny, 1986; Gonzalez & Woods, 2002). It has been found from other 

study Canny operator works better in terms of entropy (a statistical measure of randomness 

that can be used to characterize the texture of the input image), peak signal to noise ratio 

(PSNR), mean square ratio (MSE) and execution times (Acharjya, et al., 2012). Othman et 

al. compared Sobel and Canny edge detection method (Othman, et al., 2009). They have 

tested both the operator on MRI images. They found from their experiment that Canny 

method can produce equally good edge with the smooth continuous pixels and thin edge. 

Sobel edge detection method cannot produce smooth and thin edge compared to canny 

method. Some study found that Canny edge detection algorithm is computationally more 

expensive compared to Sobel, Prewitt and Robert’s operator (Maini & Aggarwal, 2009). 

4.3 General approach for linear feature/edge extraction 

Linear feature extraction from the timber trestle bridge images is performed by the 

following 4 steps: 

1. Histogram Equalization 

2. Edge extraction using Canny edge detection algorithm 

3. Edge linking and filtering 
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4. Converting poly-lines to line segments 

   4.3.1 Histogram Equalization 

Histogram equalization is a technique for adjusting image intensities to enhance 

contrast. It is a process for increasing the contrast in an image by spreading the histogram. 

The results are presented in Figure 9. 

Histogram equalization is done to transform the gray levels of the image so that the 

histogram of the resulting image is equalized to become a constant. This is done to make 

use of all available gray levels equally in the dynamic range and also for further histogram 

specification. 

Histogram equalization is performed on the original RGB images taken during the 

first field visit. This step is performed before applying the edge extraction algorithm.  

  

 

Figure 9: (Left) Image before histogram equalization;(Right) Image after histogram equalization 

 

4.3.2 Edge extraction using Canny edge detection algorithm 

          The images which were taken using Nikon D3200 DSLR camera during the first 

field visit, have been used to extract features using MATLAB. The following section in 

this report focused on the detailed algorithms used and highlighted few significant in-built 

functions and toolboxes used in MATLAB during the implementation of those algorithms. 

b

)  

a

)  
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Figure 10 is an image of open deck timber trestle Railroad Bridge taken during the 

field visit which has been chosen to run the feature extraction algorithm. The ‘edge’ 

function has been used to detect edges in intensity image. 

  

 

Figure 10: Open deck timber trestle Railroad Bridge 

 

Canny edge detection algorithm has been used to detect edges because of its 

advantages over other edge operator as discussed in the earlier section in this report. 

The Canny method finds edges by looking for local maxima of the gradient of intensity 

image ‘I’. The edge function calculates the gradient using the derivative of a Gaussian 

filter. This method uses two thresholds to detect strong and weak edges, including weak 

edges in the output if they are connected to strong edges. By using two thresholds, 

the Canny method is less likely than the other methods to be fooled by noise, and more 

likely to detect true weak edges. This method is not supported on a GPU. Canny edge 

detection is a multistage algorithm to detect a wide range of edges in images. It finds edges 
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by looking for local maxima of the gradient of f(x, y). The gradient is calculated using the 

derivative of a Gaussian filter. The methodology of Canny edge detector is as follows: 

1. The image is smoothened and noise is removed. 

2. Gradient magnitude and direction are computed. 

3. Non-Maxima Suppression applied to ensure minimal response. 

4. Hysteresis and connectivity analysis used to detect the edges. 

The syntax of ‘edge’ function in MATLAB Image Processing Toolbox using 

‘Canny’ operator is: 

BW = edge (I, 'Canny', threshold, sigma) where BW is the binary image of intensity 

image I with same size. This function returns all edges that are stronger than threshold 

value specified. In case the ‘threshold’ value is not specified explicitly, edge chooses the 

value automatically. The ‘threshold’ is a two-element vector in which the first element is 

the low threshold, and the second element is the high threshold. The use of two thresholds 

with hysteresis allows more flexibility than in a single-threshold approach. It uses the high 

threshold to start edge curves and the low threshold to continue them. The σ (sigma) is 

standard deviation of the Gaussian filter. The default σ is sqrt (2). ‘edge’ chooses the size 

of the filter automatically, based on σ. The choice of σ depends on desired behavior- large 

σ detects large scale edges where as small σ detects fine features. The effect of σ on Canny 

operator has shown in the Figure 11. 
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Figure 11: (left) Original image; (middle) Canny with σ = 1; (right) Canny with σ = 2 

 

Figures 12 shows images of open deck timber trestle Railroad Bridge taken during 

the field visit which has been chosen to run the feature extraction algorithm. The edge 

extracted image is shown beside the original RGB image.    
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There is a scope to improve the functionality of canny operator so that we can get 

more prominent true edges which eventually can improve the overall result. In order to 

achieve better result, we have applied Canny operator on three different bands of the 

intensity image to compare which band gives the better output (Figure 13). Also, different 

Figure 12: (Left)-original image from site 1, (Right)-Edge extracted binary image from Canny 
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operators other than Canny like ‘Sobel’, ‘Prewitt’ have been applied to the bands to have 

better understanding of different edge detector algorithm’s functionality. As a result, it is 

found that the Canny operator works better than others in finding true edges in the intensity 

image.  

 

 

Figure 13: Binary image of three different bands of the original intensity image 

 

4.3.3 Implementation of edge linking and filtering algorithm 

The next step after edge detection of intensity image is to fit line segments to the 

edge lists. Edge pixels had been linked together into lists of sequential edge points, one list 

for each edge contour. During implementation we discarded contours which are less than 

10 pixels long. Then line segments are fitted with the maximum deviation from original 

edge of 2 pixels. Figure 14 has shown the fitted line segments with random colors.  
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Figure 14: Fitted line segments with a linewidth of 2 and random colors 

 

Set of pixels from edge detecting algorithms, seldom define a boundary completely 

because of noise, breaks in the boundary etc. Therefore, Edge detecting algorithms are 

typically followed by linking and other detection procedures, designed to assemble edge 

pixels into meaningful boundaries. 

In general, edge linking methods can be classified into two categories: 

• Local Edge Linkers: 

Edge points are grouped to form edges by considering each point's 

relationship to any neighboring edge points. 

• Global Edge Linkers: 

All edge points in the image plane are considered at the same time and sets 

of edge points are sought according to some similarity constraint, such as points 

which share the same edge equation. This project uses local edge linkers as they 



47 

 

are more appropriate for line segment extraction. This research implements the 

method adopted by Kovesi (2018) to link the edges and extract linear features. The 

steps of the edge linking are given below (Gonzalez and Woods 2007). 

4.3.3.1 Edge linking using polygonial fit 

1) Suppose that A and B are end points and that all points are ordered.  

2) A-B forms a line. The distance from this line to C is maximalC is a new vertex.  

3) Process line A-C and line C-B as in step 2 (Figure 15). 

4) Continue in a similar way until finished. 

 

 

Figure 15: Edge linking using polygonial fit 

(Source: Gonzalez and Woods 2007) 

 

4.3.3.2 Results of edge-linking and filtering using edges from Canny algorithm 

Figures 16 and 17 show the results of edge linking and filtering (edges obtained 

from Canny) overlaid on the original grayscale image for the bridge site 1 - SV 849.90 

(VL-Valrico) and bridge site 2 - SV 849.90 (VL-Valrico) respectively. 
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Figure 16: Edges extracted from Canny algorithm overlaid on original grayscale image of bridge site 1 

 

 

Figure 17: Edges extracted from Canny algorithm overlaid on original grayscale image of bridge2 
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4.3.3.3 Computing the image coordinates from pixel coordinates  

In the next step of the methodology, pixel coordinates have been converted to image 

coordinates using the below formula where C0 and R0 are the center pixel coordinate, Cp 

and Rp are pixel coordinates, and Xp and Yp are the corresponding image coordinates. Pc 

and Pr are the pixel resolution. 

Xp = (Cp - C0) Pc 

Yp = - (Rp - R0) Pr 

After converting pixel coordinates to image coordinates, an algorithm has been 

developed to select specific edges out of all edges based on explicitly specified threshold 

value. The selection of edges is based on the length of each line segments and the algorithm 

has been implemented based on Euclidean distance. Euclidean distance is the straight-

line distance between two points in Euclidean space. According to the Euclidean distance 

formula, the distance between two points in a line with coordinates (x, y) and (a, b) is given 

by  

dist((x, y), (a, b)) = √(x - a)² + (y - b)².  

Figure 18 has shown the selection of specific edges based on length of the line 

segments. 
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Figure 18: Selection of specific edges based on length of the line segments 

 

4.3.4 Converting polylines to line segments 

So far, we were working with the line strings i.e. polylines but to implement the 

line matching algorithm, we have to consider only the line segments. We have 

implementing an algorithm to convert line string to line segment. We used the same 

Euclidean distance formula for this conversion. As a result, we have line segments with 

only two end points (Figure 19).  
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Figure 19: Converting poly-lines to line segments 

 

4.4 Feature extraction from Terrestrial Laser Scanning (TLS) data 

During the first field visit on 2nd October, 2017, few scans of two target bridges 

were performed using FARO FOCUS 3D scanner which helped us to measure the bridge 

dimension using FARO SCENE software. One of the bridge out of two bridges were 

inaccessible and it was very challenging to manually measure the bridge dimension. The 

3D model of the target bridge will be created in dead load condition (due to self-weight) 

by TLS. In order to process the TLS data, we used FARO SCENE, Leica Cyclone and 

MATLAB. The registration process of different scans was done in SCENE and then the 

registered point cloud was exported in ‘e57’ file format to be recognized by Cyclone. 

Figure 20 has shown the registered point cloud in Cyclone. We implemented feature 

extraction methodology for TLS data with the use of both Cyclone and MATLAB. 
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Figure 20: 3D view of timber bridge in Leica Cyclone 

 

4.4.1 Background 

As compared to images, extracting linear features from 3D laser scanning data is a 

tedious process due to additional dimensionality. There are various approaches that have 

been developed by the researchers for the linear features extraction from laser scanning 

data effectively and efficiently. The development of linear feature extraction methods from 

laser scanning data portrayed in different literatures can be mainly categorized into three 

groups. The first approach is the spatial-domain approaches which can be achieved by 

region-grow based method (Belton & Lichti, 2006) and model-fitting method (Marshall, et 

al., 2001). Belton has addressed the classification and feature extraction problem of 

terrestrial laser scanner point cloud by a covariance based procedure. First, the 

classification problem has been analyzed by covariance analysis (based on the geometric 

properties of 3D point cloud), surface detection and the boundary detection. A Principal 

Component Analysis (PCA) based region-growing approach was then applied to the results 

obtained from the classification problem to address the segmentation problem of the 
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surface feature of point cloud and the local neighborhood of interest points were considered 

in order to achieve this. The region-grow method, also known as the pixel-based image 

segmentation method, often implemented based on the initial selection of seed points which 

makes the outcome of this method to be dependent on the selection performance of seed 

points. A good selection of a set of seed points can lead to a better segmentation result and 

this dependency is an obvious limitation of this approach. Model-fitting methods proposed 

by Marshall et al. (2001), were usually implemented in two steps, a segmentation technique 

where the laser points have been grouped together into different surfaces (planes, lines, 

spheres, cylinders, and cones) and a non-linear least squares procedure has been 

implemented to define the best fitted lines to the segmented linear surfaces. But this method 

has a limitation too. The quality of extracted linear features is highly dependent on the 

quality of the initial values of the parameters that will be estimated using non-linear least 

squares procedure. The second approach is the parameter-domain approaches which is 

usually based on the geometric attributes of the linear features (Rabbani, 2006) where 

initially a Gaussian sphere of the point cloud has been constructed. 2D Hough transform 

was then performed to find a strong hypothesis for the features having similar direction 

axis in the established Gaussian sphere. In the second step, based on the position and radius 

parameter, a 3D Hough transform was implemented to find out the linear features. This 

approach is not efficient from computational perspective to work with a massive amount 

of points. The third approach i.e. hybrid approach is a combination of parameter domain 

approach and least squares line fitting procedure which is based on the Random Sample 

Consensus (RANSAC) algorithm (Schnabel, et al., 2007) for detecting basic shapes in 

three-dimensional point-cloud. Though the algorithm is robust even with the presence of 
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high degree of noise, but this method is not efficient for many applications where finding 

shapes for every part of the surface is required. Lari has proposed a new adaptive approach 

for linear feature extraction from laser scanning data mainly in three steps. First, the initial 

detection and representation of planar and linear features in the spatial domain has been 

performed. Next, the local point density variations have been estimated precisely and 

evaluated along the detected surfaces for attribute determination, and finally parameter-

domain approach has been employed for an efficient segmentation and extraction of planar 

and linear features (Lari & Habib, 2014). This approach has overcome the limitations of 

parameter-domain approach. Meierhold has proposed a method of extracting line feature 

from 3D point cloud data using range image and intensity image generated from the point 

cloud (Meierhold & Schmich, 2010). First the Canny edge detector has been used to extract 

the edges from range image and then edges are vectorized in parts of straight lines by a 

customized Douglas-Peucker algorithm. Another novel method has been proposed by Ma 

for linear feature extraction from the raw LiDAR data which depends on the 3D coordinate 

values of point clouds. But the efficiency of his method depends on the number of points 

reflected from the object surface which is an obvious limitation of this method (Ma & Yao, 

2010). 

4.4.2 Methodology 

For feature extraction from the TLS data, we use the concept of representing 

straight line in three-dimensional space. First, we select two intersecting planes from the 

3D point cloud shown in figure 20 in Cyclone. Minimum of three points from each plane 

have been picked to be used by MATLAB. A plane can be defined by the following 

different methods: 
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➢ A line and a point not on the line 

➢ Three non-collinear points (three points not on a line) 

➢ A point and a normal vector 

➢ Two intersecting lines 

➢ Two parallel and non-coincident lines 

Next we formed two planes with the help of those picked points in MATLAB 

(Figure 21) based on the equation of a plane: ax + by + cz = d where (a,b,c) is the vector 

normal to the plane. 

 

 

Figure 21: Plotting two intersecting planes in MATLAB 

 

Next step is to find the intersection line of two planes. A straight line in space can 

be described as the intersection of two planes (Figure 22). Thus, 

{(x, y, z) ∈ R3: a1x+b1y+c1z = d1 and a2x+b2y+c2z = d2}. 

Even we can use the vector notation to describe it as: 

p⃗ (t) = p⃗ 0+d⃗ t 
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Figure 22: A straight line is formed by intersection of two planes in three-dimensional space 

 

If a line L passes through the point (x0, y0, z0) and is traveling in the direction (a, 

b, c), i.e. the direction vector is (a, b, c) then following are the three form of straight line 

equation in 3D space. 

Vector Form 

(x, y, z) = (x0, y0, z0) + t (a, b, c) 

Here t is a parameter describing a particular point on the line L. 

Parametric Form 

x=x0+t*a  --------------------------------------------------------------------------------- (1) 

 y=y0+t*b  --------------------------------------------------------------------------------- (2) 

 z=z0+t*c  --------------------------------------------------------------------------------- (3) 

These are basically the equations that result from the three components of vector 

form. 

Symmetric Form 
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(x−x0)/a = (y−y0)/b = (z−z0)/c 

Here the assumption is a, b and c are all nonzero. The parametric equations for t 

has been solved and has set them all equal. 

We used plane-to-plane intersection algorithm in MATLAB and as a result we got 

a point P (x0, y0, z0) that lies in the plane intersection straight line and the direction vector 

of the straight line i.e. (a, b, c). We can even get the plane normal vector from Cyclone 

itself using region grow patch (Figure 23). Next, we picked a value of ‘z’ from an 

intersection point of that two planes using Cyclone and we derived the value of ‘t’ using 

equation 3. Once we have the ‘t’ value, we can calculate x and y using equation 1 and 2. 

Now with two points (x0, y0, z0) and (x, y, z), we can plot the straight line in three-

dimensional space (Figure 24). The plane-to-plane intersection algorithm demonstrated in 

Weisstein (2018) is implemented in this project. The generated 3D line from the method 

Weisstein (2018) is infinitely long with known direction vector (a, b, c) and a point (x0, y0, 

z0) passing through it. However, as for the project, end points of the 3D line are required. 

The extent of the 3D line is determined by x or y or z range of the TLS points that were 

used to define the planes.  Using this methodology, around ten lines have been extracted 

from the TLS data (Figure 25).  
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Figure 23: Region grow path for computing normal vector in Cyclone 

 

 

 

Figure 24: Plotting intersection straight line of two planes in three-dimensional space 
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Figure 25: Straight lines extracted from TLS data 

 

4.5 Implementing line matching algorithm using Hough transform  

Once the linear features have been extracted from images and TLS data, the next 

step is to implement a line segment matching algorithm. It is best achieved if the user 

identifies the corresponding line segments manually from the line segments extracted from 

images and TLS data. However, there are image processing algorithms that can perform 

matching with good approximation of Exterior Orientation (EO) of cameras. 

4.5.1 Background  

In the field of computer vision and image processing, image matching is a sub 

domain of computer vision which is fundamental for many applications such as motion 

analysis, scene reconstruction, image restoration, recovering the 3D scene structure from 

2D images and robotic navigation (Dominik & Nowakowski, 2014; Grimson, et al., 1994; 

Kagami, 2010) Image matching algorithms are mainly focused on finding the similar 

features on set of different images of the same object and eventually matching them. In 
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feature based matching, two corresponding features of the same object are paired together 

according to some measures of similarity. Points and lines are two commonly used features 

in stereo matching process (Fang-Chih & Te-Hsiu, 2004). Moravec (1981) has worked on 

stereo matching by using a set of local interest points (Moravec, 1981). He used a corner 

detector in the development of image matching algorithm. Later Harris and Stephens 

(1988) worked on the Moravec detector to make it more repeatable under small image 

variations and near edges (Harris & Stephens, 1988). The researchers in computer vision 

have been started using the Harris corner detection widely for many image matching tasks 

since 1992 when Harris (1992) showed its value for efficient motion tracking and 3D 

structure from motion recovery (Harris, 1992). Schmid and Mohr (1997) worked on 

invariant local feature matching by using Harris corners to select interest points (Schmid 

& Mohr, 1997). In their study, they matched a feature against a large database of images 

to solve a general image recognition problem. The Harris corner detector is not suitable for 

matching images of different sizes due to its high sensitivity to changes in image scale.  

Mostly researchers use local interest points as a basis for image matching i.e. point-

based image matching which require feature points extraction from images and then image 

matching task is performed using the extracted points (Lowe, 2004; Wang, et al., 2011; 

Morel & Yu, 2009; Ke & Sukthankar, 2004). However, line segments can easily be 

identified in a scene object, especially for man-made structures like bridges. For some 

cases, line features are more advantageous than feature points in recovering three-

dimensional object structure (Chandraker, et al., 2009; HoferM., et al., 2014). Feature 

points based image matching has limitation for poorly textured scene because points are 

hard to be detected and matched; whereas, line based matching could be a better choice for 
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recovering three-dimensional structure can be easily outlined by several edge line segments 

(Bay, et al., 2006). Despite the fact that the line based image matching has advantages over 

the point-based image matching, line based image matching has been less investigated. 

Line segments matching is a difficult task due to the loss of connectivity and completeness 

of the extracted line segments.  

Line matching method can be classified into two categories – 1) individual line 

segment matching and 2) line segment matches in group.  Some researchers used 

photometric information such as intensity (Schmid & Zisserman, 1997; Baillard, et al., 

1999), gradient (Wang, et al., 2009; Zhang & Koch, 2013; Verhagen, et al., 2014) and color 

(Bay, et al., 2005) associated with the line segments to match individual line in different 

images. But the photometric information can produce false matches if there is not much 

variation in intensity, gradient or color in some of the line segments. Some researchers used 

geometric information rather than photometric information in the local regions around line 

segments for line matching (Lourakis, et al., 2000). But this too use the point features for 

line segments matching which is again a disadvantage for poorly textured images. Kim and 

Lee (2012) worked on the group matching of line segments rather than individual (Kim & 

Lee, 2012). This method is more complex which use some strategies to intersect line 

segments to form junction points and then utilize features associated with the generated 

junction points for line segment matching. But extracting the features associated in the 

junction points effectively to help matching is not an easy task. Fränti et al. have 

proposed using the Hough transform for content- based matching in line-drawing images 

(Fr¨anti, et al., 2000). The line matching method presented in this project is another 

approach to solving this generic problem using the Hough transform.  
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4.5.2 Implementation of Hough Transform based line matching algorithm 

The feature matching problem can be divided into two separate components – 1) 

selecting a matching strategy and 2) building a matching algorithm to execute the feature 

matching task efficiently. Matching strategy helps us to select the correspondence feature 

from two set of images whereas matching algorithm returns the matched features from 

different images of the same object. 

Concept of Hough Line Transform algorithm has been used to implement the line 

segments matching algorithm. The Hough transform (HT) can be used to detect lines, 

circles or other parametric curves. The HT is well suited for extracting the feature vector 

because it gives a global description of the spatial image content (Hough, 1962; 

K¨alvi¨ainen, et al., 1995). It makes no assumptions on the image type and, in principle, it 

should be applicable to any type of binary images. The HT is essentially a transform of an 

image into a parameter domain, also called an accumulator space. 

The simplest case of Hough transform is detecting straight lines. In general, the 

straight line y = mx + b can be represented as a point (b, m) in the parameter space. 

However, vertical lines pose a problem. They would give rise to unbounded values of the 

slope parameter m. Thus, for computational reasons, Duda and Hart proposed the use of 

the Hesse normal form (Duda & Hart, 1971) 

ρ = x cos θ + y sin θ 

where ρ (rho) is the perpendicular distance from the origin to the straight line, and 

θ (theta) is the angle between the positive x-axis and the line connecting the origin with 

that closest point i.e. ρ. This illustration is shown in Figure 26. 
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Figure 26: Hesse normal form for straight line equation in two-dimensional space 

 

Simulated dataset was generated to test the efficiency of Hough transform based 

line matching algorithm implemented in this part of the task. rho and theta value have been 

calculated for each line segments of two set of lines and stored in a rho-theta accumulator 

array. Then a minimum and maximum threshold have been specified to determine the 

matching strategy between two sets of line segments which return all matches from other 

set of lines within this threshold.  
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Figure 27: Line segments from two different simulated data set plotted in the same plot (blue lines denotes 

original dataset; red lines denotes backprojected lines using approximate camera EO) 

 

Figure 27 shows line segments from two simulated data set plotted together. After 

implementing the line segment matching algorithm on two datasets shown in Figure 27, 

MATLAB generates the following result: 
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Figure 28: MATLAB output of line matching algorithm 

 

However, this line matching method is not fully automated as it requires manual 

input to set the minimum and maximum threshold in the matching algorithm. Threshold 

for one set of data may not work for another set of data. Line matching method is also 

sensitive to initial approximations and specified parameters. The methods to derive initial 

approximations are discussed in the following section. 

4.6 Initial approximation of camera position and point-based space resection 

As a first step in this study, the linear features have been extracted from images and 

TLS data using some efficient edge detection and line fitting algorithm in MATLAB. The 

linear features i.e. straight lines extracted from the images are in image space whereas the 

lines extracted from the TLS data are in object space. The lines in object space have been 

transformed to image space by back-projection using some approximate camera EO 

(Exterior Orientation) parameters. The values of approximate camera EO parameters have 

been computed by point-based space resection. Space resection is used to determine the 

exterior orientation parameters associated with one image or many images based on known 
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Ground Control Points (GCPs). According to the authors Moffitt & Mikhail, “the term 

space resection is the name given to the process in which the spatial position and orientation 

of photograph is determined based on photogrammetric measurements of the images of 

ground control points appearing on the photograph” (Moffitt & Mikhail, 1980). The space 

resection makes use of image coordinates and fixed object space coordinates to determine 

the positional and rotational elements of a photograph, or of a camera. Using space 

resection, six exterior orientation parameters of a single tilted photo can be determined 

based on photographic measurements of object (control) points whose XYZ ground 

coordinates are known (McGlone, et al., 2004). Space resection has many applications in 

the photogrammetry and computer-vision fields (Anderson & Mikhail, 1998; Easa, 2007; 

Horaud, et al., 1989; Wolf & Dewitt, 2000). 

Six EO parameters could be solved for rigorously using the collinearity equation 

model. The collinearity equations express the fact that for any given photo, the exposure 

station, any object point, and the corresponding image point should lie on a straight line 

(Figure 29). 
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Figure 29: Collinearity equation is a physical model representing the geometry between a sensor 

(projection center O), the ground coordinates of an object and the image; projection center O, P’(u,v) and P 

(x,y,z) are on the same line 

 

For point-based space resection with collinearity, the coordinates of a minimum of 

three object points and the corresponding image coordinates are required. In our study, 

more than three control points have been chosen from the TLS data and from images to 

compute the initial approximate camera EO parameters. The problem is to find the six 

exterior orientation parameters: the coordinates of exposure station (XL, YL, and ZL) and the 

angular orientation elements (ω, Φ, and κ). The basic equations (collinearity condition) to 

solve for the exterior parameters are given by McGlone et al., (2004).  
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 𝑥𝑎 = 𝑥0 − 𝑓
𝑚11(𝑋𝐴−𝑋𝐿)+𝑚21(𝑌𝐴−𝑌𝐿)+𝑚31(𝑍𝐴−𝑍𝐿)

 𝑚13(𝑋𝐴−𝑋𝐿)+𝑚23(𝑌𝐴−𝑌𝐿)+𝑚 33(𝑍𝐴−𝑍𝐿)
  ----------------------------- (4) 

 

 𝑦𝑎 = 𝑦0 − 𝑓
𝑚12(𝑋𝐴−𝑋𝐿)+𝑚22(𝑌𝐴−𝑌𝐿)+𝑚32(𝑍𝐴−𝑍𝐿)

 𝑚13(𝑋𝐴−𝑋𝐿)+𝑚23(𝑌𝐴−𝑌𝐿)+𝑚 33(𝑍𝐴−𝑍𝐿)
  ----------------------------- (5) 

 

where 𝑥𝑎, 𝑦𝑎 = image coordinates of point a, 𝑥0, 𝑦0 = coordinates of the principal 

point, 𝑓 = camera focal length, XA, YA, ZA = object coordinates of point A, and mij = 

elements of the rotation matrix M which is a 3-by-3 matrix. The rotation matrix is a 

function of the angular orientations of the tilt-swing-azimuth or the omega-phi-kappa 

system. The interior parameters 𝑥0, 𝑦0, and 𝑓 are usually known from the camera 

calibration and are assumed to be constant. The parameters XL, YL, ZL, ω, ϕ and κ are the 

elements of exterior orientation. Figure 30 demonstrated the geometry of space resection 

using collinearity condition. The collinearity condition has been used as the most 

fundamental in analytical photogrammetry by many researchers (Kenefick, et al., 1972; Li, 

1996; Radhadevi, et al., 1998; Rampal, 1971; Sakimura & Maruyama, 2007) 
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Figure 30: Geometry of space resection using collinearity condition 

 

Initially before conducting the experiment in laboratory environment, linear feature 

matching algorithms using hough transform and computation of approximate camera EO 

parameters have been tested on simulated datasets. Two simulated dataset were 

generated,set1 and set2, each set contains eight lines. Figure 31 shows the two dataset, set1 

(original dataset) and set2 (backprojected dataset using approximate camera EO). 
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Figure 31: Simulated dataset; set1 (original dataset); set2 (backprojected dataset using approximate camera 

EO) 

 

This study uses linear features to determine the orientation of the camera. It requires 

corresponding linear features to be identified in both images and TLS data. The step can 

be performed manually. However, to facilitate the users, the project investigated the 

possibilities of automating certain steps of the extraction and matching. Hence, this section 

summarizes the existing methods for line segment extraction from images and TLS data 

and matching. The computation of camera EO using linear feature based registration and 

area minimization, computation of 2D deflection using forward projection ray in a planer 
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surface and the implementation of all these techniques on a laboratory environment have 

been explained in detailed in the next two chapters of this report. 
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CHAPTER 5 

EXPERIMENTS: TWO WOODEN BEAM SPECIMENS 

5.1 Data Collection 

The non-contact linear feature based technique for bridge deflection measurement 

has been tested with data from two laboratory-based experiments. Two experiments 

involved the controlled loading on a 7 mm. thickness and a 19 mm. thickness beam 

specimen in an indoor test set up at the Department of Civil, Environmental and Geomatics 

Engineering Materials and Structures laboratory at Florida Atlantic University.  

5.1.1 Experiment 1 

The first experiment was performed on a thin beam specimen with 3.8 ft. span 

length. The beam specimen, of rectangular cross section 25.40 mm. x 7.00 mm. was simply 

supported and loading was applied by adding known weights at the center of the beam 

through weight hook attached to hanging chain at the beam center. Figure 32 shows the 

general set up of the beam in situ prior to the test in dead load condition. A deflectometer 

with the precision 0.025 mm (0.001 inch) is attached to measure the vertical deflection of 

the beams independently. A “dead load” dataset was collected at the beginning of the 

testing permitting the capture of a zero-load case. This setup was captured with a Leica 

ScanStation 2 terrestrial laser scanner (Figure 33). The scan was performed just once when 

no load was applied. The images have been taken using two set of cameras during the data 

collection in order to get 3D deflection (lateral deflection). But one camera was not 

calibrated properly, hence the other camera is being used for measuring 2D deflection  
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(vertical deflection).  Before camera could be used for the data capture, they were calibrated 

using PhotoModeler software. The calibration process using PhotoModeler software is 

discussed in the later section of this report. 

 

 

Figure 32: Experimental setup for 7 mm. thickness beam specimen in dead load condition 

 

 

Figure 33: Experimental setup with a Leica ScanStation 2 terrestrial laser scanner and cameras 



74 

 

In this setup, 0.75 kilogram, 0.95 kilogram and 1.15 kilogram loads have been applied 

respectively to measure the deflection of the beam. 

5.1.2 Experiment 2 

The second experiment was performed on a comparatively thick beam specimen 

with 3.8 ft. span length and rectangular cross section 38.00 mm. x 19.00 mm. The 

experimental setup is shown in Figure 34 in dead load condition. In this setup, 0.75 

kilogram, 0.95 kilogram, 1.15 kilogram, 1.35 kilogram, 1.55 kilogram, 1.75 kilogram, 1.95 

kilogram and 2.15 kilogram, loads have been applied respectively to measure the deflection 

of the beam. 

 

 

Figure 34: Experimental setup for 19 mm. thickness beam specimen 
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5.2 Data Processing and computing camera EO in Dead Load condition 

5.2.1 Camera Calibration 

    In scientific literature there are different approaches to camera calibration based 

on different techniques (Roger & Tsai, 1987; Wang et al.). Calibration is not difficult but 

requires some care to complete one properly. In this research, PhotoModeler software is 

used for the calibration process. The camera calibration could be done in different ways 

using PhotoModeler. This research used the single-sheet method where the calibration 

process runs automatically on photos taken of the calibration grid PDF file (Figure 35). 

Total 12 photos need to be taken of the calibration grid pdf file; keeping the camera position 

straight (4 photos), rotating the camera position in 90 degree left (4 photos) and rotating 

the camera position in 90 degrees right (4 photos) (Figure 36). Once the camera calibration 

is done by the software using these 12 photos, a project status report has been generated 

which contains the true camera parameters. 

 

 

Figure 35: Calibration grid PDF file 
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Figure 36: Photos taken keeping camera position straight (top left); camera position rotated 90 degree right 

(top right); camera position rotated 90 degree left (bottom) 

 

5.2.2 Linear feature extraction from images 

As discussed in the background section, there are several automatic techniques 

available for the extraction of lines from images. In this research, the Canny edge detection 

algorithm is used to extract lines from images. MATLAB environment is being used to 

implement these image processing algorithms. Histogram equalization, Canny edge 

detection and edge linking and line fitting algorithms has been implemented respectively 

for linear feature extraction from images. All these techniques have been described in detail 

in the methodology section with the application on the field testing dataset. Here, the same 

algorithms have been applied on the lab experimental dataset and the results are shown 
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below. Figure 37 shows the image of the scene captured in dead load condition. Linear 

feature extraction algorithms have been performed on this intensity image. 

 

 

Figure 37: Image captured in dead load condition 

 

Figure 38: Grey scale image before histogram equalization; (right) image after histogram equalization 
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Figure 39: results from Canny edge detection algorithm performed on image after histogram equalization 

 

 

Figure 40: Edge extracted using Canny overlaid on the original grey scale image 
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Figure 41: Line segments converted from poly lines 

 

Once the line segments have been extracted from images, the next step is to extract 

linear features from laser scanner data. As similar to the feature extraction from images, 

this also can be done both manually and automatically as discussed in the background 

section.  

5.2.3 Linear feature extraction from TLS data 

Linear feature extraction algorithm using plane-to-plane intersection has been 

described in detail in the methodology section of this report. The workability of the plane-

to-plane intersection algorithm has been tested initially on the test field data of a bridge 

specimen where plenty of intersecting surfaces were visible in the TLS point cloud and 

made the feature extraction process easier. Whereas, in laboratory experimental setup, 

there were no such intersecting surfaces which can be captured using the laser scanner and 

thus make the automatic feature extraction process a bit difficult. To overcome this 

scenario, few boxes has been kept in the field of view of both laser scanner (Figure 42) and 
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the camera in order to extract the intersecting surfaces from TLS and to extract edges from 

images. Figure 43 shows the TLS point cloud data in Leica Cyclone. Figure 44 shows the 

line segments extracted using plane-to-plane intersecting algorithm. 

 

 

Figure 42: intersecting surfaces created during the experiment 
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Figure 43: TLS point cloud data of the experimental setup 

 

 

Figure 44: Line segments extracted from TLS point cloud using plane-to-plane intersecting algorithm 

 

But, those surfaces were not enough to pick a good number of lines (approximately 

10 lines). Hence, a different methodology has been applied to extract lines from the TLS 

data. In this process, first the part of TLS point cloud data has been converted to an intensity 
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image (Figure 45 (left)). Next, the same image processing algorithm has been applied to 

the intensity image and linear features have been extracted (Figure 45 (right)). The 2D 

coordinates from image data have been converted back to the 3D coordinates of TLS data. 

This conversion process has not been implemented completely but in this experiment, 

values have been estimated manually with the help of image pixel information and TLS 

point cloud data. 

 

 

Figure 45: (left) TLS point cloud converted to intensity image; (right)edges extracted from the intensity 

image 

 

Finally, some line segments have been chosen manually from the TLS point cloud 

data. These line segments are typically chosen from stable area in the TLS data and images. 

5.2.4 Linear feature matching 

After extracting the linear features from image and the TLS point cloud data in dead 

load condition, next step is to match the linear features. As mentioned in the methodology 

section, feature matching can be done both manually and automatically. In the 

methodology section, a detailed description of the automatic linear feature matching 

algorithm using Hough Transform has been given. The workability of the algorithm has 

been tested on the simulated dataset.  
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Here, in the laboratory experiment, linear feature matching is performed manually 

on the line set extracted from images and the TLS data (Figure 46). 

 

 

Figure 46: Manually linear feature matching in image and TLS data 

 

5.2.5 Computing approximate camera pose and implementation of linear feature 

based image registration 

Typical photogrammetric procedures use a calibrated camera and control 

(reference) points to determine the position and orientation of the camera at the time of 

exposure. The X, Y and Z position and orientation (rotations with respect to X, Y and Z axes) 

angles ω, φ and κ are referred as Exterior Orientation (EO) parameters in photogrammetry. 

With known surface and EO parameters of single perspective image, 3D coordinate of any 

point on the scene can be derived by using collinearity condition (Schenk 1999).  If two or 

more overlapping images are available, 3D surface can be derived using stereo-

photogrammetry without requiring to know the surface in advance. Jiang et al. (2008) 

reviewed the applications of close-range photogrammetry for various bridge measurement 

studies. Hilton (1985) used multiple cameras to measure vertical deflections of steel girders 
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of under construction concrete bridge deck. Albert et al. (2002) used a single camera for 

beam deflection measurements in lab environments. The authors made object plane and 

image plane parallel hence simplify the Exterior Orientation (EO) to just a scale factor. 

This assumption may not be valid in real-world environments. In addition, for precise 

deformation studies this simplified EO cannot be used.  

In this study, the linear feature based image registration method has been used to 

compute the camera EO parameters. Flowchart1 describe the methodology to compute the 

camera EO.  

The point based and linear feature based methods work under the assumption that 

the same point or parametric line can be identified in multi-sensor datasets such as images 

and TLS data. Hence, this project demonstrates a method that does not parametrize the line 

segments and instead takes all data points that represent them in the mathematical model 

to determine the EO of the cameras. 

Upon extracting linear segments from images and TLS data using manual or 

automatic procedures, the mathematical model for computing EO of images has been 

modified to accommodate such features. Then by minimizing the area formed between 

corresponding linear features, EO of the images are determined. This process is called as 

Area Minimization (AM) (Nagarajan and Schenk 2016). The computed EO can be used not 

only to determine the 2D or vertical deflections, but also 3D deformations that includes 

both lateral and vertical movements of the beam due to load. 

Area Minimization (AM):  

The well-known collinearity model defines the relationship between the 2D image 

and the 3D object space. For completeness, the collinearity equations are given below (6). 
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The six orientation parameters consist of the position of the projection center, Xc, Yc, Zc, 

and the orientation of the camera is expressed by the rotation matrix R which consist of 

three independent angles ω, φ, κ. The elements of rotation matrix R are represented as r11, 

r12,...r33.  

[
𝑋
𝑌
𝑍

] = [

𝑋𝑐

𝑌𝑐

𝑍𝑐

] + 𝑆. 𝑅(𝜔, 𝜑, 𝜅) [
𝑥
𝑦

−𝑐
]  ----------------------------------------------------- (6) 

 

Where 𝑅 =

[

𝑐𝑜𝑠 𝜑 cos 𝜅 − cos 𝜑 sin 𝜅 sin 𝜑
cos 𝜔 sin 𝜅 + sin 𝜔 sin 𝜑 cos 𝜅 cos 𝜔 cos 𝜅 − sin 𝜔 sin 𝜑 sin 𝜅 − sin 𝜔 cos 𝜑
sin 𝜔 sin 𝜅 − cos 𝜔 sin 𝜑 cos 𝜅 sin 𝜔 cos 𝜅 + cos 𝜔 sin 𝜑 sin 𝜅 cos 𝜔 cos 𝜑

]  

 

By rearranging the equation (6) and eliminating the scale factor, S, the following 

collinearity equations are formed 

 

𝑥 + 𝑟𝑥 = −𝑐
(𝑋−𝑋𝑐)𝑟11+(𝑌−𝑌𝑐)𝑟12+(𝑍−𝑍𝑐)𝑟13

(𝑋−𝑋𝑐)𝑟31+(𝑌−𝑌𝑐)𝑟32+(𝑍−𝑍𝑐)𝑟33
  ---------------------------------- (7) 

𝑦 + 𝑟𝑥 = −𝑐
(𝑋−𝑋𝑐)𝑟21+(𝑌−𝑌𝑐)𝑟22+(𝑍−𝑍𝑐)𝑟23

(𝑋−𝑋𝑐)𝑟31+(𝑌−𝑌𝑐)𝑟32+(𝑍−𝑍𝑐)𝑟33
  ---------------------------------- (8) 

where x, y are the image coordinates of object points, X, Y, Z are the corresponding 

ground coordinates and c is the calibrated focal length. As seen in equations (7) and (8), at 

least three control points are required for a solution which will produce six equations to 

determine six unknown EO parameters. A least squares solution is adopted for redundant 

points by minimizing the sum of squared residuals (rx, ry) of the measured image 

coordinates. 
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In order to determine the approximate camera position, the camera axis alignment 

with respect to the TLS axis needs to be identified. Three angles are sufficient to define the 

angular orientation. Omega (𝜔) denotes the angular rotation with respect to x-axis, phi (𝜙) 

denotes the angular rotation with respect to y-axis and kappa (𝜅) denotes the angular 

rotation with respect to z-axis. This has been identified from our experimental dataset that 

the TLS data needs a -90° omega rotation in order to align with camera axis (Figure 47). 

Once the TLS axis is aligned with the camera axis, the linear feature based registration 

process using area minimization has been implemented with 0° rotations with respect to all 

3 axes as an approximation. The TLS lines were backprojected on the image space 

coordinate system using the approximate camera parameters (Figure 48). On 10th iteration, 

the lines from photogrammetry and the backprojected TLS lines are registered after 

applying Area Minimization algorithm (Figure 49). Following are the camera Exterior 

Orientation parameters which have been recovered using linear feature based registration 

process and Area Minimization 

Translation parameters: 

X = -0.5837 meter 

Y = -0.4337 meter 

Z = -0.2599 meter 

Orientation parameters: 

Omega (rotation with respect to X-axis): 1.7707 degree 

Phi (rotation with respect to Y-axis): 0.6152 degree 

Kappa (rotation with respect to Z-axis): 1.3571 degree 



87 

 

 

Figure 47: Camera axis and TLS axis alignment with respect to each other 
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Figure 48: Linear feature based image registration: lines position on 0th iteration 
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Figure 49: Linear feature based image registration: lines position on 10th iteration after Area 

Minimization; registered conjugate lines in image space 

 

5.3 2D Deflection Methodology in Static Load condition  

Once the processes and steps involved in dead load condition are done, we moved 

to the static load or live load condition. It is a static load condition in laboratory 

environment. Different loads have been applied gradually from the center of the beam 

specimen starting from 0.75 kilogram (Figure 50). Photos have been captured using camera 

for each applied load. Deflectometer reading also have been noted down for each load. 

Next step is to calculate 2D deflection using frontal plane-ray intersection. 
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Figure 50: The experimental set up in static load condition 

 

After the camera orientations of the cameras were determined from linear feature 

based registration techniques in dead load condition, it is assumed that camera locations 

are fixed. This ensures camera orientation is a constant during the dynamic loading 

procedure and need not be recomputed again. Upon computing EO of images from one or 

more cameras, the deflection need to be measured on specific points of interest. Typically, 

the deflection is measured at typical critical sections along the span. These points are best 

identified manually. After identifying the points where deflection is needed, those sample 

points have to be tracked in multiple time series images that were taken during a dynamic 

load. This task is referred as feature tracking. Tracking the same point along multiple time-

series images is best achieved automatically as compared to manual identification 

When a single camera is used for deflection measurement, only 2D deflection can 

be determined. It is achieved by generating a projection ray that originate from the 

perspective center of the camera and passing through the image point for which deflection 
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is measured. If there exists a 3D model of the bridge in deflected position, the projection 

ray can be intersected with the deflected bridge surface (Figure 51). But by assuming, the 

deflection is happening only in the vertical direction, the frontal plane can be extended 

infinitely. Then by using plane-ray intersection, the coordinates of deflected point on the 

frontal 2D plane can be determined.  

 

 

Figure 51: Object point is found by intersection projection ray with known surface 

 

3D project ray-plane intersection: 

The equation of line in 3D is given by the following collinearity equations,  

[
𝑋𝑃

𝑌𝑃

𝑍𝑃

] = [
𝑋𝐿

𝑌𝐿

𝑍𝐿

] + 𝑆 [

𝑚11 𝑚12 𝑚13

𝑚21 𝑚22 𝑚23

𝑚31 𝑚32 𝑚33

] [

𝑥𝑝

𝑦𝑝

−𝑓
]   ----------------------------------------- (9) 

pX , pY  -2D coordinate of deflected point on the frontal plane in object space 

coordinate system  
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pZ -distance to frontal plane of bridge from perspective center of the camera along 

Z axes in object space coordinate system (given) 

LX , LY , LZ -Projection center coordinate of the camera in object space coordinate 

system (Exterior Orientation) 

px , py -coordinate of the point in image coordinate system whose deflection is 

being determined 

f- calibrated focal length from camera calibration 

M- 3D rotation matrix from Exterior Orientation angles 

S is the scale factor that determines the 3D transformation between image 

coordinate system and object space coordinate system. 

S can be computed by taking  pZ  component of above given collinearity equation. 

By rearranging (9) 

𝑋𝑃 − 𝑋𝐿 = 𝑆(𝑚11𝑥𝑝 + 𝑚12𝑦𝑝 + 𝑚13(−𝑓) 

𝑌𝑃 − 𝑌𝐿 = 𝑆(𝑚21𝑥𝑝 + 𝑚22𝑦𝑝 + 𝑚23(−𝑓) 

𝑍𝑃 − 𝑍𝐿 = 𝑆(𝑚31𝑥𝑝 + 𝑚32𝑦𝑝 + 𝑚33(−𝑓) 

By dividing row 1 by row 3, 

𝑋𝑃 = 𝑋𝐿 + (𝑍𝑃 − 𝑍𝐿)
(𝑚11𝑥𝑝+𝑚12𝑦𝑝+𝑚13(−𝑓))

(𝑚31𝑥𝑝+𝑚32𝑦𝑝+𝑚33(−𝑓))
   ---------------------------- (10) 

𝑌𝑃 = 𝑌𝐿 + (𝑍𝑃 − 𝑍𝐿)
(𝑚21𝑥𝑝+𝑚22𝑦𝑝+𝑚23(−𝑓))

(𝑚31𝑥𝑝+𝑚32𝑦𝑝+𝑚33(−𝑓))
    ---------------------------- (11) 

𝑋𝑃 and 𝑌𝑃 provides 2D deflection of the point of interest. Note that this 2D 

deflection will be determined for the required time-series. e.g. If 30 fps (frames per second) 

camera was used, the 2D deflections can be determined for every 30th of a second. While 
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extracting conjugate line segments in both TLS data and image, the end points of them 

does not need to be exact as the demonstrated methodology minimizes the area. 
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CHAPTER 6 

RESULTS AND DISCUSSION 

A deflectometer is used to validate the deflection computed using photogrammetry 

technique. Using the computed camera EO as described in the previous section, 3D 

coordinate of the deflectometer spindle tip is computed by intersecting the projection ray 

on to the frontal plane of the experimental beam.  This was followed by two load 

increments for the Experiment 1 and eight load increments for Experiment 2. The vertical 

deflections were measured using the deflectometer for each load. Similarly, the images 

were taken after each load applied. As the camera was kept static, the EO are identical for 

all images. Then by using demonstrated Area Minimization approach and projection ray-

plane intersection method, the deflections are computed. This process is performed again 

for the second experiment with 19 mm thickness beam. The extracted results are shown in 

Table 4 and Table 5 respectively for Experiment 1 and Experiment 2.  

Figure 52 illustrates the plot of the values displayed in the Table 4 whereas Figure 

53 illustrates the plot of the values displayed in the Table 5. In general, the values are 

consistent, but they slightly differ, which could be related to random noise and systematic 

errors associated with different technique.  
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Table 4: Applied load increments vs. computed deflections for the 7 mm thickness specimens (LbP- Line-

based Photogrammetry) 

 

 

 

Figure 52: Plot of deflections for 7 mm. beam specimen 
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 Weight in kilogram Deflection for 7 mm. thickness beam (in 

millimeter) 

 Deflectometer LbP 

Dead load 0   

 0.75 11.43  

Weight#1 0.95 2.01 2.01 

Weight#2 1.15 1.65 2.99 
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Table 5: Applied load increments vs. computed deflections for the 19 mm thickness specimens (LbP- Line-

based Photogrammetry) 

 

 

 Weight in kilogram Deflection for 19 mm. thickness beam (in 

millimeter) 

 Deflectometer LbP 

Dead load 0   

Weight#1 0.75 1.17 1.28 

Weight#2 0.95 0.25 0.31 

Weight#3 1.15 0.41 0.62 

Weight#4 1.35 0.43 0.62 

Weight#5 1.55 0.35 0.3 

Weight#6 1.75 0.41 0.62 

Weight#7 1.95 0.35 0.27 

Weight#8 2.15 0.41 0.31 



97 

 

 

Figure 53: Plot of deflections for 19 mm. beam specimen 

 

The reading in the deflectometer has been noted down in dead load condition. The 

first load applied on the beam was 0.75 kilogram for both the experiments. Gradually the 

load has been incremented by 0.20 kilogram This can be noted from the Table 4 that the 

first deflection measured using photogrammetry is for load 0.95 kilogram which is 2.01 

millimeter. This value denotes the measured deflection in between load 0.75 kilogram and 

0.95 kilogram The deflection between dead load and applied load of 0.75 kilogram is 

missing for the photogrammetry technique in Experiment 1 because the images of the dead 

load setup (i.e. with only the spindle tip on the beam) have not been captured.  

Though the results from deflectometer and photogrammetric methods are slightly 

off, the agreement is fair. We have taken the difference of deflection measured using 

deflectometer and line-based photogrammetry for each applied load. Mean and standard 

deviation have been calculated of the differences and the computed value was 0.05 
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millimeter which is very close to zero. Hence, this can be concluded that there was no bias, 

the differences in both the methods are due to random errors.  

As the experiments were done only in lab environment, the future work of this 

research is to apply this deflection monitoring methodology to measure 3D deflection of 

prototype timber railroad bridges. Finally, the result will be validated against a wireless tri-

axial accelerometer. 

 



99 

 

CHAPTER 7 

SUMMARY AND CONCLUSION 

In any infrastructure project, monitoring and managing the built assets is an 

important task. Structural Health Monitoring (SHM) is meant for continuous assessment 

of safety and serviceability of a structure and its elements. SHM has taken a leading role 

in the field of structural engineering and has become very popular in recent age. Bridge 

deflection is the basic evaluation index to examine the health status of a bridge structure. 

The existing bridge monitoring systems have several drawbacks which is discussed in the 

background section of this study. Hence, a new methodological approach has been 

proposed to overcome the limitations of traditional contact-based bridge deflection 

monitoring system and some non-contact based system as well.  Considering the 

conventional techniques that demand considerable time and resources to monitor them, this 

research implemented a noncontact method that does not require any physical access to the 

bridge. The control information to determine the orientation of the camera is extracted 

using laser scanning technique which is again a noncontact method. Then considering the 

challenges in extracting point features from laser point cloud, the present study 

demonstrates a linear feature-based camera orientation determination technique. The 

feasibility of the algorithm was tested in a lab environment using two beam specimens. 

From the experiments, it can be inferred that linear feature-based Area Minimization 

method is a feasible noncontact method to compute EO of images. As per the proposed 

methodology, an innovative non-contact linear feature-based bridge Deflection Monitoring  
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System (DMS) has been developed using Terrestrial Laser Scanning (TLS) and cameras 

for timber railroad bridges. The process and detailed workflow of building the DMS, 

components and sensors involved and calibration procedures are discussed here. The 

efficiency of this DMS is validated by comparing its result with the deflection measured 

by a contact-sensor which is a deflectometer. The deflection measurements from a 

laboratory model wooden beam can be used in design applications of the prototype timber 

beams. 

The minimum and maximum deflection that could be measured by the camera 

depends on few camera parameters such as diagonal format, pixel size, focal length, Field 

of View and distance between camera and bridge structure. There are formulas to derive 

nominal values assume camera plane and bridge plane of interest are parallel. Nominal 

camera spatial resolution is the area covered by each pixel on the ground. This is defined 

as, 

𝑟 = 𝑝𝑖𝑥𝑒𝑙 𝑠𝑖𝑧𝑒 ∗
𝐷

𝑓
   

Where,  

Pixel size is the size of each pixel. This is typically derived by dividing the CCD 

(Charge-coupled Device) and CMOS (Complementary Metal-oxide Semiconductor) array 

size divided by number of pixels 

D- Distance at which the camera is setup from the bridge structure 

f- focal length of the camera 

The camera spatial resolution is derived by multiplying the pixel size with scale 

factor derived by dividing distance between camera and bridge structure by focal length. 

𝑠𝑐𝑎𝑙𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝐷

𝑓
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Camera spatial resolution (r) should be small, so the minute variations in 

deflections can be measured between dead load and train live load conditions. The pixel 

size is dependent on the CCD or CMOS array size and number of pixels. The higher the 

number of pixels, the smaller the pixel size will be.  

Though this research mainly focusses on laboratory environment, it is likely to be 

applied on timber trestle railroad bridges and other railroad bridges such as steel and 

masonry. The demonstrated approach is less laborious in the context of a man-made 

environment where abundant linear features are available. Though the approach was tested 

only in a lab environment, it can be implemented in a real environment such as bridges, 

piers and other hanging structures. The future research will explore the possibilities of 

incorporating both registration and matching of linear features using the demonstrated Area 

Minimization algorithm on timber trestle railroad bridges and the results from line-based 

photogrammetry will be validated against a wireless tri-axial accelerometer. 
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