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ABSTRACT
Three-dimensional (3D) modeling is crucial for studying, analyzing, reconstructing, and
documenting our environment, in general, and man-made structures, in particular. 3D
data for a surveyed structure can be directly collected by a Terrestrial Laser Scanner
(TLS). However, several TLS scans are necessary to obtain a complete coverage of the
surveyed structures. Transformation of the collected scans into a common coordinate
system with a registration procedure is necessary in order to acquire a meaningful 3D
model of the structure in question. The registration process requires a large overlap area
among the TLS scans for reliable results. In this research, this large overlap area
requirement between the TLS scans is reduced using a photogrammetric model as
additional information for the registration process. Planar and linear features, which can
be easily identified in photogrammetric data and TLS scans, were chosen as the
registration primitives. Quantitative quality analysis is proposed in this research by
calculating the point-to-plane normal distances between the registered surfaces. The
experimental results from real datasets show the ability of the proposed technique, where
less than 10 cm point-to-plane normal distances between the registered surfaces were

observed, which confirmed the reliability of the registration results.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Three-dimensional (3D) modeling can be defined as representing an object in a digital
environment. Nowadays, the interest and demand for 3D modeling of real objects has
increased with the continuous improvement in data acquisition systems and the
expanding range of potential applications. A 3D model allows the user to analyze real
objects for future use; for instance, 3D models of historical buildings can help in the
reconstruction of buildings after damage occurs. Moreover, archeological sites/objects
can be studied through 3D models; and the medical field also uses 3D models for
visualization of organs in details. Other areas that use 3D models of real objects are

architecture, forestry, geology, and civil and oil engineering.

How to derive 3D models of real objects/structures is the main question that needs to be
answered. First of all, 3D data for the surveyed structure are needed. Currently, 3D data
can be obtained through two technologies: photogrammetry and laser scanning. Laser
scanning directly provides 3D data, while photogrammetry reconstructs 3D information
through a photogrammetric triangulation process using the collected images of the
surveyed structure. The advantage of the direct acquisition of 3D data makes laser
scanning a popular technique in modeling. However, it is almost impossible to cover a
complete structure with a single Terrestrial Laser Scanner (TLS) scan. Therefore, several

TLS scans from different positions/orientations are necessary for complete coverage of



the surveyed structure. The collection and processing of TLS scans is a time consuming
process; each collected scan has its own coordinate system, and 3D models can only be
obtained by alignment of the collected scans in a common coordinate system. This
alignment process is known as “registration.” The transformation parameters between the
collected scans and the reference coordinate systems (i.e., three translations, three

rotations and scale) must be estimated for registration purposes.

The registration paradigm consists of selecting four elements: the appropriate primitives,
the transformation function, the similarity measure, and the matching strategy (Al-
Ruzouq, 2004). The first paradigm element of registration (making a decision on the
primitive) is used for estimating the transformation parameters among the involved scans.
The generally used registration primitives for photogrammetric data and TLS scans can
be classified into three groups: point, linear, and planar (areal) features. Finding
conjugate points in different TLS scans is almost impossible due to the irregular
distribution of the TLS scans (point cloud), while identification of the planar and linear
features is possible in both photogrammetric data and TLS scans. Furthermore, planar
and linear features commonly exist in man-made structures, and the registration

primitives of choice in this research therefore are the planar and linear features.

The 3D similarity transformation function is the generally used mathematical model for
relating the conjugate primitives in different coordinate systems. After the type of
appropriate primitive and transformation function are selected, the next step of the
registration procedure is the similarity measure selection. The similarity measure

incorporates the matched primitives together with the transformation function for

2



mathematically describing their correspondence (Renaduin et al., 2011). Finally, the
matching strategy, which is an overall scheme of the solution for a registration problem,
needs to be designed. The matching strategy contains the selection of the registration

primitives, the similarity measure, and the transformation function (Al-Ruzouq, 2004).

The most popular and generally used algorithm for registering 3D data is the “Iterative
Closest Point” (ICP), which is based on minimizing the point-to-point distance in the
overlapping area between different TLS scans (Besl and McKay, 1992). Similarly,
another registration method, which was developed by Chen and Medioni (1992),
minimizes the point-to-plane distance in the overlapping area of the TLS scans. Iterative
Closest Projected Point method (ICPP) (Al-Durgham, 2011), which is a robust
registration method and a variant of the ICP method, is considered as both a point-to-
point and point-to-plane registration technique. Many registration methods (i.e., the ICP
method and its variants) require large overlap areas between the TLS scans in order to
obtain a reliable 3D model of the structure of interest. In this research, the large overlap
area requirement among the scans is eliminated/reduced using photogrammetric data as

additional information of the structure, which can be acquired in a relatively short time.

Real experimental data were collected in order to analyze the ability of the proposed
registration methods. “Quality control is a post-mission procedure to ensure/verify the
quality of the estimated results” (Habib, 2007). A quantitative quality control method
therefore is proposed in this research by calculating the point-to-plane normal distances
between the registered surfaces. On the other hand, qualitative quality control was

conducted by plotting the registered scans.



1.2 Research Objectives

The main objectives of this research can be listed as follows:
The primary objective of this research is to avoid the requirement of large overlap
areas among the TLS scans using photogrammetric data for the registration of the
scans.
The second objective of this research is to compare and analyze the results of the
proposed registration method using the planar and linear features separately.
Finally, the quantitative quality control technique is proposed by calculating the
point-to-plane normal distance among the registered surfaces to analyze the

results of the proposed registration method.

1.3 Thesis Outline
The thesis consists of five chapters. Chapter 1 constitutes the introduction. The
motivation behind the research is explained and the objectives of the research are also

discussed in this chapter.

Chapter 2 describes the basic principles of close range photogrammetry and laser
scanning techniques. Moreover, the term “registration” is defined; and the elements of the
registration paradigm (i.e., the registration primitives, the similarity measure, the
transformation function, and the matching strategy) are explained. Finally, different

registration techniques are reviewed in more detail in this chapter.

The proposed registration methods are explained in Chapter 3. First, the extraction of the

planar and linear features from the photogrammetric data and TLS scans are described.



Then, 3D point-based similarity transformation, which incorporates the matched
primitives, is introduced; and finally, the proposed quantitative quality control technique

is explained.

Chapter 4 presents the experimental results of the proposed registration methods for two
different building data sets: Rozsa Center and Yamnuska Hall. The quality control of the

registration results are conducted and presented.

Chapter 5 concludes the research and provides some recommendations for future work.



CHAPTER 2

BACKGROUND

2.1 Introduction

The basic principles of close range photogrammetry and laser scanning technology will
be explained first in this chapter, followed by a comparison of the photogrammetry and
laser scanning technologies. The elements of a registration paradigm then will be
described; and a review of various studies conducted on registration of TLS scans will

conclude the chapter.

2.2 Close Range Photogrammetry

“Photogrammetry is the art and science of deriving accurate metric and descriptive
information from analog and digital images” ( Habib et al., 2007). Starting in the 1990s,
the popularity and development of photogrammetry have increased in tandem with the
continuing development of digital cameras and computer vision techniques. Due to the
steady decrease in the cost of digital cameras, photogrammetric object space
reconstruction has become one of the most popular studies in many fields (e.g.,

archeology, architecture, biomedical engineering, and civil engineering).

Photogrammetry can mainly be categorized into three groups: space (satellite)
photogrammetry, aerial photogrammetry, and close range (terrestrial) photogrammetry.
Satellites collect images for space photogrammetric applications and are mainly used for
monitoring earth observations (i.e. ice mapping, natural disasters, etc.) Large-format
images, which are captured from a high point using a camera that is generally mounted

on an aircraft, are used for aerial photogrammetry. Aerial photogrammetry is generally
6



used for mapping. The technique is considered “close range photogrammetry” when the
distance from the camera to the object of interest is less than 100 meters (Cooper and
Robson, 2001). Close range photogrammetry has a wide spectrum of applications (e.g.,
archeology, medicine, heritage conservation, architecture, aerospace industry,

automotive, machine industry, natural science, and many others) (Luhmann et al., 2006).

Close range photogrammetry can be performed by simply taking overlapping images
from different perspectives around the object of interest. Although, there are some
differences in terms of data collection, the same basic principles for reconstructing the
object space apply to space, aerial, and close range photogrammetry. The principles of
deriving 3D information from 2D images are briefly explained in the following

subsection.

2.2.1 Photogrammetric Principles

Object space reconstruction is possible with the intersection of conjugate light rays from
overlapping images. Figure 2.1 is an example of conjugate light rays for a close range
photogrammetric application. Conjugate light rays must be well defined by the image
measurement and the internal characteristics of the camera. Moreover, the position and
orientation of the light rays in the object space have to be known for 3D reconstruction of

the object of interest.

The internal camera characteristic parameters are commonly known as the “Interior
Orientation Parameters” (IOPs) and are obtained through a camera calibration procedure.

The orientation and position parameters of the bundle of light rays in the object space,



called the “Exterior Orientation Parameters” (EOPs), are estimated through a geo-

referencing procedure.

ES/K\EB g

Figure 2.1. lllustration of conjugate light rays for a close range photogrammetric

application

In Figure 2.1, (i and i’) represents the conjugate points in the image space; (1) is the point
in the object space, and (PC) is the perspective center of the camera. The mathematical
model, which is used to relate the image and the ground (object space) coordinate

systems, is called the “collinearity equations” (Kraus, 1993), (Equations 2.1a and 2.1b).

711 (X1=X0) 4121 (Y1=Yo)+131(Z1—Z)) +A (218.)
T13(X1=X0)+123(Y1=Yo)+733(Z1—Zo)

Xi=Xp—C

T12(X1=X0)+7122(Y[=Y0)+732(Z1—Z)
;= - A 2.1b
Yi=p C7‘13(XI—X0)+7‘23(Y1—Y0)+T33(ZI—ZO) +ay ( )

where;



- Xjandy; : the image coordinates of point (i);

- Xp, Yp.C, and the coefficients describing Ax and Ay:
- X, Yy, Z;: the object space coordinates of point (1);
i1 Tz T3

21 T22 7”23‘ . the rotation matrix relating object and image coordinate
31 T32 133

- R =

system, defined by the angles: w,, and K;

- Xo, Yo, Zo : the object space coordinates of the camera perspective center (PC).

The image coordinates of the points are observed by image measurements, while X, yp ,C
and the distortion parameters (IOPs) are obtained through a camera calibration
procedure. The distortion parameters, which are caused by errors in the camera lens (e.g.,
decentering and radial lens distortions), are added to the collinearity equation to

compensate for any deviations from the assumed perspective geometry.

The position of the camera PC in the object space is defined by the translation parameters
(Xo, Yo, and Zp); while the orientation of the image coordinate system relative to the
object space is represented by the rotation matrix defined by the angles “w, @, and K.”
The unknown parameters in the collinearity equations are the EOPs of each image (Xo,
Yo, Zo, W, @, and K) and the object coordinates of the tie points (X, Y, Z). EOPs can be
obtained directly using Global Positioning System (GPS) and Inertial Navigation System
(INS) during data capturing or indirectly using control and tie points in the aerial
triangulation (bundle adjustment) procedure. Figure 2.2 illustrates the involved
parameters for photogrammetric 3D object space reconstruction using collinearity

equations.
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Figure 2.2. The involved parameters for photogrammetric 3D object space reconstruction

2.3 Laser Scanning

A laser scanner is able to directly collect 3D coordinates of surveyed objects. Laser
scanning is used in a very wide application area due to the advantage of fast and non-
contact 3D data acquisition. Nevertheless, laser scanning is a high-cost technology

because the instruments of the scanner are expensive.

Laser scanning can be grouped in two categories: airborne laser scanning and terrestrial
laser scanning. Airborne laser scanner is generally mounted on an aircraft and assisted
with GPS/INS systems. Airborne laser scanning is generally used for 3D urban mapping,
forestry, and military applications. On the other hand, TLS is usually placed on a tripod
or on a land vehicle to collect data. Some of the application areas for terrestrial laser
scanning are archaeological documentation, topographic surveys, fabrication inspection,

manufacturing, and many other engineering surveys.
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2.3.1 Laser Scanning Principles

Laser scanning is often referred to as Light Detection and Ranging (LIDAR) in the
photogrammetric literature. Point clouds, laser scanning data, scans, laser scans, TLS,
and TLS scans are commonly-used terms to express LIDAR data. A laser scanner is an
active sensor, and it provides its own energy. In terms of the sensor system, laser
scanning can be categorized into three main groups: time-of-flight (TOF), phase-shift,

and triangulation-based measurements (Bogue, 2010).

2.3.1.1 Time-of-Flight (TOF) Systems

TOF systems are the most commonly used laser scanners. Basically, a laser pulse is sent
from a transmitter and the light particles (photons) are scattered back to the receiver
(Figure 2.3). The receiver collects the photons which come back to it. The range is
computed by the travel time between signal transmission and reception. Equation 2.2 can

be used for the computation of the laser range (Petrie and Toth, 2009).

R=2% (2.2)

- R:therange;
- v: the speed of the electromagnetic radiation;

- t: the measured time interval.

11
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Figure 2.3. Schematic representation of a TOF system

2.2.1.2 Phase-Shift Systems

A phase-shift laser scanner works in a fashion similar to TOF systems. Phase-shift
systems send waves and receive them; and the change of the phase is measured (Figure
2.4). The range is computed using the number of wavelengths, the phase-shift angle

between the transmitted and received signal (Equation 2.3) (Petrie and Toth, 2009).

R = MA;— 2 2.3)

where:

R: the range;

M :the integer number of wavelengths;

A: the wavelength;

- A= %: the fractional part of the wavelength: ¢ is the phase angle.

12
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Figure 2.4. Example of a phase-shift system (source: Petrie and Toth, 2009)

2.2.1.3 Triangulation-based Systems

Triangulation-based systems consist of at least two sensors (Figure 2.5). A laser line or

point is projected onto an object, and the reflection of the laser is captured with a camera

sensor located at a known distance from the laser source. The angle, which results from

the reflection, can be interpreted to provide 3D measurements of the object. This method

is known as triangulation since the laser dot, the camera, and the laser transmitter are

used (Bogue, 2010).

Figure 2.5. Laser triangulation system (source: Bogue, 2010)

I
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2.4 Photogrammetry vs. Laser Scanning

Photogrammetry and laser scanning are the two main technologies for 3D data
acquisition. Both technologies have advantages and disadvantages. The advantages of
laser scanning technology compared to photogrammetry are listed in Table 2.1 (Habib,

2007).

One of the most important advantages of laser scanning is the direct acquisition of 3D
coordinates. On the other hand, obtaining 3D information is a time consuming and
sometimes complicated process in photogrammetry. Another main difference between the
two systems is that laser scanning can collect data any time of the day because it has an
active sensor, which means that it produces its own energy, while photogrammetric
instruments (cameras) are passive sensors that are only able collect data during the
daytime. Some other advantages of laser scanning are shown in Table 2.1.

Table 2.1. Laser scanning pros and photogrammetry cons

Laser Scanning (Pros) Photogrammetry (Cons)
Dense information along homogeneous | Almost no positional information
surfaces along homogeneous surfaces
Day or night data collection Day time data collection only

Direct acquisition of 3D coordinates Complicated and sometimes
unreliable matching procedures
The vertical accuracy is better than the | The vertical accuracy is worse than
planimetric accuracy the planimetric accuracy

Table 2.2 shows the advantages of photogrammetry compared to laser scanning
technology. The main advantage of photogrammetry is its high redundancy, which means
that reconstructed surfaces by photogrammetry can be accurately derived because of the

inherent redundancy. In addition, photogrammetry is rich in semantic information and
14



has color information. Another advantage of photogrammetry is that it is cheaper
technology than laser scanning, especially for close range applications. Some other

advantages of photogrammetry are shown in Table 2.2 (Habib, 2007).

Table 2.2. Laser scanning cons and photogrammetry pros

Laser Scanning (Cons) Photogrammetry (Pros)
No inherent redundancy High redundancy
Positional information; difficult to Rich in semantic information
derive semantic information
Almost no positional information Dense positional information along
along break lines object space break lines
The planimetric accuracy is worse The planimetric accuracy is better than
than the vertical accuracy the vertical accuracy
Data collection takes time Data collection is very fast
Instruments are expensive Instruments are sometimes inexpensive
especially for terrestrial photogrammetry

As can be seen in Tables 2.1 and 2.2, laser scanning and photogrammetry’s advantages
and disadvantages complement each other. Therefore, researchers have focused on
studies which combine the two technologies (e.g., photogrammetry is integrated with
scans for more accurate 3D modeling, improving the geometry of the model, and/or color

coding of laser points).

2.5 Registration

3D models can be obtained with laser scanning technology. Large areas (i.e., urban
modeling, forestry modeling) can be modeled in 3D using airborne laser scanning data
(LiDAR data). The large-scale data are collected with a laser scanner mounted on an

aircraft. On the other hand, terrestrial laser scanning is generally used for 3D modeling of

15



structures. Since an airborne laser scanner can collect the 3D data of large areas, one scan
might be sufficient to portray the area of interest. However, it is not possible to cover a
structure with a single TLS scan in many cases. Therefore, several TLS scans are
necessary to obtain complete coverage of the surveyed structures. Each TLS scan has its
own coordinate system; and in order to obtain a meaningful 3D model of the structure in
question, transformation of the collected scans into a common coordinate system is
necessary. The alignment of the collected TLS scan in a common reference frame is

known as “registration.”

The registration paradigm has four elements, which are the primitives, the transformation
function, the similarity measure, and the matching strategy. The elements of the

registration paradigm are discussed in the following sub-sections.

2.5.1 Registration Primitives

After acquiring datasets for 3D modeling, it is necessary to decide which types of
primitives will be used to relate the TLS scans’ coordinate systems and to estimate the
transformation parameters using conjugate primitives in different scans. The most often
used registration primitives for the photogrammetric data and the TLS scans can be

classified into three groups: point, linear, and planar (areal) features.

For photogrammetric studies, point primitives are commonly used because points are
easily identified in images. Since photogrammetric data are acquired from continuous and
regular scanning of the object space (Shin et al., 2007), it is easy to find and select a

distinct point in an image (Figure 2.6a). On the other hand, the identification of a specific
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point in a TLS scans is difficult and unreliable since the scan’s footprints are irregularly-
distributed (Habib et al., 2008). Figure 2.6b illustrates that it is not possible to pick a
distinct point from a TLS scan, which can be identified in the image. The 3D centers of
signalized geometric targets (i.e., circles and spheres) can be used as point primitives for
the scans (Lichti and Skaloud, 2010). However, placement of the signalized targets might

be difficult and harmful for the surveyed buildings (i.e., historical buildings).

Figure 2.6. Point primitives in photogrammetric data (a), original TLS scan points (b)

Another most often used primitive in photogrammetry and laser scanning technologies is
planar features. Planar features can be represented in the photogrammetric and laser
scanning data by selecting points along the plane. As can be seen in Figure 2.7a, man-
made structures commonly have planar features. The corresponding planar features from
imagery (Figure 2.7a) can be easily found in TLS scans after a segmentation process
(Figure 2.7b). Therefore, planar features are one of the most often chosen primitives for

both data types. Jaw and Chaung (2008) and Dold and Brenner (2006) are example

17



studies of planar feature-based registration of TLS scans. These studies are explained

more fully in the following sections.

(a) (b)

Figure 2.7. Planar features in photogrammetric data (a) and TLS scan (b)

Linear features are also suitable for both photogrammetric and laser scanning
applications. Figure 2.8 illustrates linear features in photogrammetric data and TLS scan.
Linear features was chosen as the registration primitive to estimate the transformation
parameters by several authors (e.g., Jaw and Chaung, 2008; Renaudin et al., 2011; and
Guan and Zhang, 2011). Linear features in photogrammetric studies are generally
represented in object space (3D) with two points (X1, Y1, Z1) & (X2, Y2, Z2), which are
the beginning and ending points of the feature. Similarly, linear features in TLS scans,
which are usually extracted from the intersection of two neighboring segmented planar
features, are also defined by beginning and ending points. The conjugate linear features

are then used to estimate the registration parameters.
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Figure 2.8. Linear Features in photogrammetric data (a) and TLS scan (b)

In contrast to the points, planar and linear features are easy to identify in both TLS scans
and photogrammetric data. Moreover, artificial structures commonly have these features.
Therefore, planar and linear features were chosen as the primitives for the proposed

registration method in this research.

2.5.2 Transformation Function

The second paradigm element of a registration process is establishing a transformation
function. The transformation function mathematically describes the relations of the TLS
scans and the reference coordinate systems. TLS scans generally have true scale. Only six
transformation parameters of the TLS scans (three rotations and three translations) need
to be estimated if the reference frame is chosen as one of the scans’ coordinate system.
Thus, the 3D rigid transformation function is generally used for estimating the six

transformation parameters. If the scale parameter needs to be estimated with the other six
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parameters, the 3D similarity transformation function can be used to estimate the seven

transformation parameters.

2.5.3 Similarity Measure

The third element of the registration paradigm is the similarity measure. After a decision
is made on the type of registration primitives and the transformation function, the next
step is selection of the similarity measure. The similarity measure defines the constraints,
which is necessary to ensure the correspondence of the conjugate primitives (Al-Ruzoug,
2004). The similarity measure formulation depends on the representation scheme of the

involved parameters (Renaudin et al., 2011).

2.5.4 Matching Strategy

"Matching can be defined as the establishment of the correspondence between different
coordinate systems” (Al-Ruzouq, 2004). The matching strategy can be considered as the
framework to solve the matching problem. Therefore, the matching strategy includes the

registration primitives, the transformation function, and the similarity measure.

In summary, the registration paradigm consists of four elements, which were discussed in
the previous sections. All these steps should be carefully decided and prepared for
establishing a registration algorithm. Thus, the collected TLS scans can be registered with
the proposed algorithm to produce a meaningful shape for the surveyed structure. Figure
2.9 shows the original four TLS scans of a surveyed building, before and after
registration of the scans. As shown in Figures 2.9a, b, c, and d, every TLS scan has its

own coordinate system. Before transformation of the TLS scans into a common
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coordinate system, all of the TLS scans together do not make any meaningful sense

(Figure 2.9e). However, after applying the estimated transformation parameters to the

TLS scans, the 3D model of the structure is perceived (Figure 2.9f).

)
() (b)
;‘. "

(@

Figure 2.9. Original TLS scanl (a), TLS scan2 (b), TLS scan3 (c), and TLS scan4 (d);

four TLS scans together before registration (e) and after registration (f)
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2.6 Registration Methods
Many different registration methods for 3D data have been developed and improved in
the last two decades. The main methods can be categorized in three main groups:

1- using all available points of the TLS scans (ICP methods and its variants);

2- using different registration primitives (feature-based registration); and

3- using photogrammetric data to register TLS scans with different primitives.

GPS/INS or the inertial measurement unit (IMU) can be used to geo-reference the scans,
which implicitly solves the registration problem. Usage of such systems also might be
categorized as another registration group. However, direct geo-referencing is not a
commonly used method for ground-based registration studies due to the high cost of the
instruments. An example of such a study was established by Talaya et al. (2004) where
laser scans were oriented directly in the reference coordinate system by GPS/IMU

sensors mounted with a laser scanner on a moving vehicle.

2.6.1 Iterative Closest Point Registration Method and its Variants

The well-known method for the registration of 3D point cloud data is iterative closest
point (ICP), which was developed by Besl and McKay (1992). The ICP method uses all
of the available points within the data, and it works based on point-to-point
correspondence. Basically, the sum of squares of the Euclidean distances between the
nearest points of two data sets “gi and p;” is minimized (Equation 2.4; Lichti and

Skaloud, 2010).

ZLlR(g) + g0 — pill? (2.4)
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where:

- @iand p; : the given two sets points in R3;
- R the rotation matrix defined by the rotation angles between given two data sets;

- qo - the shift between given two data sets (translation vector).

It is also very important that before the closest point calculation, the data sets should be
pre-aligned using the initial parameters. In other words, before proceeding to the ICP
algorithm, one of the data sets should be transformed to the other data set’s coordinate
system using good initial transformation parameters. The ICP method is performed
iteratively. During each iteration, the transformation parameters are computed and
applied to one of the data sets to find the change in the mean square error between the
two data sets until Equation 2.4 is minimized. A method similar to ICP was also
introduced by Chen and Medioni (1992) in the same year as Besl and McKay (1992).
Instead of minimizing the point to point distance between two data sets’ points, Chen and

Meidoni minimized the points to surface distance.

The ICP method has many modifications in the course of the time needed in terms of
selecting and matching points, minimizing the error metric, and accelerating the
computation time by organizing points using structures such as Kd-tree. Comparisons of
some variants of the ICP method were presented by Rusinkiewicz and Levoy (2001).

The following studies are examples of variants of the ICP method.

Bae and Lichti (2008) proposed a robust automated registration method for unorganized

point clouds. The method is called Geometric Primitive ICP with RANSAC (GP-ICPR).
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A modified RANSAC algorithm is used for outlier removal. The GP-ICPR method is a
pair-wise registration, which means that the method registers two point clouds, not
simultaneously multiple point clouds. The two point clouds are partially overlapping in
their study. The GP-ICPR method first estimates the attributes of geometric primitives
such as the surface normal vector, the change of curvature, and the variance angle of the
estimated normal vector for each point in the two point clouds. Using the attributes of the
geometric primitives, the corresponding primitives in the two point clouds are searched to
estimate the registration parameters. The Geometric Primitive-ICP (GP-ICP) method,
which is a modification of the Chen and Medioni method and a simplified
implementation of the GP-ICPR method without the RANSAC procedure, was also
proposed and used to compare results with the GP-ICPR method in their research. The

authors proved that GP-ICPR improved the precision.

Habib et al., (2010) developed a registration method using point-to-patch
correspondence. They created triangular irregular network (TIN) patches in one of the
scans and used a point in another overlapping scan. First, the conjugate point-patch pairs
detection process was performed using pairwise data, and estimated transformation
parameters were used as the initial parameters for simultaneous registration. The sum of
the squared normal distances between the conjugate surfaces’ elements was iteratively
minimized in a least square adjustment (LSA) procedure for estimating the

transformation parameters.

The iterative closest projected point (ICPP) method, which is a novel variant of the ICP

method, was developed by Al-Durgham et al. (2011). The ICPP method is considered as
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both a point-to-surface and a point-to-point-based registration algorithm. The ICPP
algorithm requires initial alignment of the point clouds with respect to a common
coordinate system. Considering a pair-wise registration where S; and S, are the two point
clouds, a point (po) in S; first is transformed into the S, reference frame using initial
approximations to establish the projected point p;. Using the closest three points (p1, p2,
and p3) to p; in Sy, a triangle surface is created. The centroid of the triangle surface (pc) is
then established. Given a search space threshold with a value of N, the centroid (p;) is
extruded to point p4 (Figure 2.10a). It should be noted that the centroid can be extruded in
two directions; in this case, one of the two directions is selected if the following condition
is provided: p: € V (p1, p2, Ps, P4 ). Using the projected point (p;), the tetrahedron in Figure

2.10a can be split into four different tetrahedrons (Figure 2.10Db).

Py

(@) (b)

Figure 2.10. Tetrahedron using four points (p1, p2, pP3, P4), the centroid of the three points
(pc), the point (p; ) (a); four splitting tetrahedrons defined by the point (p;) and (p1, P2, P3,
and p4) (b) (source: Al-Durgham et al., 2011)

After four tetrahedrons are established using the five points (p1, p2, ps, Ps, and p; ), the
next step is that the point (p;) is checked as to whether it falls inside the tetrahedron by
calculating the determinants of all tetrahedrons (D1=p1, p2, p3, P4; D2=p>, p3, P4, pt; D3=

P1, P3, P4, Pr; DA=p1, P2, P4,Pt; @and D5= p1, p2, P3, py). If all the signs of the determinants
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are the same, then the projected point (p;) is considered as inside the tetrahedron. Finally,

the point p,, which is the projection of the point p;  is described by Equation 2.5.

x x ax,,+b +cz,, +d a
lyl zlyl _ AXptDYpt+CZp, lbl (2.5)

a?+b2+c?
VA Pp Z4p,s c

where;

- ab,c,d: the plane parameters of the plane derived from p1, p2, ps;

- X,y,z :the coordinates of the points p, and px.

The point py, and its projection p, are used as a matching pair between the two data sets.
All the possible point-pair matches are then used to estimate the transformation

parameters between the two data sets.

In summary, the ICP method has many variants, and they are commonly used for
registration of the scans. However, the ICP method requires large overlap areas between
data sets and good initial estimation of the transformation parameters; and this is the main
disadvantage of the ICP-based methods. Without good initial parameters and large
overlapping data sets, the ICP method and its variants might fail to estimate reliable
registration parameters. The ICP algorithms use all of the available points in the data sets.
Therefore, it is a slow algorithm. During the last decade, instead of using all points, as in
the ICP method and its variants, researchers used extracted features as registration
primitives. Examples of studies which used different primitives to register the TLS scans

are reviewed in the next subsection.
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2.6.2 Feature-based Registration Methods

During the last decade, researchers used different geometric primitives (e.g., planes,
lines, spheres etc.) to register TLS scans, instead of using all of the available points. For
instance, Rabbani et al., (2007) registered scans of an industrial site, which is rich in
different geometric features, by extracting and comparing the features of the site. They
first detected and extracted different features from the scans, such as cylinders, spheres,
planes, etc. Then two different methods were used to register the scans with these
extracted features: the direct and indirect methods. One of the scans’ coordinate systems
was chosen as the world coordinate system for both methods. For the direct method, the
sums of squares of the difference between the corresponding extracted features’
parameters in different scans were minimized to estimate registration parameters. Then,
they used the estimated parameters from the indirect method as the initial approximations
for their second method, namely, the direct method. They minimized the sum of squares
of the orthogonal distance of the points from their model surfaces to estimate the
registration parameters. The direct method produced better registration parameters than
the indirect method, while the direct method was slower than the indirect method.
Moreover, the direct method required good approximate values so the estimated
parameters from the indirect method were used as the initial parameters for the direct

method.

Another study in which different primitives were used to register TLS scans was
presented by Jaw and Chaung (2008). Point-based, line-based, and planar-based

registrations were performed by using the different features individually and also by
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combining some of the features. The linear features were established by taking the ending
points of the lines for the line-based registration, and the planar features were presented
by the normal vector of the planes. Some of the specific corresponding points were used
for the point-based registration. After separate usage of the point, linear, and planar
features, these features were then combined for registering the scans. According to check
point analysis of the results, usage of all of the available features (feature-based
registration) produced more reliable registration results than the usage of single features

(point-based, line-based, or planar-based registration).

Registration studies using different primitives and photogrammetric data as additional
information were focused on and established by many researchers during the last decade.
Some examples of registration studies in which photogrammetric data were integrated

with TLS scans are reviewed in the next sub-section.

2.6.3 Registration Methods Using Photogrammetric Data

Integration of photogrammetry and laser scanning technologies is possible. Habib et al.,
(2004) demonstrated the accuracy of integration of LIDAR data and a photogrammetric
model. Linear features were preferred as primitives to integrate the LIDAR data and the
photogrammetric model, and two experiments were conducted in this study. The first
experiment contained planar surfaces. Planar patches were manually identified in the
LiDAR data with the help of the images for the first experiment. Taking the intersection
of the neighboring planar features, the end points of the linear features were established.
The conjugate linear features from the photogrammetric data were extracted using

coplanarity constraint in a photogrammetric triangulation procedure for the first

28



experiment. The second experiment of the study contained cylindrical surfaces. The
linear features from the cylindrical surface objects were defined by the centerline of the
cylinders’ end points from the LIiDAR data for the second experiment. The conjugate
linear features from the photogrammetric data were extracted by a photogrammetric
triangulation procedure. Finally, the transformation parameters between the
photogrammetric model and the LIDAR data were estimated with a 3D similarity
function by having the conjugate extracted lines’ end points from the photogrammetric
model and the LiDAR data for the two experiments. The authors proved that the two

technologies of photogrammetry and LiDAR could be co-registered accurately.

Since integration of the laser scanning and photogrammetric data is possible as Habib et
al. (2004) proved in their study, many researchers have used photogrammetric data as
additional information for the surveyed object/structure. For instance, Renaudin et al.
(2011) used a photogrammetric model for registering TLS scans with minimum overlap.
The linear features were chosen as the registration primitives. Coplanarity constraint was
used in the bundle adjustment to extract the linear features from the photogrammetric
data, while the linear features from the TLS scan were extracted using a semi-automated
process. They identified the planar features and segmented the planes. By taking the
intersection of the neighboring segmented planar patches, the linear features were
extracted and were represented by their end points. The weight matrix was modified for
the end points of the linear features that could not be conjugate in the TLS scans and the
photogrammetric model. Finally, the registration parameters were estimated by a point-

based 3D similarity function.
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Some other researchers used hybrid systems to integrate photogrammetric data and TLS
scans for registration purposes. An example of such a system is shown in Figure 2.11. As
can be seen in the figure, a camera was mounted on the top of the TLS; and the collected
images were used for registering the TLS scans using the estimated mounting parameters
between the two systems. These mounting parameters were determined from a prior

system calibration process.

Y‘sl:snner

Xsnanner

Hybrid
Svstem

Figure 2.11. Example of a hybrid system: Laser scanner and camera rigidly fixed together

Dold and Brenner (2006) conducted a registration study using a hybrid system. The TLS
scans and images were collected by a hybrid system; and the planar features were
selected as the registration primitives. Planar patches were extracted automatically from
the TLS scans in overlapping areas. First, the registration parameters were estimated
using conjugate planar features in the overlapping area. The registered TLS scans’
extracted planar patches were then textured automatically by the color information from

the collected images using the estimated mounting parameters of the TLS and camera
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systems. Moreover, the estimated registration parameters were improved by shifting the

planar patches until they fit as much as possible with the texture patches.

Al-Manasir and Fraser (2006) established another example of registration using a hybrid
system. Coded targets on the object were used to register TLS scans automatically. After
data acquisition with the hybrid system, for each of the collected images, the coded
targets were identified, measured, and labeled automatically. Then the targets were
automatically estimated in the TLS scans’ coordinate system using collinearity equations
and the mounting parameters between the TLS and the camera on the hybrid system.
After determination of the coded targets in the overlapping TLS scans, the registration

parameters were estimated using the point targets within the 3D similarity function.

In summary, it is possible to use a hybrid system for registration purposes. However, it
should be noted that a good observation station for collecting a TLS scan might not be a

good choice for the photogrammetric data collection (Renaudin et al., 2011).

2.7 Summary

In this chapter, photogrammetry and laser scanning techniques were introduced for
acquiring 3D information of objects. Since several TLS scans are necessary to cover the
surveyed object, a registration technique must be performed for obtaining a complete 3D
model of the surveyed object. Different registration methods are available, some of which
were presented in this chapter. The pros and cons of these registration techniques were

also discussed.
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In this research, a registration method similar to Renaudin et al. (2011) will be presented.
The only difference is that, in this research, extraction of the linear features from the TLS
scans is fully automated which will be described in more detail in Chapter 3. Moreover,
the planar features are also used as registration primitives in this research. A comparison
of the usage of planar and linear features for the proposed registration method is

presented in Chapter 4.

32



CHAPTER 3

METHODOLOGY

3.1 Introduction

In this chapter, the proposed registration method is explained in detail. As mentioned in
the previous chapters, the main objective of the proposed registration method is to
register TLS scans with minimum overlap using a photogrammetric model as additional
information. TLS collects the 3D data of objects of interest directly. However,
photogrammetric data (images) are in 2D space, and derivation of 3D information from
the collected images is necessary in order to integrate them with the TLS scans for
registration purposes. Therefore, 3D object space reconstruction from 2D images will be

discussed first in this chapter.

Another objective of the proposed registration method is to use different geometric
features instead of point, which is a commonly used registration primitive. For the
proposed research, planar and linear features are chosen as the registration primitives.
These features will be extracted from both the photogrammetric data and the TLS scans.
The minimum number and configuration of the planar and linear features requirements to
estimate all transformation parameters with the proposed registration method will be

explained in this chapter.

Planar features are represented by at least three non-collinear points, while linear features
are defined by their beginning and ending points. The points of the corresponding
features from the photogrammetric model and the TLS scans are not necessarily
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conjugate. Thus, their weight matrices have to be modified for relating the conjugate
features. Modifications of such matrices for planar and linear features are described
throughout this chapter. The final process of the proposed registration method is to
incorporate the extracted features from the photogrammetric model and the TLS scans
using 3D similarity transformation. Quality control of the registration will be explained

at the end of this chapter.

3.2 3D Object Reconstruction from Photogrammetric Data

The object space reconstruction, which is described in Section 2.1, is possible using
conjugate light rays from overlapping images. Therefore, collection of images with good
intersecting geometry and large overlapping areas from all around the surveyed

objects/structures is an essential step for photogrammetric object space reconstruction.

The object space coordinates of the points (X, Y, Z) are related to the image coordinate
observations of the points (x, y) using the collinearity equations (Equation 2.1a and 2.1b).
In this research, a digital camera was used for image acquisition, and the points from the
digital images, which are in a pixel coordinates system, must be converted into an image

coordinate system using Equations 3.1a and 3.1b. (Figure 3.1)

-~ )-'
(0.0

(@) (b)

Figure 3.1. Pixel coordinate system (a) versus image coordinate system (b)
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1_ N

X = (y 2_0) X x_pix_size (3.1a)*

T

y = (:—0 — x’) X y_pix_size (3.1b)*

- n¢: the number of columns;

- n,:the number of rows;

- X_pix_size : pixel size along the row direction;

- y_pix_size : pixel size along the column direction;

- xandy: the image coordinates;

x” and y’: the pixel coordinates.

Since the collinearity equations, which are used to relate object and image coordinate
system and described in the Section 2.1, assume that the image point, the object point,
and the perspective center of the camera are collinear, the camera should be calibrated
before data acquisition. As mentioned before, the interior orientation parameters (IOPs),
which include the principal point coordinates (xp, and y,), the principal distance (c), and
the distortions parameters, are estimated through a calibration procedure. Computing the
distortion parameters are essential for obtaining straight light rays through the image
point, the perspective center, and the object point. The principal point is the projection of

the perspective center of the camera onto the image plane. The principal distance is

! http://dprg.geomatics.ucalgary.ca/Coursess ENGO667_chapterl
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defined as the distance between the principal point and the perspective center of the

camera (Figure 3.2).

Figure 3.2. Principal distance (c), principal point (pp) and principal point coordinates (X,

and yp)

Another significant point of photogrammetric object reconstruction is the definition of
the datum. Datum can be defined in two ways: 1) using pre-surveyed control points or 2)
fixing the object coordinates of certain points and using distance constraints (Detchev,
2010). In this research, the datum is defined arbitrarily by fixing seven coordinates of
three well-distributed points within the bundle adjustment procedure. It is essential to
define the datum, the image point measurements, and the camera calibration to calculate
the unknown parameters with collinearity equations. The unknown parameters, which are
the EOPs of the images and the object spaces coordinates of the points, are estimated

through a bundle adjustment procedure.
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3.3 Feature Extraction

3.3.1 Planar Features Extraction from Photogrammetric Data

A plane is defined as a flat surface. At least three non-collinear points are necessary for
defining a plane. Three or four non-collinear points are observed in multiple images and
their object space coordinates then are estimated through a bundle adjustment procedure
in this research. The reconstructed points from the photogrammetric data define the
planes in the 3D model space coordinates. Figure 3.3 is an illustration of the plane points

in multiple images.

image 1 image 2 image 3

Figure 3.3. Plane points in different images

As illustrated in Figure 3.3, conjugate plane points are available and observed in
convergent and overlapping images for object reconstruction. In summary, the 3D points
that define planar features are extracted from photogrammetric data through a bundle

adjustment procedure.
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3.3.2 Linear Features Extraction from Photogrammetric Data

Linear features are extracted from photogrammetric data by adding a coplanarity
constraint to the bundle adjustment procedure (Habib et al., 2004; Habib et al., 2007; and
Renaudin et al., 2011). The linear features are represented by their beginning and ending
points in the object space and a sequence of intermediate points along the represented
feature in the image space. The beginning and ending points of the linear features do not
need to be identified in several images. These two points can be observed in one image or
in two images separately. Various intermediate points along the linear features are
essential and can be observed in different overlapping images. The intermediate points
need not be conjugate. The observed beginning and ending points in the image
coordinates are used in collinearity equations for derivation of these points in the object
space. The intermediate points of the line image measurement observations need to be
included in the coplanarity constraint within the bundle adjustment procedure. It is worth
mentioning again that the observed intermediate points from different images do not need
to be conjugate. Equation 3.2 shows the coplanarity constraint used in the bundle
adjustment procedure for incorporating the intermediate points of the linear features.
Figure 3.4 illustrates the coplanarity constraint. It is also very important to mention that

the coplanarity constraint does not introduce any new unknown parameters to the bundle

adjustment.
(Vix ;) V3=0 (32)
where;

38



-V, : the vector connecting the perspective center to the beginning point along the
line in object space;

- 72 : the vector connecting the perspective center to the ending point along the line
in object space;

- Vs : the vector connecting the perspective center to the intermediate point along

the corresponding image line.

(X(;”,Yd'”,Zé")

(Q Il!} CD Ill} K!u}

(X0, Y0,Z0) (Xo,Ys' Zg

(@, @, k")

(@, @', K) .
o [re—x
V2 = YQ - Yd”
ZZ - Zéf
X - beginning and ending points
¢ - intermediate points
\ X, —X§
1 v=(n-
2,~24

xku—xp—distortionsx
Vs = R(Q", ",K") |y, — y, — distortions y
—C

Figure 3.4. Beginning and ending points and intermediate points of a linear feature in

image and object space (Adapted from Habib et al., 2004)
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3.3.3 Planar Features Extraction from TLS Scans

Points that belong to the same plane can be grouped by a segmentation process in TLS
scans. Different planar features can be distinguished by a segmentation process. In this
research, a novel segmentation approach, which was presented by Lari et al. (2011), is
used. First, the neighborhood of each point is established using an adaptive cylinder in
the scans, and then the segmentation attributes are computed based on the defined
neighborhood of each point. Finally, clusters of points with similar attributes in the scans
are represented by the detected peaks in the array of the estimated attributes (Lari and

Habib, 2012).

As previously mentioned, planar features have three or four non-collinear points along
the planar surfaces in photogrammetric data. Similarly, three or four non-collinear points
from the segmented planes are manually chosen from the TLS scans. The points are not
necessarily conjugate to the selected planar points in photogrammetric data. These sets of
non-conjugate points along the corresponding planar surfaces are used for the registration
process, which will be explained in Section 3.5. Figure 3.5 illustrates the segmented
planes in a TLS scan and the photogrammetric data. Different colors represent the

segmented planar features in Figure 3.5a.
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Figure 3.5. Segmented planar features of a TLS scan (a) and a corresponding scene of the

scan (b)

3.3.4 Linear Features Extraction from TLS Scans

Linear features are extracted using the segmented planar features from the TLS scans.
The intersections of neighboring segmented planes provide infinite lines (Figure 3.6).
Linear features are represented by their beginning and ending points in photogrammetric
data. Therefore, the beginning and ending points of the infinite lines need to be estimated
in the TLS scans. For extracting the beginning and ending points of the infinite line, the
extreme points of the line are necessary. To determine the extreme points of the infinite
line, points are projected within a certain buffer onto the line segment. Finally the farthest
points, which are the beginning and ending points, are selected along the line segment
(Al-Durgham, 2007). Figure 3.7 illustrates an example of linear features in a TLS scan

and image.
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Figure 3.7. Linear features in TLS scan (a) and photogrammetric data (b)

3.4 Similarity Measure

A similarity measure, which is used to incorporate the matched primitives within the
transformation function, is described in this section. Since planar and linear features are
represented by points, a 3D point-based similarity transformation can be used for relating
the observed conjugate features between the photogrammetrically-reconstructed data

(PRD)/TLS scans and the global ground coordinate systems (Equation 3.3).
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-

scan;/PRD = XTscani/pRD + Sscani/PRD Rscani/PRD X (3.3)

The scan; indicates the i-th TLS scan;

Xscani/PRD
Xscan;/PrRD = Yscan,/prp | © the observation vector of the points either in the it -
Zscani/PRD

TLS scan or the photogrammetrically reconstructed data;

Tscan;/PRD
5

_ . ; ; ; ith
XTcany/pro = Y canypro | ¢ the translation vector between the either in the i -

Tscan;/PRD
TLS scan or the photogrammetrically reconstructed data and global coordinate
system (reference scan);

Sscanyprp - the scale factor between the either in the i" -TLS scan or the

photogrammetrically reconstructed data and reference coordinate systems;

1 Tiz Ti3
Rscanyprp = T21 T2z T23| @ the rotation matrix relating the either in the i -
31 T32 133

TLS scan or the photogrammetrically reconstructed data and global coordinate
systems, defined by the angles: Q, ®, and K;
XG

Ye
Zg

X; = : the reference coordinate system coordinates.

The total number of unknown parameters between TLS scans, the PRD and the reference

(global) coordinate system and the ground coordinates system of the tie points, which are

estimated through the 3D similarity function, is equal to following;
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TX Ngegns + 3 X Ny + 7.

where:
- 7 X Ngegns: “Ngcans 1S the number of TLS scans; “7” is the number of the

transformation parameters (3 rotations, 3 translations, and the scale);

- 3 X Ngje: “Niie” 1S the number of tie points; “3” is the unknown ground coordinates
(X,Y,Z) for each tie point, which are the points defining the planar and linear
features;

-7 :number of the transformation parameters between the photogrammetric model

and the reference scan.

In this research, one of the TLS scans’ coordinate system was chosen as the global
coordinate system and the scans have true scale so there was no need to estimate the scale
parameter between the TLS scans and the reference scan. Therefore, the total unknown
parameters that need to be estimated are:

6X Ngegns + 3 X Ngje + 7.

The traditional Gauss Markov stochastic model (Equation 3.4) can be used to relate the

unknowns and the observations of Equation 3.3.

y=AXx+¢é e ~(0,2) where ¥ = g2P7?! (3.4)
where:

-y : the nx1 vector of observations (fscani/pRD);
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X : the mx1 vector of unknowns (XTscani/PRD,YTscani/PRD,ZTscani/PRD), (Q, @, and

K), (Sscan;/prp), and X’G; three shifts, three rotation angels, the scale, and the
ground coordinates of the tie points, respectively;

- A:the nx m design matrix.

- 2 : a-priori variance factor;

- P :the weight matrix;

- X : the variance-covariance matrix, which is obtained by the product of the a-
priori variance factor “o2” and the inverse of weight matrix “P” ;

- & :the nx1vector of random noise, which is distributed with a zero mean and the

variance-covariance matrix “X” ;

Traditional LSA aims at estimating the unknown parameters. During the LSA procedure,
the sum of squares of the weighted residuals is minimized (Equation 3.5, LSA target
function). The solution vector can be obtained by Equation 3.6. The predicted residual of
the observation vector is represented by Equation 3.7, while the variance-covariance
matrix of the solution vector can be obtained by Equation 3.8. Finally, a-posteriori

variance factor can be derived by Equation 3.9.

éTPé = min |3 (3.5)
Z=(ATPA)*ATP 5 =N1ATP 3 (3.6)
&=y — A% (3.7)
2{X} = 62(APA)'=62N" (3.8)
62 = (&"P8&) / (n-m) (3.9)
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Since the points of the corresponding extracted planar and linear features from the TLS
scans and PRD are not necessarily conjugate to each other, the traditional LSA
procedure, which is described above, cannot be used for the estimation of transformation
parameters. Therefore, traditional LSA procedure needs to be modified (Renaduin et al.,
2011; Habib et al, 2011; Kersting, 2012). Illustrations of the non-conjugate points in
planar and linear features between TLS scan/PRD and global coordinate systems are

represented in Figures 3.8 and 3.9, respectively.

1(Xscan/PRD1: Yscan/PRD1, Zscan/PRD1)

1Xc1Yer,Zer)

e
__________
-
________
o
-

scan/PRD3, Yscan/PRD3. Lscan/PRD3 )

Figure 3.8. Non-conjugate points defining the plane in different coordinate systems
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L i bbb bbbt
3D Similarity Transformation
Ic
ZseanPRD . 00 A FmmmmmmmmemTesmmemmee— e 7 Yo
XecanPRD 2" N L 2(Xc2.Yer, Zez)
‘\\ dX 22" Xc
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2(XscanPRD2, Yscan PRD2, Lscan/PRDZ)

Figure 3.9. Non-conjugate points defining the line in different coordinate systems
(Adapted from Renaudin et al., 2011)
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In the following equations, modifications of the traditional Gauss Markov stochastic
model are represented. The 3D similarity transformation (Equation 3.3) can be modified
as in Equation 3.10 for the non-conjugate points of the features in different coordinate

systems.

-

Xscani/PRD = XTscani/pRD + Sscani/PRD Rscani/PRD Xe+dX (3.10)

The Gauss Markov stochastic model is modified as in Equation 3.11

J=A¥+dX +¢é 8~(0,2) (3.11)

As can be seen, the difference between Equations 3.3 and 3.10, and Equations 3.4 and

3.11 is that additional unknown dX , which is a vector resulting from the non-conjugate
points of the corresponding features, is added to Equations 3.10 and 3.11(see Figures 3.8

and 3.9).

In the following equations, the LSA is modified to eliminate unknown vector dX from
the estimated parameters. The stochastic properties of the random noise vector can be
changed as follows:

3'{8} = g2P'* where; P'dX=0  P':thenew weight matrix. (3.12)
As can be seen in Equation 3.12, the unknown vector dXxX belongs to the null space of the
weight matrix P’, which means that the inverse of the matrix does not exist. The plus sign
of the new weight matrix (P'") is the indication of the Moore-Penrose pseudo inverse
(Koch, 1988). The LSA target function can be modified by using the modified weight
matrix as in the following Equation 3.13a. Equation 3.13a can be reduced to the form as

in Equation 3.13b because multiplication of the modified weight matrix ( P") and the
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unknown vector (d)?) is equal to zero (Equation 3.12). Finally, Equation 3.14 is the
estimated unknowns (refer to Appendix A for the detailed derivation). Equation 3.15

shows the variance-covariance matrix for the solution vector.

§7Pé = (§ — A% — dX) P'(§ — A% — dX) = min | 45 (3.13a)
éTpPé = (y — AX)TP'(y — AX) = min |3 (3.13b)
Z=(ATP'A)Y*ATP § =N1ATP where; N= AT P'A (3.14)
(%} = a2N* (3.15)

Finally, a-posteriori variance factor can be derived through the following Equations 3.16-
3.18 (refer to Appendix A for the detailed derivation). q is the rank of the modified

weight matrix P’ and m is the number of unknowns.

E@TP'3) = E{(§ - A% - dX) P'(j - A% - dX)} (3.16)
E(ETP'e) = E{(J —AX)"P'(§ — AX)} = (@ —m)a; 3.17)
05 =G —ADTP'(y — AX)/(q —m) (3.18)

In summary the modified LSA stochastic model is shown in the following equation;
J=A¥+dX+8 &~(0,2) where ' =g2P'* and P'dX=0 (3.19)
P’ is the weight matrix which needs to be derived for the planar and linear features. The
following subsections describe the derivation of the weight matrix (P') for the planar and
linear features, respectively.

3.4.1 Modification of the Weight Matrix for Planar Features

A local coordinate system of the plane (UVW) is first defined. U and V are the axes along

the plane in question; W axis is parallel to plane normal (Figure 3.10).
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Figure 3.10. Relation between the scans/PRD and the plane coordinate systems

Equation 3.20 shows the relationship between local (UVW) and the scans/PRD coordinate
system (XYZ)scanpro. The M matrix is defined by the components of the unit vectors , v

,and w along the UVW axes (see Figure 3.11).

Figure 3.11. Local UVW coordinate system for a plane (Adapted from Kersting, 2011)
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U X
vi=mly (3.20)
w Z
where;
u. U, U,
- M=V, V, V,|:the matrix between the two coordinate system
We wy W,

The original weight matrix, which is defined by the inverse of the variance-covariance
matrix of measured/derived tie points, is represented in Equation 3.21. In Equation 3.22,
Puww ,» Which is the weight matrix in the local coordinate system, is derived by using the
law of error propagation. The weight matrix is then modified as in Equation 3.23 by
assigning zero values for the weights along the plane. The final step for the modified

weight matrix is to establish it in the XYZ system (P, Equation3.24) (Kersting, 2011).

Pxyz = 2}?&2 (3.21)
Py Pyy  Pyw
Pyyw = MPyy;M" = Pyy Py Pyw (3.22)
Pyy Pwy Py
0 0 O
Pyyw = lO 0 O
0 0 P (3.23)
Pyyz = MTPl,]VWM (3.24)

As previously mentioned, the multiplication of the modified weight matrix (P") and the
unknown vector (d)?) is equal to zero and is shown in Equation (3.25). In this equation,

dX, dY, and dZ are the components of the unknown vector (d)? ) with respect to the (w.r.t)
XYZ system. On the other hand, dU, dV, and dW represent the components of the
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unknown vector (d)?) w.r.t the UVW system. dW is assigned to zero since the non-

conjugate points lie on the same plane (Kersting, 2011).

) dx du 0 0 O0jrdu
Pyyz AX=MTP},,yM |dY| = MTPlyy |av|=MT|0 O O ||dV|[=0 (3.25)
dz aw 0 0 Pyllo

3.4.2 Modification of the Weight Matrix for Linear Features
As was done for the planar features, the local coordinate system (UVW) is defined for the
linear features. The U axis is defined along the line in question. Figure 3.12 illustrates the

line and scan/PRD coordinate systems.

W «—— [inein 3D

Z.scan/PRD

YscanPRD

Xscan/PRD

Figure 3.12. Relation between the scans/PRD and the line coordinate systems

Equation 3.26 shows how the scans/PRD coordinate system (XYZ)scanpro and the local
coordinate system (UVW) are related. The M matrix is defined by using the end points of
the linear features. Equation 3.27 represents the original weight matrix, which is defined
by the inverse of the variance-covariance matrix of measured/derived tie points. P, can

be derived by using the law of error propagation (Equation 3.28). The weight matrix can
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be modified as in Equation 3.29 by assigning a zero value for the weights along the line.
Finally, the modified weight matrix P'xyz , which is in the XY Z coordinate system can be

derived using Equation 3.30 (Renaudin et al., 2011).

U X
V|i=M|Y
W 7 (3.26)
where;
U, U, U,
- M=|V V, V;|:the matrix between two coordinate system.
W, W, W,
- where, U is the axis along the line in question.
Pxyz = Z)?}}Z (3.27)
PU PUV PUW
Pyyw = MPXYZMT =|Phv Pr Pyw
3.28
Pwu Pwv  Pw (3.28)
0 0 0
PIIJVW = O PV PVW
0 Pyy Py (3:29)
Pyz = M PyywM (3.30)

In the following equation (3.31), it is shown that P’ dX = 0 for the linear features. In this
equation, dV and dW are assigned as zero since the non-conjugate points lie on the same

line (Figure 3.9).

) dx du 0 0 0 |rau
Piyz AX=M"PyywM|dY|=M"Pjyy [dV |=M"|0 Py Pyl 0 |=0 (3.31)
dz aw 0 Pyv Py 0 '
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3.5. Number and Configuration of Required Features for the Proposed Registration
Method

Artificial structures are rich in planar and linear features. More features lead to more
reliable results for the proposed registration method. If there are not enough features, the
method may fail. In this section, the minimum required number and the orientation of
features to estimate the registration parameters are introduced for the planar and linear

feature-based registration techniques.

As previously described, the surveyed structure’s TLS scans, whose coordinate systems
are different from each other, have to be transformed into a common (reference)
coordinate system for deriving a 3D model. One of the TLS scans of the surveyed
structure was selected as the reference coordinate system in this research. Since a TLS
scan provides true scale, only three translations and three rotations parameters need to be
estimated between the coordinate systems of the scans and the reference scan. On the
other hand, the photogrammetric model (or the photogrammetrically reconstructed data
(PRD)) and the TLS scans have different scales. Therefore, the scale parameter between
the reference frame and the photogrammetric model has to be estimated together with the
three rotations and three translations parameters. In total, six transformation parameters
between the TLS scans/PRD and the reference frame have to be estimated, while an
additional scale parameter is necessary between the photogrammetric model (or PRD)
and the reference (TLS scan) frame for registering scans with minimum overlap using a

photogrammetric model.

53



3.5.1 Number and Configuration of Required Planes for the Proposed Planar
Feature-Based Registration Method

The orientations of the planes are very crucial for estimating all of the registration
parameters. One shift and two rotation parameters can be determined by having one
plane. Therefore, to cover three rotations and three orientation parameters between a TLS
scan and the reference scan, at least three planes are needed; and these planes should be
in different orientations. Furthermore, for the scale parameter between the
photogrammetric model and the reference scan, at least one additional plane to the other
three planes is needed. Figure 3.13 illustrates an example of the estimated parameters by

the different planes.

In summary, at least three planes with different orientations are necessary to solve for
three shift and three rotations parameters, while one more plane is needed to solve the
scale parameters if it is essential between two coordinate systems. In total, seven
transformation parameters can be solved by having at least four planes which do not
intersect in a single point. If the four planes intersect in one point, the scale parameter

cannot be estimated.
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Figure 3.13. An example of planes and their contributions for estimating the

transformation parameters

3.5.2 Number and Configuration of Required Lines for the Proposed Linear
Feature-Based Registration Method

Two rotation angles and two shifts can be estimated from one linear feature between two
coordinate systems. Two linear features, which do not intersect, are also enough to solve
for the scale. Therefore, in total, two non-coplanar linear features are necessary to solve
for the seven transformation parameters between two different coordinate systems. Figure
3.14 illustrates an example of the minimum number and the orientation of the linear

features and the parameters that are estimated by the different linear features.
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Figure 3.14. An example of lines and their contributions for estimating the transformation

parameters

3.5.3 Final Step of the Proposed Registration Method
The unknown parameters ()?T, S,R)scan/prp and )?G of ties points are estimated through

the LSA procedure. As previously mentioned, one of the TLS scans was chosen as the
reference frame. Therefore, during the LSA procedure, the scans and the PRD are rotated,

shifted and scaled until they fit the reference scan as well as possible.

The estimated transformation parameters are applied to all the TLS scans for

transforming them into the reference coordinate system using Equation 3.32.

- 1 , - -
Xe=— —Rscani(XTscani - Xscani) (3.32)

scan;

where;

- )?G: point coordinates in the reference coordinate system;
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Secan; = — : the scale between the TLS scans and the reference coordinate

Sscani

system. Since one of the TLS scans was chosen as the reference coordinate
system and the scans provide true scale, the scale between the scans and the
reference coordinate system is equal to 1 in this research;

Rican; = RsTcani: the rotation matrix between the TLS scans and the reference

coordinate system;

- )?Tmn_: the shift between the TLS scans and the reference coordinate system.

3.6 Evaluation of Registration Results

In this section, qualitative and quantitative quality control measures are described.

3.6.1 Qualitative Quality Control

Qualitative quality control is conducted by transforming all of the TLS scans to the
reference coordinate system using the estimated registration parameters and plotting them
together (Equation 3.32). By examining the registered TLS scans more closely, the
quality of the proposed registration method is evaluated. More specifically, if there are
any overlapping areas between the TLS scans, they are analyzed in more detail. Since the
overlap area is limited in this research, quantitative quality controls of the estimated
parameters are necessary. In the next sub-section, the quantitative quality control will be

described.

3.6.2 Quantitative Quality Control
Quantitative quality control is performed in two ways. First, the estimated registration

results are compared with the ICPP registration method's results. The ICPP method was
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described in detail in Chapter 2. It is worth mentioning that additional TLS scans are used

for the ICPP method since the ICPP method requires large overlap areas among the

scans. Second, the point-to-plane normal distances are calculated between the registered

PRD and the TLS scans as well as between some of the scans if possible. The normal

distances are calculated as follows.

1-

2-

The PRD and the TLS scans are transformed into the reference coordinate system
using the estimated parameters from the proposed method.

A segmentation process is applied to the TLS scans, which are in the reference
coordinate system.

The conjugate planes in the TLS scans and the PRD are determined. The
parameters (a, b, ¢, d) of the PRD planes are calculated with four PRD points

along the plane (X, Y, Z) using Equation 3.33

aX+bY+cZ+d=0 (3.33)

The calculated plane parameters are used together with the points of the conjugate
segmented planes from the TLS scans to establish the point-to-plane normal
distances between the PRD and the TLS scans.

The root mean square error (RMSE), the mean, and the standard deviation of the
calculated point-to-plane normal distances for each plane are calculated using

Equation 3.34, 3.35, and 3.36, respectively.

58
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RMSE = (3.34)
mean = nd = % (3.35)
Standard Deviation = o = /E(ndnﬂ (3.36)
where;

- nd; the calculated normal distance between the points within the TLS scans and
the PRD planes;

- n; number of points within a segmented TLS scan.

It should be noted that the segmented planes from the TLS scans and the polygon of the
PRD planes generally do not have the same area size. The PRD planes are smaller than
the segmented planes from the TLS scans. Therefore, the point-to-plane normal distance

in Steps 4 and 5 are performed for the following two scenarios.

a) All of the points of the segmented planes from the TLS scans are used for normal
distance calculation (Figure 3.15 red borders). Some of these points are not inside
the vertices of the PRD plane as defined by the yellow polygon.

b) Also, only the points, which are inside the polygon defining PRD planes, are used

for the normal distance calculation (Figure 3.15 yellow borders).

The two scenarios were performed to see whether the results of the point-to-plane normal
distances change when the sizes of the conjugate planes area from the PRD and TLS

scans are different.
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Figure 3.15. Plane borders in the TLS scans versus photogrammetric data

3.7 Summary
In summary, the following four steps were applied to register TLS scans with the
proposed method.

1- The planar and linear features were extracted from the TLS scans and the
photogrammetric data. The linear features are represented by their beginning and
ending points, while three or four non-collinear points along the planes are used
for planar features representation.

2- Since the features are represented by points, a point-based 3D similarity function
was used to estimate the transformation parameters through the modified LSA.
However, the points of the corresponding planar and linear features might not be

conjugate; therefore, their weight matrices and the traditional LSA were modified.
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3- The TLS scans were transformed into the reference coordinate system using the
estimated transformation parameters for establishing the 3D model of the
structure.

4- Qualitative and quantitative quality controls were performed to evaluate the

estimated registration results of the proposed method.

In conclusion, a registration method was proposed to register the TLS scans with
minimum overlap using photogrammetric data. Moreover, a quantitative quality control
method was proposed for evaluating the registration results by calculating the point-to-

plane normal distances between the registered surfaces.
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CHAPTER 4

EXPERIMENTAL RESULTS

4.1 Introduction

In this chapter, the experimental results of the proposed registration method for two
different data sets are presented, and the results are evaluated qualitatively and
quantitatively as well. The planar and linear feature-based registrations were separately
performed for the first experiment, while only planar feature-based registration was

conducted for the second experiment.

4.2 Experiment |

Rozsa Center, a meeting and conference center at the University of Calgary, was chosen
for the first experiment. TLS scans of the building were registered by using
photogrammetric data. Many registration methods require large overlap areas between
TLS scans; but in this research, the aim is to eliminate/reduce the large overlap area
requirement by using photogrammetric data. Additional 3D information about the
building was reconstructed from the photogrammetric data in order to use them as a 3D

model of the building and to register the scans with minimum overlap.

The planar and linear features were chosen as the registration primitives because man-
made structures commonly have these features. The planar and linear features of the
building were reconstructed first from the photogrammetric data using a bundle
adjustment procedure, and then the conjugate features were extracted from the TLS scans
using a segmentation procedure. A 3D similarity transformation algorithm was performed
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to estimate the relationship between the coordinate systems of the photogrammetrically-
reconstructed data (PRD), the TLS scans, and the reference frame, which was one of the

coordinate systems of the TLS scans in this experiment.

The planar and then the linear feature-based registration results of the Rozsa Center’s
TLS scans were performed and are presented in the following subsections. The proposed
planar and linear feature-based registration results are compared to find out whether one
of the feature primitives produces better results than the other for registering TLS scans
with the proposed registration method. Moreover, comparisons between the results of the
proposed feature-based registration and the ICPP method (Al-Durgham et al., 2011) were

conducted for quality control purposes.

4.2.1 Data Description

Four minimally overlapping TLS scans were collected around the Rozsa Center using a
Trimble Terrestrial Laser Scanner (GS200) with a maximum range of 200m and a
resolution up to 32 milliradians (or 3mm at 100m). As mentioned before, the ICPP
method requires a large overlap area among the TLS scans to register them. Therefore,
additional two TLS scans and an airborne scan, which have large overlap areas with the
other minimum overlapping four scans, were added for the ICPP registration approach.
Sixteen images of Rozsa Center were collected for photogrammetric object
reconstruction by using a Canon EOS Rebel XS camera. The pixel size of the camera is
0.00571 mm. The camera has an array dimension of 3888x2592 pixels and a nominal

focal length of 18 mm.
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4.2.2 Planar Feature-Based Registration of Rozsa Center
In this section, the results of the bundle adjustment procedure are presented first, and then
the results of the proposed planar feature-based registration method for the Rozsa Center

building are presented and evaluated.

4.2.2.1 Bundle Adjustment Results for Planar Features

To acquire 3D information of Rozsa Center from the photogrammetric data, the bundle
adjustment procedure was applied. Reliable camera parameters are necessary to derive
3D information from the photogrammetric data accurately. Therefore, calibration of the
camera, one of the most important steps in object space reconstruction from the images,

was carefully carried out before the data collection.

Another significant requirement for accurate object space reconstruction is that the
collected images should have a large overlap area and good intersection geometry
between adjacent images. Figure 4.1 illustrates the overlap area of the 16 images
covering Rozsa Center from a top view, and Figure 4.2 represents the position of the
camera for each image. The black line represents the top view of Rozsa Center, while the
other colors indicate the coverage of the different images as per the legend on the right
side of Figures 4.1 and 4.2. As can be seen in Figures 4.1 and 4.2, the overlap areas of

the images are very large, and the intersection geometry of the images is good.
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Figure 4.1. Top view of overlap area among the 16 images covering Rozsa Center

/\ M image 1
M image 2
‘_- I image 3
’7 image 4
image 5
M image 6
I image 7
image 8
M image 9
M image 10
image 11
ROZSA CENTER o Lmage 12
M image 13
image 14
image 15
image 16

entrance

- Rozsa Center

< from top view

Figure 4.2. Top view of camera positions for the 16 images covering Rozsa Center
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After the photogrammetric data collection, the final step was to tie all these images using
well distributed points in order to acquire reliable 3D information about the building. A
total of 199 different tie point IDs were assigned, and 649 image coordinate
measurements of the tie points were made for the bundle adjustment procedure. 30 planar
features were measured for Rozsa Center. Approximations of the ground coordinates of
the tie points and the orientations of the camera position for the 16 images were prepared
carefully. The datum between the image and the ground coordinate system was chosen

arbitrarily.

MSAT (Multi Sensor Advanced Triangulation) software was used for bundle adjustment
procedure. Bundle adjustment terminated after four iterations. The square root of the a-
posteriori variance factor, which is used to check the quality of the bundle adjustment
results, was observed as 0.00501, which was below the pixel size of the camera (0.00571
mm). To evaluate the bundle adjustment results, the average standard deviation of the
reconstructed tie points was calculated and observed as 0.109 meters, which is also an

indication of the reliability of the results.

4.2.2.2 Results of the Proposed Planar Feature-Based Registration for Rozsa Center
Four TLS scans with minimum overlap were used for the Rozsa Center experiment. A
top view of the areas covered by the TLS scans from the top view of Rozsa Center and
the locations of the four TLS scans are shown in Figure 4.3. Different color represents
TLS scans as per the legend on the right side of Figure 4.3. The black line shows the top
view of Rozsa Center. The “V” symbols in Figure 4.3 show the locations of the TLS

scans.
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The percentages of the overlap area between adjacent TLS scans were roughly evaluated
by taking the ratio between the number of points in the overlap area and the total number
of points in the TLS scans, and are shown in Table 4.1. The number of points in the
overlap area was calculated by computing the distance between the points of the
registered adjacent TLS scans using the ICPP method results. If the distance between two
points in different TLS scans was less than 10 cm, the point was assumed and counted as

being in the overlapping area.

“\ I TLs1
I TLs2

1183

entrance TLS4

Rozsa Center
from top view

ROZSA CENTER

Figure 4.3. Top view of overlap area among the four TLS scans covering Rozsa Center

Table 4.1. Percentages of the overlap area among the four TLS scans of Rozsa Center

TLSscanl | TLSscan2 | TLS scan3 TLS scan4
TLS scanl %1 %0 %0
TLS scan2 %1 %0 %0
TLS scan3 %0 %0 %19
TLS scan4 %0 %0 %19
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In order to register the four TLS scans, the planar features were chosen as the registration
primitives to use them in a 3D similarity function. Three or four points from the PRD
were manually selected to define a plane for each planar feature. To find the
corresponding planar features in the TLS scans, a segmentation of the laser scans
approach was performed (Lari et al., 2011). Three or four points were also picked as far

as possible from each other from segmented planes in the TLS scans.

Figures 4.4, 4.5, 4.6, and 4.7 illustrate the planar features, which were used for the
registration process in this experiment, between the photogrammetric data and TLS

scanl, scan2, scan3, and scan4, respectively.

Figure 4.4. Planar features in TLS scanl (a) and photogrammetric data (b)
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Figure 4.5. Planar features in TLS scan2 (a) and photogrammetric data (b)
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Figure 4.6. Planar features in TLS scan3 (a) and photogrammetric data (b)
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Figure 4.7. Planar features in TLS scan4 (a) and photogrammetric data (b)

The number of planar features in each TLS scan that was used in this experiment are
summarized in Table 4.2. The planes were separated in groups with respect to their
orientation. Examples of the planes with different orientations for Rozsa Center can be
seen in Figure 4.8. For instance, the YZ-plane refers to the plane that is parallel to the Y

and Z axes and is perpendicular to X axis.

Three planar features with different orientation, such as the pyramid shape, are needed
for estimating the translation and rotation parameters, while one additional plane, which
is parallel to one of the three planes, is required for estimating the scale parameter
between different coordinate systems. More explanation of the minimum number of

planar features required and the configuration to determine the transformation parameters
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was provided in Chapter 3. As can be seen in Table 4.2, more than the minimum number

of required planar features was available to register the TLS scans of Rozsa Center.

Table 4.2. The number of planar features in four TLS scans of Rozsa Center

YZ-plane | XZ-plane | XY-plane | Slope Plane Total
TLS scanl 3 4 2 2 11
TLS scan2 4 1 1 1 7
TLS scan3 4 2 1 2 9
TLS scan4 2 3 - 1 6

Figure 4.8. Examples of planar features with different orientations for Rozsa Center

The 3D point-based similarity function using the planar features’ points was performed to
estimate the registration parameters, which consisted of three translations (XT, YT, ZT),
three rotation parameters (Q, @, K), and the scale. Since the planar feature points from
the PRD and the TLS scans might not be conjugate along corresponding planes, the
weight matrices were modified for these planes. As previously mentioned, the TLS scans

provide true scale. Therefore, the scale between the reference scan and the other scans’
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coordinate systems was fixed during the LSA procedure. However, the scale between the

PRD and the reference frame was estimated.

The estimated registration parameters are listed in Table 4.3. The values in parentheses

are the standard deviations of the estimated registration parameters. It also should be

noted that TLS scanl was chosen as the reference coordinate system in this experiment.

The standard deviations of the estimated parameters were below 10 cm for the translation

parameters and below 0.23 degrees for the rotation angels, which would be less than a 1

cm error on the registration if the TLS location is around 10 m away from the building.

The standard deviation values of the registration parameters indicate that reliable results

were estimated.

Table 4.3.The result of the planar feature-based registration procedure for Rozsa Center

XT (m) YT (m) ZT (m) Scale Q(°) d () K (°)
TLS 0 0 0 1 0 0 0
scanl
TLS | -23.186 | -14.801 | -0.687 1 0.234 -0.429 8.373
scan2 | (£0.0287) | (£0.0219) | (+0.0805) (£0.1133) | (£0.2092) | (+0.0484)
TLS | 69.677 | 92511 1.335 1 0.243 0313 | 121.373
scan3 | (£0.0221) | (£0.0293) | (+0.0431) (+0.0624) | (+0.0781) | (+0.0441)
TLS | -41.693 | 91.370 -0.251 1 -0.291 0.165 | -145.531
scand | (£0.0298) | (£0.0234) | (+0.0916) (£0.1273) | (£0.0769) | (+0.0447)
5.372 1.610 37.383 0.998 | 30.584 | -74.546 | 91.168
PRD | (10.0184) | (£0.0163) | (£0.0143) | (£0.000) | (£0.2271) | (20.0419) | (+0.2261)

4.2.2.3 Quality Control of the Planar Feature-Based Registration Results

The quality control of the registration results was evaluated and is first presented

qualitatively and then quantitatively in the following subsections.
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a) Qualitative Quality Control

The registration results were evaluated for qualitative quality control, which involves
transforming the TLS scans to the reference coordinate system by using the estimated
registration parameters and plotting them together. Figure 4.9 illustrates the general view

of the registered four TLS scans, which is colored based on height.

@ (®

Figure 4.9. Top view (a) and 3D view (b) of the four registered TLS scans of Rozsa
Center

To analyze the results in a more detailed way, closer examination of the registered TLS
scans was needed. Since the overlap areas between the scans were very small, only few
overlapping parts of the four registered scans were evaluated more closely. The available
common features in the overlap areas, such as the lightning rod and pipes in the
registered TLS scans, are illustrated in Figures 4.10 and 4.11. As illustrated in the figures,

the TLS scans are registered very well.
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TLS scan2 - TLS scan3 - TLS scan4

Figure 4.10. Rozsa Center registered TLS scans 2, 3, and 4: top view (a), 3D view (b),
and lightning rod (c)
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Figure 4.11. Rozsa Center registered TLS scans 1, 2, and 3: top view (a), 3D view, (b),
and pipe (c)

b) Quantitative Quality Control

The quantitative analysis of the registration results was analyzed by calculating the point-
to-plane normal distances for the planes between the PRD and the TLS scans and also

between TLS scans which had any available planes in overlap areas. Using the estimated
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registration results, the PRD and all of the TLS scans were transformed in a common
coordinate system. The plane parameters were determined from the PRD planes for each
plane which had correspondence in the TLS scans. The calculated plane parameters were
used with X, Y, Z of the points in the corresponding TLS scan’s plane to calculate the
point-to-plane normal distances between the PRD and the TLS scans. The mean, standard
deviation, and RMSE of the point-to-plane normal distances for the XY, XZ, and YZ-
planes between the TLS scans and the PRD are presented in Table 4.4. The normal
distances of the XY planes indicate the quality for Z translation, the Q and @ rotation
angles. The normal distance of the XZ-planes indicate the quality for the Y translation,
the Q and K rotation angles. The normal distance of the YZ-planes indicates the quality

for the X translation, the ® and K rotation angles parameters.

The plane’s area, which is defined by the four points from the PRD, is generally smaller
than the area of the corresponding segmented plane in the TLS scans. The normal
distances in Table 4.4 were calculated by using segmented planes points from the TLS
scans and many of these points are not inside the polygons defining the PRD planes.
Therefore, the normal distances for the planes between the TLS scans and the PRD were
then calculated only using the segmented plane points that are inside the polygons whose
vertices define the PRD planes. The results are listed in Table 4.5. Planes together with
the given IDs in Tables 4.4 and 4.5 can be seen in Figures 4.4, 4.5, 4.6, and 4.7. The
comparative analysis of the results in Tables 4.4 and 4.5 will be discussed in the

following pages.
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Table 4.4. The mean, standard deviation and RMSE of the calculated normal distances results of planar feature-based registration

method for the planes between the PRD and the TLS scans of Rozsa Center using all of the points of segmented planes from the scans

Plane ID Plane 1 Plane 2 Plane 3 Plane 4 Plane 5 Plane 8 Plane 9 Plane 12 Plane 13
TLS (I;I;:Etation XZ-plane YZ-plane | XZ-plane XY-plane | XZ-plane ?l:ﬁ: XZ-plane | XY-plane | YZ-plane
scanl 1 3d (m) -0.017 0.018 0.010 -0.058 0.023 0.009 -0.059 0.059 -0.022
Pv;b o (m) 0.048 0.035 0.034 0.067 0.015 0.034 0.035 0.004 0.006
RMSE (m) 0.051 0.039 0.036 0.089 0.028 0.035 0.069 0.060 0.023
Plane ID Plane 14 | Plane 16 | Plane 17 Plane 20 | Plane 21
s::rfz (I;I::Etation YZ-plane | XZ-plane | YZ-plane XY-plane | YZ-plane
vSs. nd (m) 0.064 -0.069 0.015 -0.099 0.015
PRD o (m) 0.093 0.076 0.025 0.064 0.021
RMSE (m) 0.113 0.103 0.029 0.111 0.026
Plane ID Plane 22 | Plane 23 Plane 24 Plane 26 Plane 27 Plane 28 Plane 29 Plane 30
s:aLrSB CP)II:ZEtation XZ-plane | YZ-plane | XZ-plane ?Igiz YZ-plane 21222 YZ-plane | YZ-plane
vs. nd (m) 0.018 0.007 0.045 -0.016 -0.043 -0.008 0.015 -0.047
PRD o (m) 0.007 0.006 0.053 0.013 0.054 0.018 0.013 0.057
RMSE (m) 0.020 0.010 0.070 0.021 0.069 0.020 0.020 0.074
Plane ID Plane 22 | Plane 23 Plane 24 Plane 26 Plane 35 Plane 36
s:::4 CP)I:::tation XZ-plane | YZ-plane | XZ-plane EIIZE:: XZ-plane | YZ-plane
vs. nd (m) 0.011 0.018 0 -0.012 -0.102 -0.005
PRD o (m) 0.009 0.006 0.019 0.016 0.127 0.033
RMSE (m) 0.014 0.019 0.019 0.021 0.163 0.033
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Table 4.5. The mean, standard deviation, and RMSE of the calculated normal distances results of planar feature-based registration

method for the planes between the PRD and the TLS scans of Rozsa Center using the points of segmented planes which are inside the
polygons whose vertices define the PRD planes

Plane ID Plane 1 Plane 2 Plane 3 Plane 4 Plane 5 Plane 8 Plane 9 Plane 12 Plane 13
TLS Pla.ne . XZ-plane | YZ-plane | XZ-plane | XY-plane | XZ-plane Slope XZ-plane | XY-plane | YZ-plane
scanl Orientation plane
Vs. nd (m) 0.012 0.004 0.005 0.032 0.023 0.009 -0.037 0.059 -0.024
PRD | g (m) 0.012 0.007 0.008 0.016 0.008 0.034 0.019 0.004 0.004
RMSE (m) 0.017 0.009 0.010 0.036 0.025 0.035 0.042 0.059 0.025
Plane ID Plane 14 Plane 16 Plane 17 Plane 20 | Plane 21
TLSZ Cp)ll?irelztation YZ-plane | XZ-plane | YZ-plane | XY-plane | YZ-plane
scan
vs. | nd(m) 0.051 -0.09 0.019 -0.033 0.016
PRD o (m) 0.070 0.043 0.013 0.036 0.020
RMSE (m) 0.087 0.108 0.023 0.049 0.026
Plane ID Plane 22 Plane 23 Plane 24 Plane 26 | Plane 27 | Plane 28 Plane 29 Plane 30
TLS Pla-ne . XZ-plane | YZ-plane | XZ-plane Slope YZ-plane Slope YZ-plane | YZ-plane
scan3 | Orientation plane plane
vs. nd (m) 0.021 0.007 0.003 -0.016 -0.037 -0.008 0.017 -0.008
PRD o (m) 0.004 0.006 0.010 0.013 0.047 0.018 0.007 0.004
RMSE (m) 0.021 0.010 0.011 0.021 0.060 0.020 0.018 0.009
Plane ID Plane 22 Plane 23 Plane 24 | Plane 26 | Plane 35 | Plane 36
TLS Plane i i i Slope i i
scand | Orientation XZ-plane | YZ-plane | XZ-plane plane XZ-plane | YZ-plane
vs. nd (m) 0.012 0.018 -0.001 -0.013 -0.018 -0.015
PRD | g (m) 0.007 0.006 0.011 0.015 0.025 0.004
RMSE (m) 0.014 0.019 0.011 0.020 0.031 0.016
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Since the TLS scans did not have large overlap area, only a few planes’ normal distances

were calculated between the scans. The plane parameters, which were derived from the

segmentation process, were used from one TLS scan, and the points were used from

another TLS scan for the same plane to calculate the point-to-plane normal distances

between two overlapping scans. The normal distances between different TLS scans are

provided in Table 4.6. Planes together with the given IDs in Table 4.6 can be seen in

Figures 4.4, 45, 4.6, and 4.7. Plane 40 in Tables 4.6 was not used to calculate the

registration parameters because the plane was not visible in the images with good

intersection geometry. The illustration of plane 40 can be seen in Figure 4.12.

aaTresa

TLS2

Figure 4.12. Plane 40 in TLS scanl and scan2

Table 4.6. The mean, standard deviation, and RMSE of the calculated normal distances of
planar feature-based registration method between different TLS scans planes of Rozsa

Center
Plane ID Plane 40
TLS scanl | Plane Orientation | Vertical-plane
vs. nd (m) 0.037
TLS scan2 | g (m) 0.036
RMSE (m) 0.052
Plane ID Plane 22 Plane 23 | Plane 24 | Plane 26
TLS scan3 | Plane Orientation XZ-plane YZ-plane | XZ-plane | Slope plane
vs. nd (m) -0.007 0 -0.014 0
TLS scand | 5 (m) 0.007 0.006 0.027 0.016
RMSE (m) 0.010 0.006 0.031 0.016
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The analysis of the normal distance results for each plane indicates that the proposed
registration method is capable of good alignment between the TLS scans and the
photogrammetric data. The mean, standard deviation, and RMSE of the calculated point-
to-plane normal distances of each plane were all below 10 cm, which substantiates the
quality of the registration results (Tables 4.4, 4.5, and 4.6). However, the results of the
calculated normal distances using the points of the segmented planes, which are in the
region of the same plane area from the PRD (Table 4.5), are generally smaller than the
calculated normal distances using all of the points of the segmented planes from the TLS
scans that are generally larger in size than the plane area in the PRD (Table 4.4).
Therefore, the calculated normal distances in Table 4.5 are slightly smaller than the

distances in Table 4.4.

Finally, the visual illustration of the calculated point-to-plane normal distances was done
by plotting the registered TLS scans by color based on the normal distance (Figure 4.13).
The plotted normal distances in Figure 4.13 were calculated using the PRD plane
parameters and the points of the conjugate segmented planes from the TLS scans, which

are in the polygons whose vertices define the PRD planes.
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Figure 4.13. 3D view of the registered four TLS scans of Rozsa Center by planar-feature
based registration method (color based on normal distances calculated by using the PRD
plane parameters and segmented TLS planes’ points that are inside polygons defining the

PRD planes)

Figure 4.14 also shows the registered four TLS scans of Rozsa Center in color based on
the normal distances, which were calculated using the PRD plane parameters and the TLS
scans’ segmented plane points whose areas are larger than the corresponding PRD planes.
The normal distance differences seen in Tables 4.4 and 4.5 easily can be seen in Figures
4.13 and 4.14. The differences occurred because of under segmentation of the planes in
the TLS scans. In other words, sometimes more than one neighboring and similar planes
in the scans are segmented as one plane and all of the points of these planes are used for
normal distance calculation between the scans and the PRD, while the PRD planes only

represent unique planes.
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Figure 4.14. 3D view of the registered four TLS scans of Rozsa Center by planar-
feature based registration method (color based on normal distances calculated by using all

points of the segmented planes from the TLS scans and PRD planes parameters)

4.2.3 Linear Feature-Based Registration of Rozsa Center

As already mentioned, man-made structures commonly have planar and linear features.
Therefore, after the planar features were used for the proposed registration method, the
linear features were used as the registration primitives for the same experiment data to
investigate the quality of the registration results with a different type of feature. The
bundle adjustment results are analyzed first, and then the registration results, in the

following sub-sections.

4.2.3.1 Bundle Adjustment Results for Linear Features
To derive linear features from the photogrammetric data, the beginning and ending points

of the linear features were measured in one or more images in addition to several
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intermediate points for these features. The coplanarity-based method (Habib et al. 2004)
described in Chapter 3 was used in the bundle adjustment procedure to derive the linear
features in object space. In total, 20 linear features were measured for Rozsa Center. The
number of iterations was 8 and the square root of the a-posteriori variance factor was
0.0048, which is less than the pixel size of the images, for the bundle adjustment results
with linear features. The average standard deviation of the reconstructed tie points was

calculated as 0.09 meters, which indicated that the results are reliable.

4.2.3.2 Results of the Proposed Linear Feature-Based Registration for Rozsa Center
The same four TLS scans of Rozsa Center, which were employed for the planar feature-
based registration, were used for the linear feature-based registration. The beginning and
ending points were necessary to define a linear feature. To find the corresponding linear
features in the TLS scans, a segmentation of the laser scans approach (Lari et al. 2011)
first was used to segment the planar features from the TLS scans, and the linear features
were derived from the intersection of the neighboring segmented planes automatically.
Figures 4.15, 4.16, 4.17, and 4.18 illustrate the linear features, which were used for
registering the TLS scans in the photogrammetric data and TLS scanl, scan2, scan3, and

scan4, respectively.
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Figure 4.16. Linear features in TLS scan2 (a) and photogrammetric data (b)
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Figure 4.17. Linear features in TLS scan3 (a) and photogrammetric data (b)
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Figure 4.18. Linear features in TLS scan4 (a) and photogrammetric data (b)
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The number of e linear features in the TLS scans is summarized in Table 4.7. Two non-
coplanar linear features were the absolute minimum number to estimate the registration
parameters between two scans. As can be seen in Table 4.6, more than the absolute

minimum number of linear features was available to estimate registration parameters.

Table 4.7. The number of linear features in the four TLS scans of Rozsa Center

Vertical Horizontal Slope Total
TLS scanl 4 2 1 7
TLS scan2 4 2 - 6
TLS scan3 4 1 - 5
TLS scan4 3 1 - 3

The registration parameters, estimated with the 3D similarity function, are shown in
Table 4.8. TLS scanl was chosen as a reference frame for the linear feature-based
registration as was done for the planar feature-based registration of the Rozsa Center. The
standard deviations of the estimated parameters indicate that the translation parameters in
the X and Y (XT and YT) axes and some of the rotation angles are reliable. However,
the Z translation (ZT) and some of the rotation parameters (values highlighted in yellow)

have large standard deviation values.

Table 4.8. The result of the linear feature-based registration procedure for Rozsa Center

XT (m) YT (m) ZT (m) Scale Q(°) d () K (°)

TLS 0 0 0 1 0 0 0
scanl

TLS -23.217 -14.792 -0.667 1 0.869 1.073 8.421
scan2 | (+0.0685) | (£0.0341) | (£0.1226) (£0.2571) | (+0.5158) | (+0.1569)

TLS 69.639 92.565 1.284 1 0.681 0.824 121.411
scan3 | (+0.0661) | (£0.0646) | (£0.7231) (£0.4161) | (+0.5422) | (+0.1071)

TLS -41.787 91.305 -0.751 1 -0.803 0.009 -145.441
scand | (+0.0983) | (£0.0724) | (£0.3747) (£0.4175) | (+0.2541) | (+0.1263)

PRD 5.461 1.635 37.384 0.998 31.338 -74.372 91.914

(£0.0722) | (£0.0393) | (+0.0336) | (+0.0006) | (£0.8272) | (+0.1408) | (+0.7643)
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The standard deviation values highlighted in yellow in Table 4.8 for the ZT, Q, and @
parameters indicate a problem with the registration results when the linear features were
used as the primitives. The linear feature-based registration parameters’ standard
deviations show errors of up to 0.72 meters in translation and 0.54 degrees in rotation. In
contrast, in Table 4.3, which shows the planar feature-based registration results, the
standard deviation overall was below 0.10 meters and 0.22 degrees for the translation and
the rotation parameters, respectively. More specifically, a one by one comparison for
each parameters’ standard deviation of the TLS scans and the PRD, calculated by the
planar and linear feature-based registration shows that the planar feature-based

registration always produced better results than the linear feature-based registration.

In summary, according to the standard deviation of the estimated registration parameters,
the linear feature-based registration results were worse than the planar feature-based
registration. To investigate the causes of the mis-registration error with the linear

features, quality control was necessary, which is evaluated in the following subsections.

4.2.3.3 Quality Control of the Linear Feature-Based Registration Results
Following is an evaluation of the quality of the linear feature-based registration results

qualitatively and then quantitatively.

a) Qualitative Quality Control

The standard deviation of the ZT translation and Q and ® rotation parameters indicated
that the TLS scans were incorrectly registered (Table 4.8). The problem was also

obviously seen while plotting the registered TLS scans. Figures 4.19 and 4.20 illustrate
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the problem in height (Z axis). More specifically, in Figure 4.19, the top part of the
lightning rod in the different TLS scans has different heights. Figure 4.20 also illustrates

the problem of the mis-registration in the Z axis.

@ () ©

- TLS scan4

Figure 4.19. Rozsa Center registered TLS scan 2, 3, and 4: top view (a), 3D view (b),
and lightning rod (c)

I TLS scan2 B 1S scan3

(©

% TLS scant B 1LS scan2 I TLS scand

Figure 4.20. Rozsa Center registered TLS scan 1, 2, and 3: top view (a), 3D view (b),

and pipe (c)
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b) Quantitative Quality Control
The quantitative quality control of the linear feature-based registration method results
was evaluated as it was performed for the planar feature-based registration results by
analyzing the point-to-plane normal distances between the PRD and the TLS scans’
planes as well some of the planes between the TLS scans. The linear feature-based
registration did not have PRD planes. However, as previously explained, the PRD planes
were defined by selecting three or four reconstructed points on the plane from the PRD,
and these points were also used as tie points during the estimation of the linear features in
the bundle adjustment procedure. Therefore, the same PRD planes’ points, which were
used for the planar feature-based registration, were also estimated with the linear features
during the bundle adjustment procedure. These plane points were then used for quality

control analysis by calculating the normal distance between the two data sets’ planes

First, all the plane points of the segmented TLS scans were used to calculate the normal
distance between the two data sets. The results for each plane are listed in Table 4.9.
Then, only the TLS scans’ segmented plane points, which were within the planar polygon
defined by the PRD, were used for the normal distance calculation (Table 4.10). The
planes together with their IDs are presented in Figures 4.4, 4.5, 4.6, 4.7, and 4.12. As
highlighted in Table 4.9 and Figure 4.22, planes 20 and 26 have large normal distance
values. Plane 26 is a sloping plane and plane 20 is an XY plane. These planes ware used
to estimate the shift in the Z axis as well as the Q and @ rotation angles. Similarly, as can
be seen in Table 4.8, the ZT translation and Q and the ® rotation angles had large standard

values.
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Moreover, the comparison between the planar and linear feature-based registration
quality control by normal distance calculation shows that the normal distances between
the PRD and the TLS scans’ planes are smaller when the planar features were the
registration primitives. For instance, in Table 4.10 (normal distances calculated using
linear feature-based registration results), the RMSE of plane 20 in TLS scan2 is 0.231
meters, while it is only 0.049 meters in Table 4.5 (normal distances calculated using

planar feature-based registration results).
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Table 4.9. The mean, standard deviation, and RMSE of the calculated normal distances results of linear feature-based registration

method for planes between PRD and TLS scans of Rozsa Center using all points of segmented planes from the scans

Plane ID Plane 1 Plane 2 Plane 3 Plane 4 Plane 5 Plane 8 Plane 9 Plane 12 | Plane 13
s:::1 (F;I;:re;tation XZ-plane | YZ-plane | XZ-plane | XY-plane | XZ-plane ‘;EEZ XZ-plane | XY-plane | YZ-plane
vs. nd (m) -0.001 0.017 -0.010 -0.013 0.005 0.030 -0.073 -0.002 -0.003
PRD o (m) 0.013 0.086 0.009 0.016 0.008 0.034 0.019 0.007 0.004
RMSE (m) 0.013 0.019 0.014 0.020 0.010 0.046 0.076 0.007 0.005
Plane ID Plane 14 | Plane16 | Plane17 | Plane 20 | Plane 21
TLS | Plane
scan2 | Orientation YZ-plane | XZ-plane | YZ-plane | XY-plane | YZ-plane
VS| nd (m) 0.044 -0.116 -0.011 0.229 -0.014
PRD o (m) 0.099 0.053 0.033 0.019 0.018
RMSE (m) 0.108 0.128 0.035 0.231 0.023
Plane ID Plane 22 Plane 23 Plane 24 | Plane 26 | Plane 27 Plane 28 | Plane 29 Plane 30
s:::.’p (I;I:i:ﬁtation XZ-plane | YZ-plane | XZ-plane 21222 YZ-plane 21222 YZ-plane | YZ-plane
Vs nd (m) 0.006 0.002 -0.021 -0.021 -0.051 -0.095 0.011 -0.008
PRD o (m) 0.004 0.007 0.010 0.024 0.045 0.018 0.008 0.004
RMSE (m) 0.008 0.007 0.023 0.032 0.069 0.009 0.014 0.009
Plane ID Plane 22 Plane 23 Plane 24 | Plane 26 | Plane 35 Plane 36
s:::4 CP)I:::tation XZ-plane | YZ-plane | XZ-plane EIICE:EE XZ-plane | YZ-plane
VS: | nd (m) -0.002 0.016 -0.023 -0.262 -0.029 -0.021
PRD o (m) 0.007 0.007 0.010 0.030 0.023 0.003
RMSE (m) 0.007 0.017 0.026 0.264 0.037 0.022
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Table 4.10. The mean, standard deviation and RMSE of the calculated normal distances results of linear feature-based registration

method for the planes between the PRD and the TLS scans of Rozsa Center using only points of segmented planes which are within

planar polygon defined by the PRD

Plane ID Plane 1 Plane 2 Plane 3 Plane 4 Plane 5 Plane 8 Plane 9 Plane 12 | Plane 13
S:::1 (P)I::::tation XZ-plane | YZ-plane | XZ-plane | XY-plane | XZ-plane 21222 XZ-plane | XY-plane | YZ-plane
vs. nd (m) -0.030 0.032 -0.001 -0.113 0.010 0.030 -0.097 -0.002 -0.003
PRD o (m) 0.044 0.036 0.039 0.068 0.016 0.034 0.038 0.007 0.007
RMSE (m) 0.054 0.049 0.040 0.133 0.019 0.046 0.105 0.007 0.007
Plane ID Plane 14 | Plane 16 | Plane 17 | Plane 20 | Plane 21
S:::z CP)I::ZEtation YZ-plane pT;Zr;e YZ-plane | XY-plane | YZ-plane
vs- nd (m) 0.035 -0.068 | 0.013 0.229 -0.013
PRD o (m) 0.102 0.078 0.036 0.019 0.018
RMSE (m) 0.108 0.104 0.038 0.231 0.022
Plane ID Plane 22 | Plane 23 | Plane 24 | Plane 26 | Plane 27 | Plane28 | Plane29 | Plane 30
s:::3 (P)I::zstation XZ-plane | YZ-plane | XZ-plane ?IZiz YZ-plane 3222 YZ-plane | YZ-plane
vs. nd (m) 0.004 0.021 0.041 0.026 0.002 0.017 0.013 -0.061
PRD o (m) 0.009 0.006 0.046 0.036 0.053 0.021 0.011 0.067
RMSE (m) 0.011 0.022 0.062 0.045 0.054 0.028 0.018 0.091
Plane ID Plane 22 | Plane 23 | Plane 24 | Plane 26 | Plane35 | Plane 36
TLS Plane Ori. XZ-plane | YZ-plane | XZ-plane Slope XZ-plane | YZ-plane
s‘f:“ nd (m) 0.009 | 0014 | 0037 | 0194 | -0.105 | -0.008
PRD o (m) 0.010 0.006 0.025 0.025 0.119 0.036
RMSE (m) 0.014 0.015 0.045 0.195 0.159 0.037
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Final quantitative quality control for the linear feature-based registration results was
conducted by calculating the normal distances of the planes in the different TLS scans,
which are also listed in Table 4.11. Since the TLS scans in this experiment did not have
large overlap areas, only a few normal distances of planes between TLS scans were
calculated. The comparison of Tables 4.11 and 4.6 shows that the calculated normal
distances are smaller in Table 4.6., which lists the normal distances of the same planes
that are registered by the planar feature-based registration method.

Table 4.11. The mean, standard deviation, and RMSE of the calculated normal distances
of linear-feature based registration method for planes between different TLS scans

Plane ID Plane 40
Plane Orientation | Vertical-plane
TLS::anl nd (m) 0.061
TLS scan2 |2 (M) 0.012
RMSE (m) 0.054
Plane ID Plane 22 Plane 23 Plane 26 Plane 24
Plane Orientation XZ-plane YZ-plane Slope plane XZ-plane
TLS scan3 2,7 (m) 0.016 0.023 0.011 0.012
TLSvssc'an4 o (m) 0.048 0.015 0.009 0.004
RMSE (m) 0.017 0.027 0.014 0.013

Finally, the registered TLS scans were plotted and colored based on the calculated normal
distances for the planes between the PRD and the TLS scans. Figure 4.21 illustrates the
normal distance when only the points of the segmented planes that are within the polygon
defined by the PRD planes were used. On the other hand, Figure 4.22 shows the normal
distance when all of the points of the segmented planes from the TLS scans were used.
The same problem with ZT translation can be seen again at the roof portion (Figures 4.21
and 4.22). In the next subsection, the reasons that might cause the mis-registration results

will be investigated.
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Figure 4.21. 3D view of the registered TLS scans of Rozsa Center by linear feature-
based registration method (color based on normal distances derived by using only the
points of the segmented plane from the TLS scans within the area of PRD planes)
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Figure 4.22. 3D view of the registered TLS scans of Rozsa Center by linear feature-
based registration method (color based on normal distances which were calculated by
using all points of the segmented plane from TLS scans)
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¢) Mis-reqgistration in Z axis

Both the qualitative and quantitative quality controls indicated a problem with the
estimated ZT, Q, and ® parameters using linear features as registration primitives. The
problem occurred because of the sloping/horizontal linear features that were used to
estimate these parameters. These derived linear features from the neighboring plane
intersections in the TLS scans did not correspond to the physical linear features that could
be identified in the imagery. Figure 4.23 illustrates an example of two neighboring planes
and the derived linear features between the planes from a TLS scan. However, the linear
feature in the TLS scan does not correspond to any physical line in the photogrammetric
data (imagery). This type of problem generally occurs in the roof portion of a building,
which commonly has the sloping/horizontal linear features. The non-corresponding
sloping/horizontal linear features from the PRD and the TLS scans are the main causes of

incorrect estimation of the ZT, Q, and ® parameters.

Figure 4.23. An example of the intersection of two planes and the linear features that
could be derived from the TLS scans and photogrammetric data: schematic (a) and image

(b)
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4.2.4 Comparisons of the Results of the Proposed Feature-Based Registration and

ICPP Method for Rozsa Center

Finally, the proposed registration with the planar and linear primitives and the ICPP

method results are compared. Table 4.12 compares the different registration results.

Table 4.12. Comparison of the different registration results of Rozsa Center TLS scans

TLS Para the Planar Linear the ICPP | the ICPP (linear
scans | meters | ICPP based based vs. Planar | vs. Linear |vs. planar
method | registration | registration | Based Based Based
XT (m) | -23.258 -23.186 -23.217 -0.072 -0.041 0.031
YT(m) | -14.733 -14.801 -14.792 0.067 0.058 -0.009
TLS ZT (m) -0.605 -0.687 -0.667 0.082 0.062 -0.020
Scale 1 1 1 0 0 0
scan2 S
Q(°) 0.177 0.234 0.869 -0.056 -0.691 -0.635
o(°) -0.189 -0.429 1.073 0.239 -1.262 -1.502
K(°) 8.168 8.373 8.421 -0.204 -0.252 -0.048
XT (m) 69.613 69.677 69.639 -0.063 -0.025 0.038
YT (m) 92.579 92.511 92.565 0.068 0.014 -0.054
TLS | ZT (m) 1.375 1.335 1.284 0.040 0.091 0.051
scan3 | Scale 1 1 1 0 0 0
Q(°) 0.095 0.243 0.681 -0.147 -0.585 -0.438
&(°) 0.194 0.313 0.824 -0.118 -0.629 -0.511
K(°) 121.388 121.373 121.411 0.015 -0.022 -0.038
XT(m) | -41.751 -41.693 -41.787 -0.057 0.036 0.094
YT (m) 91.313 91.37 91.305 -0.056 0.008 0.065
TLS | ZT (m) -0.259 -0.251 -0.751 -0.008 0.491 0.500
scan4d | Scale 1 1 1 0 0 0
Q(°) -0.204 -0.291 -0.803 0.086 0.598 0.512
&(°) 0.002 0.165 0.009 -0.162 -0.006 0.156
K(°) -145.53 -145.531 -145.441 -0.007 -0.097 -0.09
XT (m) - 5.372 5.461 - - -0.089
YT (m) - 1.611 1.635 - - -0.025
ZT (m) - 37.383 37.384 - - -0.001
PRD | Scale - 0.998 0.998 - - 0
Q(°) - 30.584 31.338 - - -0.754
o(°) - -74.546 -74.372 - - -0.174
K(°) - 91.168 91.914 - - -0.746
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It should be noted that a minimum of four overlapping TLS scans were used for the
proposed feature-based registration method, while two additional TLS scans and an
airborne laser scan were added to estimate the registration parameters with the ICPP
method. The differences are highlighted in yellow if they are larger than 10 cm for
translation and 0.5 degrees for rotation angels. The results of ICPP and the planar feature-
based registration method are very close to each other. On the other hand, the linear
feature-based registration results are different from those of the planar feature-based
registration and the ICPP method. The differences are observed in the ZT translation and
the Q and ¢ rotations parameters. As explained before, horizontal and sloping lines
contribute to the computation of the ZT, (Q), and (®) parameters. The parameters have
errors because the horizontal and sloping lines from the TLS scans have no physical

correspondences in the images.

4.3 Experiment 11

Yamnuska Hall, which is a residence building at the University of Calgary, was chosen
for the second experiment. The previous experiment proved that the usage of planar
features as registration primitives produces better registration results than linear features
primitives. Therefore, only the planar features were used as primitives to register the TLS

scans in this experiment.

4.3.1 Data Description
Twenty three images were collected by the same camera used in the previous experiment
(Canon EOS Rebel XS) to cover Yamnuska Hall with good intersection geometry and

large overlap areas between images. However, it was difficult to find identifiable land
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marks to measure points on the ground. Therefore, some targets were placed on the
ground and fifteen more images were collected and added to the bundle adjustment

procedure. In total, thirty eight images were used.

Seven TLS scans with very small overlap areas were used for the Yamnuska Hall
experiment. The TLS scans were collected by Leica TCR 803 TLS with 1 inch of display
resolution. In contrast to the proposed registration method, the ICPP method used 14
large overlapping TLS scans. Figure 4.24 shows a top view of the overlap areas of the
seven TLS scans and the locations of the TLS for each scan. The lines with different
colors represent the covered areas of Yamnuska Hall by the TLS scans. The black line is
the top view of Yamnuska Hall. The symbol “V” shows the approximate location of the
TLS for each scan. As in the first experiment, the percentages of the overlap areas
between the TLS scans were evaluated roughly by calculating the ratio between the
number of points in the overlap area and the total points of the scan. The percentages of

the overlap areas are listed in Table 4.13

= “1 B TLS1
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YAMNUSKA HALL J‘ P TLS3

TLS4
B TLSS
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I Yamnuska Hall

entrance
L == ‘ A

L V
Figure 4.24. Top view of Yamnuska Hall with the covered area by the different TLS

scans and the position of TLS for each scan
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Table 4.13. The percentages of overlap area of the seven TLS scans of Yamnuska Hall

TLS TLS TLS TLS TLS TLS TLS
scanl | scan2 | scan3 | scan4 | scan5 | scan6 | scan?7

TLS scanl 23 0 0 0 0 0
TLS scan2 21 10 0 0 0 0
TLS scan3 0 12 21 20 0 0
TLS scan4 0 0 10 28 0 0
TLS scan5 0 0 20 10 35 0
TLS scan6 0 0 0 0 9 27
TLS scan7 0 0 0 0 0 22

As can be seen in Table 4.13, the overlap areas between the TLS scans were very small

and under 30%.

4.3.2 Bundle Adjustment Results

The overlap areas among the thirty eight images covering Yamnuska Hall are illustrated
in Figure 4.25. Figure 4.26 shows the position of the camera for each image. The black
line is the top view of the Yamnuska Hall, and the other colors designate different
images, whose IDs are on the right side of the figures. The lines with different colors
show the covered areas of Yamnuska Hall by the different images. 28 planar features
were measured for Yamnuska Hall. MSAT software was used for bundle adjustment
procedure to reconstruct 3D coordinates of planar features of Yamnuska Hall. The square
root of the a-posteriori variance factor of the bundle adjustment was 0.00536, which was
less than the pixel size of the implemented camera. The average standard deviation of the

reconstructed tie points was 0.0904 m, which indicated that the results are reliable.
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Figure 4.25. Top view of the Yamnuska Hall with the covered area by the different
images
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Figure 4.26. Top view of the Yamnuska Hall building with the position of the different

images
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4.3.3 Results of the Planar Feature-Based Registration Method

As previously mentioned, only the planar feature-based registration method was
performed for the second experiment because the linear feature-based registration did not
successfully register the scans in the first experiment. Moreover, in the second

experiment there were not enough linear features to register the TLS scans.

Figures 4.27, 4.28, 4.29, 4.30, 4.31, 4.32, and 4.33 are illustrations of the planar features,
which were used to register the TLS scans in this experiment, for photogrammetric data

and TLS scanl, scan2, scan3, scan4, scan5, scan6, and scan?, respectively.

(@) (b)

Figure 4.27. Planar features in TLS scanl (a) and photogrammetric data (b) for the

experiment Il
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Figure 4.28. Planar features in TLS scan2 (a) and photogrammetric data (b) for the

experiment Il

Figure 4.29. Planar features in TLS scan3 (a) and photogrammetric data (b) for the

experiment Il
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Figure 4.30. Planar features in TLS scan4 (a) and photogrammetric data (b) for the

experiment Il
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Figure 4.31. Planar features in TLS scan5 (a) and photogrammetric data (b) for the

experiment Il
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Figure 4.32. Planar features in TLS scan6 (a) and photogrammetric data (b) for the
experiment Il

Figure 4.33. Planar features in TLS scan7 (a) and photogrammetric data (b) for the

experiment Il
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Table 4.14 is a summary of the number of the planar features that were used in this
experiment. Figure 4.34 illustrates the orientation of the planes in Yamnuska Hall: XY,

XZ, and YZ-planes.

L L

LY
R

Figure 4.34. Examples of planar features with different orientation of Yamnuska Hall

Table 4.14. The number of planar features in the seven TLS scans of Yamnuska Hall

YZ-plane | XZ-plane | XY-plane | Slope | Total
TLS scan1l 1 3 2 - 6
TLS scan2 2 1 2 5
TLS scan3 1 2 1 - 4
TLS scan4 2 1 1 - 4
TLS scan5 3 1 1 - 5
TLS scan6 1 1 2 - 4
TLS scan7 1 2 1 - 4

The registration parameters, which were estimated using the planar feature-based
technique, are shown in Table 4.15. TLS scanl coordinate system is the reference frame

in this experiment. The small values of the standard deviations, which are shown in
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parentheses, indicate that the results are reliable.

More specifically, almost all of the

standard deviation values are below 10 cm for the translation parameters and 0.5 degree

for the rotation parameters.

Table 4.15. The results of Yamnuska Hall from the planar feature-based registration

procedure
XT (m) YT (m) ZT (m) Scale Q(°) () K (°)

TLS 0 0 0 1 0 0 0
scanl

TLS 63.612 -0.757 0.602 1 -0.384 0.229 97.254
scan2 | (+0.0305) | (£0.0239) | (+0.0480) (+0.0887) | (+0.0963) | (+0.0287)

TLS 60.686 -64.455 0.623 1 0.170 0.012 42.504
scan3 | (£0.0471) | (£0.0493) | (+0.1469) (£0.1447) | (£0.1254) | (+0.0654)

TLS 42.114 41.013 1.408 1 0.214 0.362 96.861
scand | (+0.0465) | (£0.0488) | (+0.1181) (+0.1141) | (+0.1509) | (+0.0539)

TLS 19.671 -105.223 1.765 1 -0.043 -0.351 -29.752
scan5 | (+0.0386) | (£0.0390) | (+0.1725) (£0.1285) | (+0.1443) | (+0.0316)

TLS 79.545 -40.263 2.152 1 -0.027 -0.443 -34.034
scan6 | (+0.0497) | (£0.0270) | (+0.1012) (£0.1130) | (+0.1254) | (+0.0346)

TLS 58.652 -11.173 1.735 1 0.184 -0.207 -23.851
scan7 | (£0.0379) | (£0.0309) | (+0.1157) (£0.1155) | (+0.1240) | (+0.0365)

PRD -16.927 79.309 51.039 0.998 88.065 282.435 -162.245

(£0.0444) | (+0.0195) | (+0.0146) | (+0.0004) | (+0.4558) | (+0.0732) | (+0.4450)

4.3.4 Quality Control of the Planar Feature-Based Registration Results

The quality of the results was analyzed as was performed in the first experiment. First,

the estimated registration results were evaluated qualitatively by plotting the registered

TLS scans. Then, quantitative quality control of the results was conducted by calculating

the point-to-plane normal distance.

a) Qualitative Quality Control

The seven registered TLS scans of Yamnuska Hall were plotted together and were

evaluated by closer investigation of the overlap areas. Figure 4.35 illustrates the general
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view of the seven registered TLS scans, which were colored according to the height of

the points.

@ (b)

Figure 4.35. General view of the seven registered TLS scans of Yamnuska Hall: top view

(@) and 3D view (b)

Figures 4.36 and 4.37 are examples of reliably registered TLS scans. TLS scan3, TLS
scan4, and TLS scanb registered very well and can be seen in the overlap area of the TLS
scans (Figure 4.36). TLS scans6 and TLS scans7 also had overlap areas, which helped to
analyze the quality of the registration results. Parts of windows from different TLS scans
registered very well in the overlap area of the TLS scans, which proves that the

registration was reliable and can be seen in the overlap areas in Figure 4.37.
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Figure 4.36. Registered TLS scan3, scan4, and scan5: top view (a), 3D view (b), and

close-up of windows (c)
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Figure 4.37. Registered TLS scan6 and scan7:

windows (c)
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b) Quantitative Quality Control

The point-to-plane normal distances between the registered TLS scans and the PRD
planes were calculated. As in the previous experiment, all of the points of the segmented
planes were first used for the normal distance calculations. The mean, standard deviation,
and RMSE of the normal distances for each plane are listed in Table 4.16. Then, only the
points of the segmented planes, which are inside the PRD plane points, were used for

normal distance calculation (Table 4.17).

Generally, the normal distances were larger when all of the segmented plane points were
used from the TLS scans. For instance, in Table 4.17, RMSE of the calculated normal
distance for the plane 45 is 0.017 meters, while the same plane has 0.136 meters RMSE

value in Table 4.16.

If there were any available planes in the overlap area of the TLS scans, the normal
distance calculations for the planes between different TLS scans were also done and are
listed in Table 4.18. The mean, standard deviation, and RMSE of the normal distances of
Yamnuska Hall in Tables 4.16, 4.17, and 4.18 are below 10 cm, and they demonstrate
that the registration results are reliable. The planes, together with their IDs, can be seen in

Figures 4.27, 4.28, 4.29, 4.30, 4.31, 4.32, and 4.33.
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Table 4.16. The mean, standard deviation, and RMSE of the calculated normal distances
results for planes between the PRD and the TLS scans of Yamnuska Hall using all points
of the segmented planes

Plane ID Planel | Plane3 | Plane4 Plane5 | Plane?7 | Plane 43
TLS Plane Ori. | XZ-plane | YZ-plane | YZ-plane | XZ-plane | XY-plane | XY-plane
scanl S d(m) | 0039 | 0016 | 0004 | 0018 | -0.035 | 0.130
PV;I-) o (m) 0.027 0.045 0.015 0.013 0.019 0.044
RMSE (m) 0.047 0.046 0.015 0.018 0.039 0.134
Plane ID Plane1l | Plane 16 | Plane7 | Planel3 | Plane 45
TLS Plane Ori. | XZ-plane | YZ-plane | XY-plane | XZ-plane | XY-plane
scan  hd (m) 0013 | -0.042 | -0.036 | 0073 | -0.010
I‘,ISR-D o (m) 0.037 0.103 0.016 0.048 0.035
RMSE (m) 0.039 0.111 0.040 0.088 0.037
Plane ID Plane 18 | Plane 20 | Plane 21 | Plane 45
TLS Plane Ori. | YZ-plane | YZ-plane | XZ-plane | XY-plane
scand  %d (m) 0.001 | -0.022 | 0019 | 0.035
;,'SR'D o (m) 0.026 | 0.018 0.031 0.082
RMSE (m) 0.026 0.028 0.037 0.090
Plane ID Plane 21 | Plane 23 | Plane 28 | Plane 46
TLS Plane Ori. | XZ-plane | XZ-plane | YZ-plane | XY-plane
seand | d (m) -0.040 | 0.029 | 0.047 | 0.076
P‘I::) o (m) 0.032 0.018 0.077 0.113
RMSE (m) 0.052 0.034 0.090 0.136
Plane ID Plane 20 | Plane 23 | Plane 24 | Plane 26 | Plane 47
TLS Plane Ori. | YZ-plane | XZ-plane | XZ-plane | XZ-plane | XY-plane
scans 1 d (m) 0 0.005 | 0045 | -0.084 | 0.017
P‘I;T) o (m) 0.014 0.022 0.018 0.007 0.053
RMSE (m) 0.014 0.023 0.049 0.085 0.056
Plane ID Plane 24 | Plane 30 | Plane 48 | Plane 49
TLS Plane Ori. | XZ-plane | YZ-plane | XY-plane | XY-plane
5?5"6 nd(m) | 0032 | 0016 | 0.127 | 0.109
pRD | O (m) 0029 | 0.016 | 0.115 | 0.084
RMSE (m) 0.032 0.019 0.127 0.109
Plane ID Plane 30 | Plane 31 | Plane 33 | Plane 34 | Plane 48
TLS Plane Ori. | YZ-plane | YZ-plane | YZ-plane | YZ-plane | XY-plane
sean? | ‘nd (m) 0.012 | 0.005 0.084 | -0.012 | -0.036
orp |0 (m) 0017 | 0017 | 0031 | 0012 | 0.025
RMSE (m) 0.021 0.018 0.090 0.017 0.044




Table 4.17. The mean, standard deviation, and RMSE of the calculated normal distances

for planes between PRD and TLS scans of Yamnuska Hall using only points of
segmented planes that are inside the PRD planes borders

Plane ID Planel | Plane3 | Plane4 Plane 5 Plane 7 | Plane 43
TLS | plane Ori. XZ-plane | YZ-plane | YZ-plane | XZ-plane | XY-plane | XY-plane
scanl = d (m) -0.042 | 0016 | 0008 | 0.015 | -0.035 | 0.097
PVRSI') o (m) 0.025 0.045 0.002 0.001 0.019 0.032
RMSE (m) 0.049 0.047 0.009 0.015 0.040 0.103
Plane ID Plane1l | Plane 16 | Plane7 | Planel3 | Plane 45
TLS | plane Ori. XZ-plane | YZ-plane | XY-plane | XZ-plane | XY-plane
scan2 | 37 (m) -0.015 -0.038 -0.036 0.039 -0.010
orny | @ (m) 0.042 | 0020 | 0029 | 0038 | 0016
RMSE (m) 0.045 0.045 0.040 0.049 0.037
Plane ID Plane 18 | Plane 20 | Plane 21 | Plane 45
TLS [ plane Ori. YZ-plane | YZ-plane | XZ-plane | XY-plane
scan3 (2,7 (m) 0.002 | -0.023 | 0.010 | -0.018
orny | @ (m) 0.024 | 0017 | 0030 | 0025
RMSE (m) 0.024 0.029 0.032 0.032
Plane ID Plane 21 | Plane 23 | Plane 28 | Plane 46
TLS | plane Ori. XZ-plane | XZ-plane | YZ-plane | XY-plane
scand 23 (m) -0.026 | 0.027 0.034 | 0.005
PVI:I.) o (m) 0.026 0.019 0.059 0.016
RMSE (m) 0.037 0.033 0.068 0.017
Plane ID Plane 20 | Plane 23 | Plane 24 | Plane 26 | Plane 47
TLS | plane Ori. YZ-plane | XZ-plane | XZ-plane | XZ-plane | XY-plane
scans [ d (m) -0.001 | 0.007 0.045 | -0.084 | 0.008
PVI:I') o (m) 0.014 0.021 0.007 0.007 0.036
RMSE (m) 0.014 0.022 0.048 0.085 0.037
Plane ID Plane 24 | Plane 30 | Plane 48 | Plane 49
TLS | Plane Ori. XZ-plane | YZ-plane | XY-plane | XY-plane
scan6 | g (m) 0.011 0.006 0.012 -0.005
Pv;b o (m) 0.029 0.016 0.008 0.007
RMSE (m) 0.032 0.018 0.015 0.009
Plane ID Plane 30 | Plane 31 | Plane 33 | Plane 34 | Plane 48
TLS Plane Ori. YZ-plane | YZ-plane | YZ-plane | YZ-plane | XY-plane
scan? =73 (m) 0012 | 0006 | 0.084 | -0.011 | -0.017
pV;b o (m) 0.017 0.017 0.031 0.011 0.011
RMSE (m) 0.021 0.018 0.090 0.016 0.020




Table 4.18. The mean, standard deviation, and RMSE of the calculated normal distances

between different TLS scans of Yamnuska Hall

Plane ID Plane 1 Plane 7 ILS Plane ID Plane 23
TLS | plane Ori. XZ-plane | XY-plane | gcana | Plane Ori. XZ-plane
Sc:snl nd (m) 0.041 | -0.004 | vs. |nd(m) 0.006
s | o (m) 0.037 0013 | TS | g (m) 0.016
scan2 | RMSE (m) 0.055 0014 | S€aN5 RMSE (m) 0.018
Plane ID Plane 45 _ Plane ID Plane 24
TLS | Plane Ori. XY-plane scans | Plane Ori. XZ-plane
5?5“3 nd (m) -0.011 vs. | nd (m) -0.009
1Ls | o(m) 0.016 TS | g (m) 0.025
scana | RMSE (m) 0.023 scan6 | RMSE (m) 0.027
TLS Plane ID Plane 20 TLS Plane ID Plane 30 Plane 48
scan3 | Plane Ori. YZ-plane scan6 | Plane Ori. YZ-plane | XY-plane
vs. | nd(m) 0.008 vs. | nd (m) 0.015 0.008
TS | 5 (m) 0.016 TLS | 6 (m) 0.075 0.019
scan> "pMSE (m) 0.018 scan? "RMSE (m) 0.076 0.021

Finally, the registered TLS scans were plotted for visual representation of the calculated

normal distance for each point-to-plane (Figure 4.38 and 4.39). The normal distances in

Figure 4.39 were calculated by using all the segmented plane points from the TLS scans.

Therefore, in the case of under-segmentation, the normal distances between the PRD and

the TLS scans planes are large. Moreover, as previously explained, the TLS segmented

plane points were generally not in the area of the PRD plane points. For these reasons,

there were large normal distances, which are visible in Figure 4.39.
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Figure 4.38. 3D view of the registered TLS scans of Yamnuska Hall (color based on
normal distances calculated using only points of the segmented planes from TLS scans

which are inside the polygon of PRD planes points)
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Figure 4.39. 3D view of the registered TLS scans of Yamnuska Hall (color based on

normal distances calculated using all points of the segmented planes from TLS scans)
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The differences of the calculated point-to-plane normal distances between the Tables 4.16
and 4.17 are also obvious in Figures 4.38 and 4.39. Especially for the planes that are on

the ground.

4.3.5 Comparison of the Results of the Planar Feature-Based Registration and ICPP
Method for Yamnuska Hall
A final evaluation of the registration results for this experiment was conducted by

comparing the proposed registration method results with those from the ICPP method. It
is worth mentioning again that 14 large overlapping TLS scans were used for the ICPP
method, while only seven minimum overlapping TLS scans were used for the proposed
registration method. There are some differences between the two registration methods of
up to 20 cm, which are highlighted in Table 4.19.

Table 4.19. Comparison of the proposed planar feature-based and ICPP method results
for Yamnuska Hall

XT(M)| YT(m) | ZT(m)|Scale| Q) | () K (°)

Planar-Based | 63.612 | -0.757 | 0.602 1 -0.384 | 0.229 | 97.254
TLS scan2 | the ICPP 63.507 | -0.733 | 0.605 0.128 | 0.025 | 97.171
Difference 0.104 | -0.024 | -0.002 -0.512 | 0.204 | 0.083

Planar-Based | 60.686 | -64.455 | 0.623 0.170 | 0.012 | 42.504
TLS scan3 | the ICPP 60.537 | -64.495 | 0.618 0.031 | 0.060 | 42.437
Difference 0.149 | 0.040 | 0.004 0.138 | -0.048 | 0.066

Planar-Based | 42.114 | 41.013 1.408 0.214 | 0.362 | 96.861
TLS scan4 | the ICPP 42.028 | 40.810 | 1.362 0.164 | 0.071 | 96.764
Difference 0.086 | 0.202 | 0.046 0.049 | 0.291 | 0.097

Planar-Based | 19.671 | -105.223 | 1.765 -0.043 | -0.351 | -29.752
TLS scan5 | the ICPP 19.597 | -105.052 | 1.573 0.008 | -0.004 | -29.789
Difference 0.073 | -0.170 | 0.192 -0.051 | -0.347 | 0.0369
Planar-Based | 79.545 | -40.263 | 2.152 -0.027 | -0.443 | -34.034
TLS scan6 | the ICPP 79.363 | -40.140 | 1.864 0.0765 | -0.024 | -34.006
Difference 0.181 | -0.122 | 0.287 -0.104 | -0.419 | -0.027
Planar-Based | 58.652 | -11.173 | 1.735 0.184 | -0.207 | -23.850
TLS scan? | the ICPP 58.569 | -10.968 | 1.796 0.059 | -0.063 | -23.697
Difference 0.083 | -0.205 | -0.060 0.125 | -0.143 | -0.153

o|lr|r|lor r|lor|r|lo|lkrlr|lo|lkrlr|lo|-
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To understand which method produces better results, it will be more helpful to plot the
registered TLS scans together and examine the overlap areas more closely. A 19 cm
difference in ZT for TLS scan5 between the proposed planar feature-based registration
and ICPP method can be seen in Table 4.19. However, the ZT parameter of the TLS
scan4 has the same results for both registration methods. Moreover, TLS scan4 and TLS
scan5 are overlapping in some parts. Therefore, registered TLS scan4 and TLS scan5, by
using the estimated parameters of both methods, were plotted to investigate which
method had the 19 cm problem. Figure 4.40a illustrates how the proposed method
registers the two TLS scans successfully. On the other hand, the 19 cm difference for ZT
in the circled area is observed for the registered TLS scans using the ICPP method
(Figures 4.39b and 4.39c), and it can be seen that the 19 cm difference occurred in TLS

scan5 because of the incorrect registration results of the ICPP method.
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Figure 4.40. The proposed planar feature-based registration method (a) versus ICPP

registration results (b) & (c)
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Another comparison of the proposed planar feature-based registration and ICPP method
is illustrated in Figure 4.41. As highlighted in Table 4.19, there was a 20 cm difference in
the YT translation parameter between the two registration methods for TLS scan7. To
investigate which method had more reliable results, TLS scan7 and TLS scanl were
registered together using the estimated results of the proposed registration and the ICPP
methods, separately (Figure 4.41). It should be noted that the TLS scanl was chosen as
the reference frame. The green points belong to TLS scanl. The registered TLS scan7
using the ICPP method is shown in red, while the registered TLS scan7 by the proposed
planar feature-based registration method is shown in dark blue. The three walls of the
building from the top and side view are illustrated in Figure 4.41c. As can be seen in
Figure 4.41b, TLS scan7 and TLS scanl were registered well with the proposed planar
feature-based registration. On the other hand, TLS scan7, which was registered by the
ICPP method and shown in red color, has 16 cm. In summary, as we can see in Figure
4.41, the proposed planar feature-based method registered TLS scan7 slightly better than

the ICPP method.
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CHAPTER 5

CONCLUSIONS and RECOMMENDATIONS FOR FUTURE WORK

5.1 Conclusions

In this research, a registration method for registering TLS scans with minimum overlap
areas is proposed, which is contrary to many registration methods that require large
overlap areas among TLS scans. The overlap areas among the TLS scans are less than
%20 and %30 for the first and second experiments, respectively. While commonly used
registration methods, such as the ICP and its variants, fail to register the TLS scans with
minimum overlap area, the proposed registration method has succeeded in registering the

scans with minimum overlapping using photogrammetric data.

Since the proposed registration method depends on the photogrammetric model to
register TLS scans with minimum overlap, the accuracy of the object space
reconstruction from photogrammetric data, which is highly dependent on the operator, is
crucial for a reliable result with the proposed registration method. Therefore, the operator
should be very careful during the bundle adjustment procedure for object space

reconstruction from photogrammetric data.

The proposed registration method uses linear or planar features instead of all of the
available points from the scans. Therefore, in terms of the run time for relating the
registration primitives and estimating the registration parameters, the proposed

registration method is faster than many other registration methods (i.e. the ICP and
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ICPP), which use all of the available points to register TLS scans. The most time
consuming part of the proposed registration method is the creation of a photogrammetric

model and extracting the planar and linear features from the photogrammetric data.

The proposed registration method with planar feature primitives (the planar feature-based
registration) requires at least four planes which do not intersect with each other in one
point in order to estimate the seven registration parameters (three translations, three
rotations, and the scale). On the other hand, the proposed registration method with linear
features (the linear feature-based registration) requires only two non-coplanar lines for
estimating the seven registration parameters. It might not always be possible, however, to
have four planes in one TLS scan for the surveyed structure. Therefore, in terms of the
number of required features to estimate the registration parameters, the proposed linear
feature-based registration method is more flexible than the proposed planar feature-based

registration method.

A quantitative quality control is proposed in this research to evaluate the results of the
proposed registration. For this purpose, point-to-plane normal distances between the

registered surfaces were calculated.

According to the quality control analysis, the proposed planar feature-based registration
method gives more reliable results than those of the proposed linear feature-based
registration. The TLS scans’ extracted linear features, which are the intersection of the
segmented neighboring planar features, sometimes do not have a physical
correspondence in photogrammetric data. This problem generally occurs on the roof
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portion of the experimental data set 1, which consists of complex and many small planar
features. The vertical/sloping linear features are used to estimate the shift in height (ZT,
translation in Z axis) and the associated rotation angles. Therefore, the linear feature-
based registration method has errors in the parameters corresponding to the Z axis
translation (ZT) and the Q and @ rotation angles. However, the other registration
parameters were estimated reliably by the linear feature-based registration method. The
point-to-plane normal distances between the registered TLS scans and the
photogrammetric model using the estimated registration parameters are less than 10 cm
except for the planes which are perpendicular to the Z axis. A comparison was done
between the proposed registration and the ICPP methods. It should be noted again that
additional TLS scans were added to the scans with minimum overlap for estimating the
registration parameters with the ICPP method. Less than 10 cm accuracy was observed
for the X and Y translation parameters between the results of the proposed registration

and the ICPP methods.

The planar feature-based registration method estimated all of the registration parameters
reliably. The estimated registration parameters exhibited a difference of less than 10 cm
in the point-to-plane normal distances for the planes between the registered TLS scans
and the photogrammetric model using the estimated registration parameters. The planar
feature-based registration results are also very close to the ICPP method results. Less than
a 10 cm and 0.3 degree difference were observed for the translation and rotation
parameters respectively, between the results of the planar feature-based registration and

the ICPP method.
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The photogrammetrically-reconstructed points for the two experimental data sets using a
bundle adjustment procedure attained an accuracy of around 10 cm, and the same
accuracy was observed by calculating the point-to-plane normal distances between the
registered TLS scans and the photogrammetric model using the estimated registration
parameters. This again confirmed the significance of the object space reconstruction to

achieving the accuracy of the proposed registration method.

In conclusion, the planar feature-based method registered the TLS scans with minimum
overlaps reliably, while the linear feature-based registration experienced problems with
some of the registration parameters. Mis-registration occurred with the proposed linear
feature-based registration method because of the extracted linear features from the scans,

which do not have a physical correspondence in photogrammetric data.

5.2 Recommendations for Future Work

As highlighted in the previous subsection, the accuracy of the proposed registration
method depends on the reconstructed model from the photogrammetric data. The object
space reconstruction accuracy depends on the operator. The image measurements, which
are performed manually, might contain errors. Therefore, an automatic object space
reconstruction method from photogrammetric data can be investigated and studied (i.e.,

dense matching; e.g. Hullo et al., 2009.).

Planar and linear features are used separately as primitives for the proposed registration
method. In this research, there is enough number of planar and linear features were

available to estimate registration parameters for both experiments | and Il. Since it might
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not always be possible to have the minimum required number of planes or lines in each
TLS scan to estimate the registration parameter, it might be useful to combine and use

these two features together for the proposed registration method.

Some of the current laser scanners provide color information of the surveyed
objects/structures. However, in the cases that the laser scanner does not provide any color

information, the photogrammetric data can be used for texturing the TLS scans.
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APPENDIX A

J=A%+dX+é &~(0,2") where &' =02P'* and P’ dX =0 Al
2. Solution vector (x) of the model (A.1)
A.2 shows the LSA target function.

8P = (§ — A% — dX) P'(§ — A% — dX) = min | 45 A2

P'dX = 0, therefore we can get the following form of the A.2.

8TP'E = (§ — AX)TP'(§ — A%) = min | A3

The extended form of A.3 is:
¢ =y"P'y —yTP'AX — XTATP'y + XTATP'AX = min |; A4
The simplified for of A.4 is:

d(®) = TP’y + XTATP'A% — 22TATP'y = min |z A5

Finally the solution vector (A.7) can be derived by differentiating A.5 w.r.t. ¥ and

equating it to zero (A.6).

% = 24TP'A% — 24TP'y = 0 A6
Z=(ATP'A)*ATP 5 =NTATP § where; N=A"P'A AT

% The Appendix A was cited from Kersting,2011. PhD Thesis.
http://www.ucalgary.ca/engo_webdocs/AH/11.20346_AnaKersting.pdf
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2. A-posteriori variance factor (¢2)
The expected value of the sum of squares of the weighted predicted residuals is used to

derive the a- posteriori variance factor (A.8)

E(ZP'E) = E{(7 - A% — dX) P'(5 - A% - dX)} A8

Since P'dX = 0, A.8 is modified as:

E(P'E) = E{(7 - AZ) P'(5 - 43)} A9

The expanded form of the Equation A.9 using the derived solution for X in Equation A.7

is (A.10):

E(ETP'E) = E(yTP'y — JTP'A% — ATRTP'y + ATXTP'AX)

E(TP'é) = E(3TP'y — yTP'AN I ATP'}} where, £=N"ATP" j A10

The trace of a scalar equals to the scalar. (i.e. tr(A)=A) and the trace operation is

commutative. (i.e. tr(AB)=tr(BA) ) . Thus, A.10 is modified as follows:

E(é"P'é) = E{tr(P'yyT) — tr(P'ANT*ATP'j37)} A.11

Since tr(a)+tr(B)=tr(A+B) and E{tr(A) }=trE(A) :
E(éTP'é) = trP' [E(HYT) — ANTTATP'E(FI)]=trP' (I, — ANTATPHE(FFT) A2

where: I, is an nxn identity matrix.

The term E(yyT) can be derived from the variance-covariance matrix of the observations
vector X{y} as follows:
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55} = 02P™* = E{(5 - A% — dX)( — A% — dX)'} A13

The expanded for of A.13 as follows:

EGYT) = 02P'™* + (A% + dX) (A% + dX)

=62P"* + AXXTAT + A%dXT + dXZTAT + dXdXT A.14
The substituting Equation A.14 and A.12:

E(8TP8) = trP'(I, — AN“TATP)[02P'* + AXXTAT + A%dXT + dXXTAT + dXdXT]

A.15

Since P'dX = 0, The simplified form of A.15 is:

E(é"P'é) = o2trP'(l, — AN"'ATP)P'* = g2trP'P'* — o2trN~'ATP'P'"*P'A A.16

Since tr(AB)=rank(AB) and rank(AB) < (rankA,rankB), the following Equation can be
specified:

tr(P'P'*)=rank(P'P'*)=min(rankP’,rankP’*)=rankP’'=q A.17

According to Equation A.17: Equation A.16 gets the form to:
E(é"P'é) = o2q — o2trN™'N = 02q — o2trl,, = 02q — aém A.18

where, m is the number of unknown parameters.

Finally, the estimated a-posteriori variance factor (¢2) can be established as follows:

02 = —AXN)TP'(y — AX)/(q — m) A.19
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