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Abstract

Over the past decade, point cloud-based 3D reconstruction has gained popularity in

the construction industry as reality-captured as-is models obtained from 3D

reconstruction provide genuine and accurate geometric and semantic information of

target structures. For the 3D reconstruction using point cloud data, a merging process

often called the ‘registration’ process that combines multiple sets of point cloud data

acquired at different scan positions is necessary to produce a complete 3D as-is

model of the structure. However, the registration process inevitably produces

merging errors and it is time-consuming. This thesis presents new approaches to

tackle the technical issues of the current registration process in terms of efficiency

and accuracy. The core research ideas of this study are to 1) use mirrors to generate a

complete point cloud data of target structure; and 2) conduct simulation-based scan

planning to increase the efficiency for the point cloud acquisition and processing.

For mirror-aided data acquisition technique, registration-free geometric quality

inspection (GQI) technique that is capable to scan invisible side surfaces of

planar-type elements from the terrestrial laser scanner applying flat mirrors is first

developed. Then, the applicability of the mirror-aided registration-free data

acquisition method is further optimized by reducing mirror size and rotating the

mirror. The overall concept and procedure for conducting the registration-free GOI

technique are proposed on the basis of the mirror-reflection principle. The lab-scale

tests indicate that the proposed technique provides more accurate GQI results while

reducing scanning time compared to the traditional registration methods,

demonstrating great potential for application in small-scale planar-type prefabricated

construction elements in the construction industry.

Furthermore, a new surface flatness measurement method is displayed to employ flat

mirrors to upgrade the measurement range with acceptable measurement accuracy

and make possible the scanning of occluded areas even when the laser scanner is out
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of sight. On the basis of the proposed surface flatness measurement approach, two

hypotheses connected with the increment of the scan coverage range and flatness

measurement even in occluded areas are proposed. The experimental validations

show that the developed mirror-aided technique can increase the measurement

accuracy in a long-range area far away from the laser scanner and enable flatness

measurement in hidden areas caused by physical barriers such as interior walls.

For the simulation-based scan planning method, a new scan planning method is first

developed to determine the optimal locations of the laser scanner and flat mirrors for

the proposed registration-free data acquisition method applying mirrors. Besides, a

scan configuration determination method is developed to determine the optimal laser

scanner location for accurate and efficient rebar diameter classification. The

geometrical relationship model among the laser scanner and target structures is

developed to promote scan planning. Validation tests show that the scan planning

methods can provide efficient and accurate mirror-aided registration-free data

acquisition and rebar diameter prediction, demonstrating the great potential for the

application of the proposed scan planning technique in the manufacturing and

construction stage.

Overall, this research proposes a mirror-aided point cloud data generation technique

using flat mirrors. In addition, simulation-based scan planning method is proposed on

the mirror-aided data acquisition technique and rebar diameter classification method.

Validation tests show that the mirror-aided point cloud data generation technology

and scan planning method based on simulation have great potential for efficient point

cloud data collection in the construction industry.
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Chapter 1: Introduction

1.1 Point cloud data generation in the construction industry

Building Information Modeling (BIM) models have gained wider acceptance in the

construction industries internationally. McGraw-Hill Construction’s Smart Market

Report in 2012 reported that industry-wide adoption of BIM in North America

surged from 28% in 2007 to 49% in 2009 and to 71% in 2012 among the respondents

to its surveys (Hill, 2012). Due to the substantial advantages over conventional range

sensors, laser scanners have been widely used for point cloud data-based 3D model

reconstruction in the construction industry. As the point cloud data usually represents

the as-built conditions of objects, it is regarded as a digital representation of the

physical and functional characteristics of construction components (NIBS, 2008).

The 3D reconstruction model based on point cloud data measures the geometric

shape of the construction project as it is, which can analyze the deviation between the

design information stored in BIM model and the construction structure (Kim et al.,

2014; Wang et al., 2016a). Therefore, point cloud data generation is regarded as the

tool to utilize dimensional quality control, surface flatness inspection and rebar

quality inspection. Figure 1-1 shows the point cloud data acquisition of construction

components including dimensional quality control (Kim et al., 2014), surface flatness

inspection (Wang et al., 2016a) and rebar inspection (Kim et al., 2020).
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(a) (b) (c)

Figure 1-1. Point cloud data acquisition for construction components:(a) dimensional quality
control (Kim et al., 2014); (b) surface flatness inspection (Wang et al., 2016b); and (c) rebar

inspection (Kim et al., 2020)

To perform efficient 3D point cloud data generation, scan planning is typically

performed to select the optimal scan configuration, by considering the laser scanner’s

technical capabilities (e.g., operation range) and environmental conditions (e.g.,

occlusions) (Ahn & Wohn, 2016; Tang & Alaswad, 2012; Zhang et al., 2016).

Several studies have proposed different types of scan-planning methods to effectively

acquire data for 3D reconstruction. However, these have primarily focused on

methods for determining scan locations and scanning parameters. Expressed

otherwise, a registration process must be performed upon multiple sets of point-cloud

data to generate a complete 3D target-structure geometry (Cheng et al., 2018). There

are two common registration methods in the construction industry, which are 1)

target-based registration method and 2) target-free based registration method (Salvi

et al., 2007). Figure 1-2 shows the scan configurations of traditional registration

methods.

(a) (b)

Figure 1-2. Scan configurations of the traditional registration methods: (a) target-based registration
method (b) target-free registration method
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Target-based registration is conducted based on multiple targets distributed in a scene,

which requires detection, classification and alignment of targets by conducting

multiple scans (Becerik-Gerber et al., 2011; Liang et al., 2013). On the other hand,

the target-free method aligns multiple scans collected from different locations by

extracting and matching geometrical features (Bosché, 2011; Wang et al., 2018) and

without targets. Although many studies and applications have used the target-based

and target-free registration methods, the performance of registration relies largely on

the detection accuracy of targets or geometrical features (Cheng et al., 2018; Salvi et

al., 2007). In addition, due to the need for multiple scans at different scanning

locations, both the target-based and target-free methods are time consuming and error

prone.

In summary, taking into account the nature of both the current target-based and

target-free registration methods, basically the point cloud data registration requires

multiple scans and involves registration errors. Therefore, there is a need to propose

a novel point cloud data generation approach to address the inefficient and inaccurate

data acquisition method.

1.2 Introduction to 3D laser scanning

As a promising point cloud data acquisition technology in the construction industry,

a 3D laser scanner utilizes pulse-irradiated laser beams to measure the 3D

coordinates (X, Y and Z coordinates) of a target object. Figure 1-3 shows the basic

principle of 3D laser scanning. When the laser scanning is in operation, the mirror

installed in the laser scanning system rotates in both horizontal and vertical

directions (360o for horizontal rotation and 300o for vertical rotation) to emit

numerous laser beams and receive the reflected signals. Therefore, the 3D

coordinates of a target (called ‘point cloud data’) are measured with millimeter

accuracy at a high speed. Meanwhile, the collected information includes row

numbers and column numbers corresponding to the vertical and horizontal directions

of the scanner. Also, a digital camera is used to capture images of the environment,
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which can be later fused with the 3D point cloud data to demonstrate RGB and

reflection information of the target object. Compared to contact-type sensors systems

used in the construction industry, 3D laser scanning has advantages including (1)

high measurement accuracy; (2) long measurement range; (3) high measurement

speed and (4) invulnerability to lighting conditions. There are two common types of

laser scanners based on the distance measurement principle, which are time-of-flight

(TOF) and amplitude-modulated continuous-wave (AMCW) scanners. TOF-based

laser scanner measures the distance based on the traveling time and velocity of the

emitted laser pulse. On the other hand, the AMCW scanner emits continuous waves

and measures the phase shift difference between the emitted and reflected signals.

Therefore, the distance measurement can be obtained based on the wavelength of the

modulated continuous wave and the phase shift. Typically, TOF scanners have a

relatively slow measurement speed and long-range scanning distance, which is

suitable for scanning distance of more than 50 m. Compared to the TOF-based

scanner, the AMCW-based scanner with a higher measurement accuracy but short

scanning range is widely applied in the scenario within the measurement distance of

20 m (Shan & Toth, 2018) .

According to a Research and Markets report (Gaurav, 2013), the global Light

Detection and Ranging (LiDAR) market is expected to reach $4.5 Billion by 2022

from $1.5 Billion in 2017 with significant market growth in the construction industry.

Due to the substantial advantages over conventional range sensors, laser scanners

have been widely used for point cloud data-based 3D model reconstruction in various

applications, including heritage building conservation (Armesto-González et al.,

2010; Fathi et al., 2015), structural health monitoring (Oh et al., 2017; Park et al.,

2007), and building energy analysis (Ham & Golparvar-Fard, 2013; Ham &

Golparvar-Fard, 2015). Therefore, it is necessary to perform accurate and efficient

point cloud generation for various applications in the construction industry.

https://www.researchandmarkets.com/reports/4404664/light-detection-and-ranging-lidar-technologies
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(a) (b)
Figure 1-3. Basic principle of 3D laser scanning：(a) laser scanner and (b) scanning rotation angle in

horizontal and vertical directions

1.3 Research Objective and Scope

To address the limitations related to the inefficient and inaccurate point cloud data

acquisition, the goal of this research is (1) to develop a mirror-aided point cloud data

generation technique using flat mirrors together with (2) a simulation-based scan

planning method for the proposed mirror-aided method. The research scope of the

thesis is point cloud generation for small-scale construction components such as

interior rooms and prefabricated components. Typically, 3D reconstruction can be

classified into two categories according to the size of the target object: (1) large-scale

and (2) small-scale 3D reconstruction. In particular, point cloud data-based 3D

reconstruction model generates as-is models of construction components and interior

rooms, either for the purpose of geometric quality inspection or as-is condition

updates for operation and maintenance.

In this research, two research questions are addressed:

(1) How to tackle the limitations of point cloud registration that are associated with

the registration errors and time consumption?

(2) How to propose a scan planning method for efficient point cloud data generation

approach?

 Specifically, this study has three main objectives to address the first research

question: to develop a mirror-aided registration-free data acquisition method;



6

In this study, PC components are used in order to validate the new technique.

 to further optimize the applicability of the mirror-aided registration-free data

acquisition method by reducing mirror size and rotating the mirror;

 to develop a mirror-aided surface flatness inspection technique.

As for the development of the simulation-based scan planning approach which is

associated with the second question, this study aims to propose the following

objectives:

 to develop a simulation-based scan planning method for efficient point cloud

data acquisition; In this study, two main mathematical models defining the

geometrical relationship between laser scanner and target objects are

developed and validated on PC components, interior rooms and rebar

layouts.

1.4 Thesis Structure and Research Methodology

In order to address the above-mentioned research objectives, a research methodology

consisting of three parts is proposed, as shown in Figure 1-4. The eight chapters of

this thesis correspond to different parts in the methodology map, as illustrated in the

follow.

Chapter 1 provides an overview of the research background and research objectives.

Chapter 2 presents a literature review on (1) 3D laser scanner-based applications in

the construction industry; (2) scan registration methods for point cloud data

acquisition and (3) scan planning for point cloud data acquisition.

Chapter 3, Chapter 4 and Chapter 5 present the development of mirror-aided data

acquisition method.

Chapter 3 aims to develop a registration-free geometric quality inspection (GQI)

technique that is capable of scanning invisible side surfaces of planar-type elements
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from the terrestrial laser scanner using flat mirrors in order to tackle the limitations

of traditional registration methods. The overall concept and procedure for conducting

the registration-free GQI technique are proposed. To investigate the feasibility of the

proposed registration-free GQI technique, comparison tests with traditional

registration methods are performed to further analyze the performance of the

proposed technique in terms of GQI accuracy and efficiency.

Chapter 4 presents a registration-free data-acquisition technique for the 3D

reconstruction of small-scale components and interior rooms, using small-size

rotating flat mirrors. In this chapter, a geometrical model is developed to define the

relationship between the laser scanner, mirrors, and target structure. To validate the

proposed technique, experimental validations are conducted on a precast concrete

slab and an interior room to demonstrate its potential in the construction industry.

Chapter 5 presents a new method that employs flat mirrors to increase the

measurement range with acceptable measurement accuracy and make possible the

scanning of occluded areas even when the laser scanner is out of sight. Based on the

proposed surface flatness measurement approach, two hypotheses associated with the

increasement of the scan coverage range and flatness measurement even in occluded

areas are proposed. Finally, experimental designs for validating the two hypotheses

are conducted.

Chapter 6 and Chapter 7 present the simulation-based scan planning method for

mirror-aided data acquisition method and rebar inspection.

Chapter 6 presents a scan planning method for mirror-aided registration-free method

using small-size rotating mirrors. The optimal positions of the laser scanner and

mirrors, as well as the optimal mirror sizes, are determined from the developed

geometrical model. To validate the proposed technique, simulation tests and

experimental validations are conducted on a precast concrete slab and an interior

room.

Chapter 7 proposes a novel laser scanning based scan planning approach to
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determine the optimal laser scanner location for accurate rebar diameter prediction.

First, a geometrical relationship model that simulates the coordinates of scan points

located on the rebar layers is developed. Second, a novel scan planning approach is

proposed to determine the optimal laser scanner location for accurate estimation of

rebar diameter. Then, the validation experiment was conducted on a lab-scale

reinforced rebar layout to validate the geometrical relationship model and the

proposed scan planning method.

Finally, Chapter 8 summarizes the thesis, and discusses the contributions and future

works of the research.
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Figure 1-4. Research methodology
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Chapter 2: Literature Review

This chapter reviews literature on 1) laser scanner-based applications in the

construction industry, 2) scan registration methods for point cloud data acquisition

and 3) scan planning for point cloud data acquisition. The research gaps are identified

based on the literature review.

2.1 Laser scanner-based applications in the construction industry

2.1.1 Laser scanner-based geometric quality inspection

Thanks to the nature of accurate and rapid 3D data acquisition of laser scanner, a large

number of studies on the geometric quality inspection (GQI) have been proposed for a

wide range of applications including construction structures (Bosche et al., 2009;

Tang et al., 2009), building facades (Truong Hong et al., 2013; Truong-Hong et al.,

2012) rebars (Wang et al., 2017) and prefabricated mechanical, electrical and

plumbing (MEP) (Nahangi & Haas, 2014). For instance, Bosche et al. (2009)

presented an object recognition technique that automatically detects 3D CAD objects

from laser scan data for the purpose of dimensional compliance control. In the study,

as-built scan points are matched to the as-designed model to recognize the objects,

enabling automatic dimensional compliance inspection by comparing with the

corresponding dimensional tolerance. Tang et al. (2009) developed a dimensional

compensation model to estimate edge losses caused by the ‘mixed-pixel’ effect (Tang

et al., 2007) in laser scanned data to increase the dimension estimation accuracy of

construction elements. Evaluation results showed that this edge loss model reduced

the measurement error by an average of 80% for data collected by a phase-shift laser

scanner, and 38% for data collected by a time-of-flight laser scanner. Truong-Hong et

al. (2012) presented an approach to extract and estimate the dimensions of building

wall structures. The algorithm detects building boundaries and features and converts
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the point cloud data into a solid model appropriate for computational modeling to

conduct dimensional quality assessment. Geometric validation of the models against

measured drawings showed overall dimensions correct to 1.2%, most opening areas to

3%, and simulation results within 5% of those predicted by CAD-based models.

Afterwards, Truong Hong et al. (2013) also proposed a new feature detection

algorithm which combines an angle criterion, voxelization to automatically extract

computational modelling from LiDAR point cloud data for further dimensional

quality control. The validation results indicated that the proposed method was able to

detect all boundaries more accurately with a relative error of 0.6% compared to the

previously proposed method (Truong-Hong et al., 2012). Recently, Wang et al. (2017)

developed an automated technique for position estimation of rebars in reinforced

precast slabs. A one class SVM which is an unsupervised outlier detection method is

used for extracting rebars from all the data based on both geometric and color features

of scan points. Experiments on two reinforced precast concrete bridge deck panels

were conducted and the results showed an error of 0.9 mm for rebar position

estimation. Nahangi & Haas (2014) proposed an automatic approach for monitoring

and assessing the fabricated pipe spool based on a scan-to-BIM method. The

geometry of prefabricated assembles is generated through the alignment of as-built

scan points and then matched to the 3D CAD model, which enables the detection,

localization and qualification of deviation of the fabricated spool based on the

comparison between the generated geometry and the 3D CAD model. The validation

experiment on a set of reconfigurable pipes showed an average accuracy rate of 90%

for automated defect detection and preliminary characterization based on the proposed

method.

The authors’ research group proposed several GQI techniques using laser scanner. A

new edge and corner extraction algorithm called the ‘vector-sum’ algorithm was

developed to automatically assess the dimensional properties of PC elements (Kim et

al., 2014). Moreover, a side surface GQI technique was developed to scan and

estimate the dimensions of the side surfaces of PC elements based on the alignment of



12

the as-design model and as-built model (Wang et al., 2016a). Afterwards, a systematic

and practical framework that combines the concept of laser scanner-based GQI with

BIM was also proposed (Kim et al., 2015), which covers the inspection checklist,

quality inspection procedure, selection of optimal scan parameters and data storage

and delivery method. Then, field tests on two full-scale precast slabs with complex

geometries were performed and validated to demonstrate the performance of the GQI

technique developed (Kim et al., 2016). A meaningful finding was made based on the

full-scale field tests that looked into extensive dimensional deviations greater than

allowable tolerances that often occur in reality, indicating the potential use of the GQI

technique during the manufacturing stage. The validation test on lab-scale precast

elements showed that the estimation accuracy was from 1.5 mm to 2.7 mm and the

accuracy deteriorated to 3 mm for the best resolution for full-scale precast elements

due to the large element size and reduced data density. Recently, the research group

proposed a mirror-aided scanning system that can scan the side surfaces of PC

elements even to address the scan of invisibles from the laser scanner (Kim et al.,

2019a). A flat mirror is used to reflect the laser beam so that the laser beam can reach

and scan the side surfaces. Moreover, a laser scanning-based technique that

automatically assesses the key GQI checklists of formwork and rebar of RC elements

was proposed (Kim et al., 2020). The experimental results showed that the key

features of the formwork and rebar are estimated with discrepancies of around 3 mm

on average. Furthermore, the authors published review papers (Kim et al., 2019b) to

summarize the current status of GQI techniques and find future directions.

In summary, although fundamental GQI algorithms of PC elements have been

comprehensively studied and developed, the previous GQI techniques have limited

scope of study only focusing on a single surface (top surface or side surface) GQI of a

PC element. In addition, in order to implement the GQI of the entire surfaces or

multiple surfaces of a PC element, a registration process is necessary, which is time

and cost demanding. Hence, there is a need for a novel data acquisition technique that

can complete the entire surface GQI in an efficient and accurate manner.
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2.1.2 Laser scanner-based surface flatness inspection

Several studies using laser scanner for the surface flatness inspection on floors and

concrete slabs have been introduced. The previous studies can be divided into two

categories: (1) surface flatness inspection following some guidelines such as the

F-numbers method (Bosché & Guenet, 2014; Wang et al., 2016b) and (2) surface

flatness inspection focusing on visual representation without following the standard

documents to reflect surface flatness conditions (Bosché & Biotteau, 2015; Li et al.,

2020; Puri et al., 2018a; Shih & Wang, 2004; Tang et al., 2011).

As for the former type of studies using the guidelines, Bosché & Guenet (2014)

proposed an approach that compares an as-built model generated from a laser scanner

with the as-designed model to inspect the surface flatness. In the study, the scanned

data were first acquired and aligned with the as-designed model using the features of

orthogonal distance and surface normal similarity. Then, the surface flatness was

computed using the straightedge method. The results showed a better performance of

the laser scanner-based inspection in efficiency, reporting up to 50% inspection time

compared to the manual-based method. Wang et al. (2016b) proposed a laser

scanner-based surface flatness inspection approach for precast components based on

the FF numbers method. Experimental tests on two lab-scale specimens showed an

estimation error of less than 8% in FF numbers measurement. It was also found that

the surface distortion, including warp and bowing, can deteriorate the accuracy of

measurement of FF numbers for surface flatness inspection. From the studies, it can be

found that the laser scanner-based surface flatness inspection presents an efficient and

accurate surface flatness inspection compared to manual-based methods. However,

these studies are focused on simple structures, and there is no study investigating scan

coverage of the laser scanner-based method. In addition, the occlusion problems

caused by physical barriers such as interior walls have not been explored in these

studies.

A large number of studies performing surface flatness inspection without standard
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guidelines have been proposed. Shih & Wang (2004) developed a technique to check

the surface flatness of finished walls using a laser scanner. A plane generated from the

collected point cloud data on the finished wall was first computed and set as a

reference plane and was followed by slicing the collected data per centimeter to

visualize the flatness levels with different colors with respect to the reference plane.

However, the method presented in the study used a one-centimeter size of slicing,

which is too sparse to perform accurate surface flatness inspection on the finished

wall. Li et al. (2020) presented another study for slabs and floors. In the study, similar

to the study, elevation deviations between each scan point and the fitted plane

generated from the collected scan points were calculated, and a color-coded deviation

map was then used to display the elevation deviations with different colors.

Experimental studies conducted on an exterior wall panel showed that more than 80%

of the scan points on the surface are within the allowable tolerance of 8 mm (Standard,

2015). In contrast to the previous similar study (Shih & Wang, 2004) that measured

the surface flatness with a relatively large slicing size of a centimeter, the study uses

individual scan points to perform a more dense and accurate surface flatness

inspection. However, the study lacks the investigation on the maximum area that can

be covered by the proposed method for surface flatness inspection. Bosché & Biotteau

(2015) proposed a new method that processed point cloud data of concrete slabs in the

frequency domain using the continuous wavelet transform (CWT) method (Sinha et

al., 2005). Comparison tests between the CWT method and the waviness index (WI)

method (ASTM, 2010) were conducted, and it was found that the CWT method offers

a more precise localization of non-flat areas of the concrete slabs due to its dense 3D

measurement. However, the study utilizes the CWT method over multiple

one-dimensional (1D)-survey lines from the cross-section view of the concrete slabs,

which may not accurately reflect the actual flatness condition of the entire floor. To

address the limitation of the study in previous study (Bosché & Biotteau, 2015), Puri

et al. (2018b) proposed an approach that uses the CWT method in the

two-dimensional (2D) domain instead of using a one-dimensional (1D) domain.
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Based on the comparison tests, the 2D based CWT method was proved to perform

better than the 1D based CWT method. However, the study only assesses the flatness

accuracy without using ground-truth value; thus, the actual performance of the

proposed method is not guaranteed. Lastly, Tang et al. (2011) analyzed and compared

three different algorithms for estimating concrete surface flatness deviations using

point cloud data. Three algorithms, including range filtering, deviation filtering and

sliding window, were formalized and implemented for surface flatness defect

detection. The results showed that it is possible to detect surface flatness as small as 3

cm across and 1 mm thick with a scanning range of 20 m. However, the study lacks

further investigation on the effects of scanning parameters, including incident angle

and scanning distance, on the surface flatness inspection.

In summary, although the previous laser scanner-based surface flatness inspection

shows potential for accurate and reliable surface flatness inspection compared to the

contact-type manual practices, there are still limitations in two aspects. First, there has

been no study on how far the laser scanning approach can cover the surface flatness

inspection with acceptable measurement accuracy. Second, there have been few

studies that discuss the limitation of occlusion problems, which inevitably occurred in

the existence of physical barriers such as interior walls. Therefore, there is a need to

present a new data acquisition approach to increase the scan coverage range and

enable flatness measurement even in occluded areas.

2.1.3 Laser scanner-based rebar inspection

Several studies have been conducted to offer better rebar and formwork inspection

using laser scanning-based techniques (Akula et al., 2013; Kim et al., 2021; Kim et al.,

2020; Wang et al., 2017). Akula et al. (2013) proposed a monitoring system that

controls drilling to reinforced concrete deck without damaging or striking any rebar or

utility lines using both images and laser scanning. From the comparison tests, the

laser scanning-based approach showed a better accuracy of 98.4% for monitoring

safety zone compared to that (69.5%) of the vision-based method. Wang et al. (2017)
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proposed an approach that estimates the position and orientation of rebars extruding

from reinforced precast concrete (RPC) slabs. In the study, two features of color and

rebar orientation were used to classify the point cloud data of rebars and then trained

using a one-class support vector machine algorithm (Chen et al., 2001). Two

reinforced precast concrete bridge deck panels were used for validation tests and the

results showed an error rebar position estimation of 0.9 mm. However, this approach

focuses on the detection of rebar scan data which can be performed after the

production of RPC components, indicating that the position of the rebars is not

reversible despite of the accurate rebar position detection. On the other hand, the

authors’ group (Kim et al., 2020) proposed a new technique that measures

dimensional properties of rebar and formwork such as rebar spacing and concrete

covers before concrete pouring using laser scanning. In the study, line and circle

RANSAC algorithms were employed to automatically detect individual rebars and

rebar diameters. Validation tests showed a dimensional estimation accuracy of around

2.5 mm. However, one technical challenge in the study is that the circle RANSAC

algorithm requires the rebar diameter as an input parameter, so the value of rebar

diameter is manually provided to implement the algorithm. In order to overcome the

limitation of the study (Kim et al., 2020), a continuous study aiming for automatically

estimating rebar diameter was performed (Kim et al., 2021) and a density-based

machine learning algorithm was developed to classify different rebar diameters.

Validation tests showed a rebar diameter prediction accuracy up to 97.2% for

large-size rebar diameters. However, prediction accuracy on small-size rebar

diameters (56.0%) was poor due to low scan density on the small-size rebar surfaces

and occlusion issues associated with lower rebar layer. Thus, there is an academic gap

to address the issues of inaccuracy and occlusion on small size rebars.

There are numerous studies proposed for laser scanner-based applications including

geometric quality inspection, surface flatness inspection and rebar inspection. In order

to implement the GQI of the entire surfaces or multiple surfaces of a PC element, a

registration process is necessary, which is time and cost demanding. Hence, there is a
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need for a novel data acquisition technique that can complete the entire surface GQI

in an efficient and accurate manner. As for surface flatness inspection, there is need to

present a new data acquisition approach to increase the scan coverage range and

enable flatness measurement even in occluded areas. As for the rebar diameter

inspection, there is an academic gap to address the issues of inaccuracy and occlusion

on small size rebars. Therefore, limitations that are associated with the point cloud

data generation and scan planning method remain to be addressed.

2.2 Scan registration methods for point cloud data acquisition

There are two common registration methods - target-based registration method and

the target-free based registration method (Salvi et al., 2007).

2.2.1 Target-based registration method

A number of studies have been conducted on the target-based registration method in

the construction industry. As an initial and pioneer study, Becerik-Gerber et al. (2011)

compared the performance of different target types such as fixed paper, paddle, and

sphere in both exterior and interior scenes. The study found that sphere targets yielded

more accurate results in both exterior and interior scenes than other types of targets

due to the fact that unlike paper and paddle targets, spheres with tripods or magnetic

mounts are firmly placed and do not require manual reorientation to ensure accurate

detection of targets’ center point. Liang et al. (2013) developed an automatic approach

based on planar targets containing rotational symmetric patterns. In the study, a field

test was conducted in a classroom, providing a planar target matching error of 4 mm.

Yun et al. (2015) proposed an automatic multi-view point cloud registration technique

based on sphere targets. A RANSAC-based algorithm is used in the initial registration

before translating and rotating the centroids of the detected sphere targets to align

different scans. The spheres are then further matched by minimizing the square

distance between each other sphere iteratively. The study found a registration
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discrepancy of 7 mm with a computing time of 12 minutes from the experiments in an

exterior environment. Al Manasir & Fraser (2006) presented an automatic

target-based registration method for terrestrial laser scanner data based on the digital

camera and laser scanner. The targets are first captured using the digital camera

attached to the laser scanner and then identified and labelled automatically from laser

scanner for alignment of different images. The validation experiment reported a

discrepancy with a range of 2-4 mm for the registration of a historic porch.

Although, the target-based registration method is the most common and standard

approach, the previous studies mentioned some limitations. First, registration

performance largely depends on the distance range of scan points. For example, if a

scan point captured from a laser scanner is far away from a target, the registration

accuracy is relatively low. For this reason, the target-based registration method

requires a large number of targets and needs a careful layout of target installation to

achieve the desired registration accuracy. Second, normally it takes a long time for

scan planning and actual target installation. Third, in many construction scenes,

targets are often occluded, resulting in inaccurate target detection and matching

results.

2.2.2 Target-free registration method

A number of plane-based registration methods have been proposed based on the fact

that planes are the most common geometrical features which can be easily detected in

different kinds of scenes. For example, Bosché (2011) introduced a semi-automatic

registration method called one-click RANSAC-supported plane registration to align

the BIM model with the corresponding scan points for construction progressing

monitoring. Compared to the two commercial software programs, it was found that

the semi-automatic registration method resulted in similar or better results in most

tests. Wang et al. (2018) proposed a new registration technique using common surface

planes for the generation of as-built BIM and its GQI of PC elements. Common

surfaces are extracted by the RANSAC algorithm (Fischler & Bolles, 1981) and then
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matched by aligning plane center points and using the three principle axes of each

surface plane. In the study, both lab-scale and field-scale experiments were conducted

and a dimensional accuracy of 1.2 mm-2.8 mm was achieved. Xiao et al. (2013)

presented a 3D registration methods based on planar patches segmented from the

point cloud data. After the detection and segmentation of the planar patches from the

scene, segment correspondences are searched between overlapping point clouds and

transformation from determined correspondences are computed. Experimental results

on the city scenario showed that the 12 pairs of point cloud were registered with a

success rate of 100%.

The previously proposed plane-based registration methods are, however, difficult to

be adopted in the registration of other components with non-planar surfaces with

complex shapes, such as circular columns. To address this limitation, other geometric

features, including reflectivity, curvature and surface normal have been considered to

be used for target-free registration. For instance, Theiler et al. (2014) proposed an

automatic registration method by matching key points based on 4PCS (4-Point

Congruent Set) algorithm. In the study, key points for each scan scene are extracted

according to the reflectance value or the geometric irregularity of the point cloud data.

The validation experiment conducted in an indoor environment showed a successful

registration rate of 97.6%. In addition, He et al. (2017) proposed a new ICP

algorithm-based registration method using the geometric features of point cloud data.

After the total distance differences between the matched scan points of different scans

were minimized using the traditional ICP algorithm, the proposed enhanced ICP based

algorithm executes registration based on additional geometric features including

curvature, surface normal and point cloud density in order to enhance the robustness

of the registration. A matching result with a discrepancy of 1.6 mm within 2 iterations

for a lab-scale registration test was achieved, which is more accurate and efficient

compared to the traditional ICP algorithms. Although the mentioned featured-based

registration can be applied in various situations, it is well known that the method still

has problems associated with registration accuracy and robustness. In addition, the
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scanning location needs to be carefully determined to ensure enough overlap between

adjacent scenes.

In summary, taking into account the nature of both the current target-based and

target-free registration methods, basically the point cloud data registration requires

multiple scans and involves registration errors that may not be acceptable for data

collection. Hence, this study aims to develop a new approach to tackle the two

limitations associated with the point cloud registration.

2.3 Scan planning for point cloud data acquisition of small-scale

components

Numerous studies have proposed scan-planning methods for 3D-reconstructing

construction components and building interiors . These studies can be grouped

under two scan-planning approaches: (1) 2D-model-based scan planning and (2)

3D-model-based scan planning. The former employs 2D plan views of the target

objects, whereas the latter utilizes the height information of targets or scenes to

supplement the 2D plan information.

In contrast to its 2D counterpart, 3D-model-based scan planning (which is directly

relevant to this study) uses 3D geometrical information (e.g., 3D coordinates and the

spatial relationships between target objects in the scene) to effectively address the

occlusion and invisibility problems that arise in complex scenarios. In addition,

3D-model-based scan-planning methods use the geometrical relationships between the

laser scanner location and target scene to ensure efficient data acquisition. For

example, Biswasa et al (2015) presented an approach to automatically determine laser

scanner positions for concrete floors featuring cylindrical columns. First, they

developed a 3D geometrical relationship model between the laser scanner location,

single-point accuracy, and scan coverage for concrete surfaces. In their study, the

smallest number of scanner locations required for the concrete floor was determined

by considering the requirements of single-point accuracy and target-object scan
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coverage. However, single-point accuracy and scan coverage were evaluated

separately as two uncorrelated factors, which decreased the scan-planning efficiency.

Wakisaka et al. (2019) presented a laser scanner-location-determining approach for

the point-cloud-data acquisition of building facilities, including pipes and ducts. In

their study, 3D voxel spaces were generated using a structure-from-motion model and

classified as scan-location candidates. Then, the optimal scan locations were

determined by ensuring complete target-object data acquisition and scan registration.

The scanning path was planned heuristically, by identifying the shortest path passing

through all determined locations, which further decreased the traveling time and

facilitated laser scanner navigation. Argüelles-Fraga et al. (2013) presented an

approach to determine laser scanner locations for the data acquisition of circular

tunnels. In this study, a mathematical relationship model between the laser scanner

location, scanning density, and incident angle was developed from the tunnel

geometry. Validation experiments conducted on a circular tunnel indicated that the

developed mathematical model identified laser scanner locations that satisfied the

measurement accuracy requirements whilst also minimizing the scanning time;

however, the model targeted construction components with circular shapes, which

limited the applicability of the data-acquisition process to other scenarios with planar

structures. Wujanz & Neitzel (2016) developed a scanning-location-planning method

for historical sculptures, by considering the point-cloud-registration quality. For

surface-based registration, the optimal scan locations were first determined using a

scanning rule that maintained a certain overlap area between adjacent scans. Then, the

scanning location was further optimized using the normal vector of the overlapping

region, to adjust the incident angle and ensure data quality. In validation experiments

performed upon a historical sculpture, a fully connected graph was produced with

total data completeness exceeding 95% and an adjacent overlap percentage of 10%.

To summarize, 3D-model-based scan planning procedures utilize the geometrical

relationships between the laser scanner location and target scenes to determine an

efficient scan configuration. However, as seen in 2D-model-based scan planning,
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multiple scans at different scan locations are still necessary, and the 3D registration

process is time-consuming and tedious to complete. In addition, the scan coverage and

overlap ratio between adjacent scans (which are user-defined values) may reduce the

robustness of 3D reconstruction in terms of efficiency and accuracy. In this sense, a

novel approach is required to handle the efficiency and accuracy issues of scan

planning.

2.4 Chapter Summary

Although numerous studies have been proposed for laser scanner-based applications

including geometric quality inspection, surface flatness inspection and rebar

inspection. There are still limitations associated with the point cloud data generation

and scan planning method.

From the perspective of the point cloud data acquisition, point cloud data registration

requires multiple scans and involves registration errors that may not be acceptable for

data collection, resulting in inefficient and inaccurate point data generation. In the

study, a mirror-aided quality inspection method for planar-type components is first

developed. Furthermore, a registration-free data acquisition method using small-size

rotating mirrors is proposed to address the limitation of the large-size mirrors that

they are fragile. Moreover, there is a need to present a new data acquisition approach

to increase the scan coverage range and enable flatness measurement even in occluded

areas. Therefore, in this research, we have developed a mirror-aided data acquisition

method to address the limitations associated with the inefficient and inaccurate point

cloud registration.

From the perspective of the scan planning, a novel approach is required to handle the

efficiency and accuracy issues of scan planning for the proposed mirror-aided method.

Furthermore, there is an academic gap to address the issues of inaccuracy and

occlusion on small size rebars. Therefore, we have developed a simulation-based scan

planning for proposed mirror-aided data acquisition method and accurate rebar
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diameter prediction.

Chapter 3: Mirror-aided Registration-free Geometrical

Quality Inspection for Planar-type Construction

Components

3.1 Chapter Introduction

Off-site prefabricated elements such as planar-type precast slabs and precast walls

have become popular due to the increased demand for high-quality and rapid

construction (Jaillon et al., 2009; Sacks et al., 2004a). Compared to cast-in-place

construction, prefabricated construction elements are offering many advantages in

terms of time, quality and environmental benefits (Josephson & Hammarlund, 1999;

Sacks et al., 2004b). However, despite all these benefits and increasing demands,

geometrical inconsistencies between the as-built (actual product) and as-designed

elements can result in poor connection between adjacent prefabricated elements or

with other construction elements, adversely affecting the structural integrity of the

assembled structure (Birkeland & Westhoff, 1971; Phares et al., 2004; Sacks et al.,

2004a). For these reasons, it is important to check the conformity of the as-built

dimensional properties of prefabricated construction elements with specified

tolerances before delivering the elements to the construction site during the

manufacturing stage.

As the level of automation in the construction industry increases with rapid

technological advances (Anuta, 1970), 3D laser scanning has been widely used as a

promising technology for the purpose of GQI of prefabricated construction elements

(Wang et al., 2020). The authors’ research group has proposed several GQI

techniques for GQI of precast concrete PC elements using laser scanner. Kim et al.

(2014) developed an edge extraction algorithm (Kim et al., 2014) and proposed an
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end-to-end framework that integrates the laser scanning technique with building

information modeling (BIM) for GQI of PC elements (Kim et al., 2015). Afterwards,

the developed GQI approaches were further improved and validated on full-scale PC

elements with complex geometries through field tests (Kim et al., 2016). In addition,

an automated GQI technique was developed for the GQI of the side surfaces of PC

elements having complex structural features such as shear keys and flat ducts on the

side surfaces (Wang et al., 2016a). However, the scanning scope of the previously

proposed techniques is limited to a single surface GQI of a PC element,

compromising their scope and practicality. In addition, the previous GQI techniques

inevitably require the registration of multiple scans at different scanning positions to

merge different sets of point cloud data.

There are two common registration methods in the construction industry, which are 1)

target-based registration method and 2) target-free based registration method (Salvi et

al., 2007). However, due to the need for multiple scans at different scanning locations,

both the target-based and target-free methods time consuming and error prone.

In this chapter, a registration-free GQI technique of PC elements is proposed to tackle

the current limitations of the existing GQI techniques. The proposed technique uses

flat mirrors in order to scan invisible surfaces of a PC element from laser scanner and

thus allow for entire surface GQI of the PC element in a single scan. The uniqueness

of the chapter are (1) the development of a registration-free GQI technique of

planar-type fabricated elements using flat mirrors for the first time; and (2) successful

applicability validation of the proposed GQI technique through various tests including

comparison tests with traditional registration based GQI methods. The organization of

the chapter is presented as follows. The working principle and data processing steps

of the proposed mirror-aided GQI technique are described in Section 3.2 and Section

3.3 respectively, followed by validation tests including the comparison with

traditional registration methods in Section 3.4. Finally, this chapter ends with a brief

summary and suggestions for further work.
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3.2 Overall scheme of proposed mirror-aided registration-free

technique

Figure 3-1 shows the concept of the proposed mirror-aided registration-free technique

for GQI of PC elements. Figure 3-1(a) presents an ideal set up of the mirror-aided

GQI technique based on the assumption that the laser scanner can be positioned above

the center of the PC element. Note that GQI of the PC element is conducted in an

indoor environment before being delivered to the construction site, meaning it is

reasonable to locate the laser scanner above the center of the PC element. It is

assumed in this study that the PC element has rectangular planar surfaces because

most PC elements are manufactured with planar surfaces. With this ideal scanning

configuration, four plane mirrors are situated along the four side surfaces so that the

laser beams can reach the side surfaces through the mirrors. In this way, both the top

and side surfaces, which are outside of the scanning view of the laser scanner, can be

scanned in a single scan. There are also rectangular patches attached on the surfaces

of flat mirrors to obtain scan points falling onto the patches. Figure 3-1(b) presents the

schematic configuration of GQI of PC element used in this study. The reasons for this

setup are (1) the number of the mirror used for scanning is minimized, and (2) the

previous set up requires frames or cradles to situate the laser scanner above the PC

element, which is hard to accomplish in the laboratory. This configuration enables a

direct scan of the three surfaces of 1) top surface, 2) longitudinal side surface, and 3)

transversal side surface of the specimen. Meanwhile, the two remaining side surfaces

are indirectly scanned using flat mirrors. In this study, the flat mirror is assumed to be

large enough to guarantee entire side surface scanning when used with the rectangular

patches attached to the surface of the mirrors.
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(a) (b)

Figure 3-1. Overall scheme of the proposed mirror-aided registration-free GQI technique for PC
elements: (a) Ideal scanning configuration that requires the laser scanner to be positioned above the PC
element and have four flat mirrors; and (b) The scanning configuration adopted in this study because the

test set-up is more flexible and has a reduced number (two) of flat mirrors.

This study uses the mirror reflection principle to enable reference-free entire surface

GQI of PC elements. Figure 3-2 illustrates the basic principle of mirror reflection used

in the study. First, the laser beam emitted from the laser scanner is reflected by the

mirror and reaches point �� on the actual side surface of the PC element. The laser

scanner measures the total time taken for the laser beam to travel the total distance

( �h � �� ) to generate the coordinates of the point � . However, the laser scanner

generates the coordinates of the point � instead of those of point �� because the laser

scanner recognizes the point � as point �� based on the assumption that the laser

beam travels in a straight line. Based on the mirror reflection principle explained

above, the obtained scan points of the actual side surface of the PC element will be

located on the virtual side surface. To recover the scan points from the virtual position

to the actual position, this study transforms the scan points of the virtual side surface

to the actual side surface, which is explained in detail in Section 3.3.4.

Laser scanner

L

Laser scanner
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Figure 3-2. The mirror reflection principle of laser beam

3.3 Development of the mirror-aided registration-free GQI technique

Figure 3-3 illustrates the five steps of data processing of the proposed mirror-aided

registration-free GQI technique. These steps are (1) data acquisition, (2) data

pre-processing, (3) mirror plane estimation, (4) virtual side surface transformation,

and (5) dimension estimation. Firstly, the location and scan parameters of laser

scanner are determined to achieve high GQI accuracy. Background noise is then

removed, resulting in the five surfaces of the PC element, including both the direct

scan surfaces and virtual scan surfaces. Next, in order to transform the virtual scan

surfaces to the actual scan surfaces, the mirror plane is estimated by extracting the

scan points of the rectangular patches attached to the mirror. Then, based on the

estimated mirror plane, the scan points of virtual side surfaces are transformed to the

location of actual side to accomplish entire surface GQI of the PC element. Finally,

dimensions of the PC element are estimated using the as-designed model of the PC

element. The details of each step are described in detail in the following sections.

Laser scanner
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Figure 3-3. The overall procedure for the proposed mirror-aided GQI technique

3.3.1 Data acquisition

This step aims to acquire scan points of the PC element with the purpose of achieving

high accurate GQI. The data acquisition is conducted based on three considerations

that are related to GQI accuracy as follows: 1) Scan area of side surface via flat

mirrors - The side surfaces to be scanned through the mirrors should be fully visible

through the mirrors. To this end, the mirror size, mirror location and mirror vertical

angle are carefully adjusted so that the side surfaces to be scanned can be fully

covered by the mirrors; 2) Scan of rectangular patches - The rectangular patches used

for mirror plane estimation should be visible from the laser scanner because they can

be blocked due to improper positioning of the laser scanner with respect to the PC

element. In addition, based on the fact that mirror plane estimation is dictated by the

number of the scan points, the size of the rectangular patch needs to be carefully

selected to ensure that a large number of scan points falling on the rectangular patches

are scanned by the laser scanner; and 3) incident angle issue, as it was established

from previous studies (Kim et al., 2014; Wang et al., 2016a) that the incident angle

effect on the GQI of PC element. Considering that the side surfaces of PC element

contain shear keys and flat ducts with small size surfaces, it is important to minimize

the incident angle of laser beam to the surface of the prefabricated construction

component. One important benefit of using mirrors is that the vertical angle of the
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mirror can be rotated with respect to the position of the laser scanner, resulting in

having a lower incident angle.

3.3.2 Data pre-processing

This step aims to remove the background scan points (hereafter, named ‘background

noise’) and extract scan points of the five surfaces of the PC element. Figure 3-4

illustrates the removal of background noise and the extraction of the five surface scan

points of the PC element. To this end, the DBSCAN (Density-Based Spatial

Clustering of Applications with Noise) (Ram et al., 2009), which is a density-based

algorithm to separate clusters with high density from other clusters with low density,

is used in this study. Figure 3-4(a) shows the result of the DBSCAN on the raw scan

points. Note that the raw scan points contain four types of scan data sets, which are 1)

background noise; 2) five surface scan points of the PC element; 3) reflected scan

points by the mirrors, 4) scan points of the two rectangular patches attached to the

mirrors. Here, the five surface scan points refer to the scan points corresponding to (a)

the three surfaces (one top surface and two side surfaces) of the PC element, which

can be directly scanned by the laser scanner (hereafter ‘three visible surfaces of PC

element’), (b) the longitudinal side surface (hereafter called the ‘virtual longitudinal

side surface’) which is indirectly scanned by the laser scanner but visible through one

mirror and (c) the transversal side surface (hereafter called the ‘virtual transversal side

surface’) that is not visible to the laser scanner but is visible through the other

mirror. Also, note that the two rectangular patches associated with the virtual

longitudinal side surface and the virtual transversal side surface are named ‘Patch 1’

and ‘Patch 2’ respectively. First, the background noise is removed from the raw scan

points using the DBSCAN based on the assumption that the background noise is the

biggest cluster (1st largest cluster) of the scan points within the region of interest as

shown in Figure 3-4(b). Second, after the removal of the background noise, the five

surface scan points are extracted based on the fact that the three visible surfaces of the

PC element are the 2nd largest cluster of the DBSCAN result, followed by the
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extraction of the scan points corresponding to the virtual longitudinal side surface (3rd

largest cluster) and the virtual transversal side surface (4th largest cluster) as shown in

Figure 3-4(b).

After the extraction of the five surfaces, there are two types of remaining but

unclassified scan points including 1) the scan points of the rectangular patches and 2)

the reflected scan points by the mirrors. This is because these types of scan points

have a relatively low density and small size, so hard to be detected using the

DBSCAN. However, it is important to note that the scan points of the two rectangular

patches are detected in the following section.

(a)

(b)

Figure 3-4. Data pre-processing: (a) result of the DBSCAN on the raw scan points; and (b) background
noise removal and five surfaces (three visible surfaces and two side surfaces) extraction
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3.3.3 Mirror plane estimation

This step aims to detect and estimate the mirror plane from the scan points of the

rectangular patches which are unclassified in Section 3.3.2. Since the patches are

attached to the mirror, it is assumed that the patch plane is on the same plane as the

mirror. Therefore, the scan points of the rectangular patches attached to the mirrors

are extracted and used to estimate the mirror plane.

To this end, in this study, two criteria, which are (1) distance criterion and (2) angle

criterion, have been selected based on their geometric relationship to extract the scan

points of the rectangular patches. Figure 3-5 describes the two criteria and a

projection view parallel to the longitudinal side surface of the PC element is used in

order to explain the two criteria graphically. Here, among the two patches, Patch 2 is

used for the illustration. Note that the virtual transversal side surface plane can be

obtained based on the least fitting method (Pratt, 1987). The distance criterion is

based on the fact that, theoretically, the perpendicular distance from each scan point

( � ) on Patch 2 to the actual transversal side surface invisible form the laser scanner

(�h � ) and is equal to the perpendicular distance from � on Patch 2 to the virtual

transversal side surface plane (��(�)). On the other hand, the angle criterion is that,

theoretically, the angle (�h) between the local plane generated for each scan point (�)

on Patch 2 and the actual transversal side surface is the same as the angle ( �h )

between the local plane for � on Patch 2 and the virtual transversal side surface (��).

Note that the local plane is generated using the 8 nearest neighbor points of � .

However, a challenge is posed by the fact that scan points of the actual transversal

side surface do not exist, meaning �h(�) and �h cannot be calculated directly. To

overcome this challenge, the transversal side surface of the three visible surfaces,

which is parallel to the actual transversal side surface as shown in Figure 3-5(b), are

used to calculate �h � and �h. Hence, the two criteria are defined in Eq. (3-1).
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�h(�) t ��(�) t �(�) � �� Eq. (3-1)

�h t �� t �

�� �� � �� � �h � � �� � �� and �� � �� �h� �� � � , � is a scan point

on the mirror patch. Otherwise, � is not a scan point on the mirror patch.

where �(�) refers to the perpendicular distance between a scan point (�) on Patch 2

and the transversal side surface of three visible surfaces of the PC element. �� refers

to the longitudinal length of the PC element and � stands for the angle between the

local plane generated for � on Patch 2 and the transversal side surface plane of three

visible surfaces. Using these two criteria, the scan points of Patch 2 can be extracted.

In order to automatically process the extraction of the patch scan points, user-defined

thresholds for the two criteria are set due to ambient error and noise. The thresholds of

ϵ and τ are the maximum scan point distance and angular resolution respectively,

based on the assumption that ambient errors exist within a range and do not exceed

the maximum distance and angular resolution. To formalize this classification, the

classification condition is presented as follows:

Sequentially, the scan points of Patch 1 are extracted in the same manner. Finally, the

mirror planes are estimated based on the extracted scan points of both Patch 1 and

Patch 2 using the least square fitting method.
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(a)

(b)

Figure 3-5. The extraction of rectangular patch scan points: (a) A projection plane (X-Z plane)
parallel to the longitudinal side surface of the PC element is used for illustration; (b) Two criteria
with thresholds for the patch scan points extraction in the X-Z plane. (Here, Patch 2 is used as the

example.)



34

3.3.4 Virtual Surface transformation

Once the mirror plane is estimated based on the criteria, the scan points of virtual side

surfaces are transformed to the location of the actual side surface. For each virtual

scan point � �h��h��h , the 3D coordinates of the actual scan point �� �������� is

calculated using Eq. (3-2). Note that �� �� � and � are the coefficients of the

corresponding mirror plane.

�� t �h �
��（��h � ��h � ��h ��）

�� � �� � ��

�� t �h �
��（��h � ��h � ��h ��）

�� � �� � ��

�� t �h �
��（��h ���h � ��h ��）

�� � �� � ��

Eq. (3-2)

3.3.5 Dimension estimation

This step aims to estimate the dimensions of geometrical features of the PC element,

including outer boundaries, shear pockets, flat ducts and shear keys. Note that it is

assumed that the bottom surface of a planar-type prefabricated element is flat and the

bottom-line dimensions can be estimated by extracting its four corners which can be

extracted by side scan. Therefore, all key dimensions of geometrical features of the

prefabricated element can be estimated without a scan of bottom side. Figure 3-6

shows the extraction of corner points and boundary lines for dimension estimation. In

this study, corner points are first extracted as key geometrical features. The lengths

between the corner points are then calculated. In addition, key inner objects’ (i.e.

shear pockets and shear keys) position, defined as the distance between the center of

the object to the nearest edge line of the PC element, are computed based on the

corner points extracted. The details are presented in Figure 3-6.
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3.3.5.1 Outer boundary

For the extraction of the outer corners, two types of outer boundaries of the PC

element are used. One refers to the top boundary, which can be estimated by

intersecting two adjacent surfaces. The other one refers to the bottom boundary and

height boundary which can be estimated using a single surface. For the top boundary,

based on the extraction of the five surfaces of the PC element by the plane RANSAC

(Fischler & Bolles, 1981), each corner point of the top boundaries is computed based

on the intersection of three surfaces surrounding the corner point as shown in Figure

3-6(a). In order to estimate the dimensions of the height boundary and bottom

boundary, the as-designed model of the PC element is first used to align with the

as-built scan points. Next, the height and bottom boundary lines are estimated by a

support vector machines (SVM) algorithm proposed by (Wang et al., 2016a). Figure

3-6(b) illustrates the boundary line estimation of a bottom boundary. First, Type Ⅰ

points, which are positioned inside the true boundary, are detected as the last points

along the as-design boundary in each row and column. Note that the laser scanner

generates row and column information for each scan point according to the vertical

and horizontal scan respectively. Next, Type Ⅱ points, positioned partially or fully

outside the boundary, are created next to the Type Ⅰ points based on the assumption

that the spacing between two adjacent scan points is the same. Finally, the as-built

boundary line separating the two types of points is generated using the SVM

(a) (b) (c)

Figure 3-6. Extraction of corner points and boundary lines for dimension estimation: (a) Extraction
of corner points of top boundary; (b) Extraction of bottom and height boundary lines. (Here, bottom

boundary is used as the example.); and (c) Extraction of the corner points of the shear key.
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algorithm. A detailed explanation of the algorithm is presented in the study (Wang et

al., 2016a). Once the boundary lines are estimated, the corner points are obtained as

the intersection points of the boundary lines.

3.3.5.2 Shear pocket and flat duct

Meanwhile, the boundary lines of shear pocket on the top surface and flat duct on the

longitudinal side surface are estimated in the same manner using the SVM algorithm.

Note that, the shape of shear pocket and flat duct is presented in Figure 3-7. Once the

alignment of the as-designed model and the as-built scan points is performed, the

Type Ⅰ points are detected. Type Ⅱ points are then created, followed by the boundary

line generation of the shear pockets and flat ducts. Finally, the corners points of the

shear pockets and flat ducts are computed by calculating the intersection lines of the

estimated boundary lines.

3.3.5.3 Shear key

A unique characteristic of the shear key is that the five surfaces are connected to each

other and there is a certain depth between the bottom surface of the shear key and the

longitudinal side surface. In order to extract the scan points of each surface of the

shear key, the as-built scan points are registered to the corresponding as-designed

surfaces of the shear key using the two criteria which are 1) distance and 2) angle.

Once each surface scan point is detected and its surface plane estimated based on the

segmented scan points, the eight corner points of the shear key are extracted by

intersecting the three adjacent planes as shown in Figure 3-6(c).

3.4 Validation Tests

A series of laboratory-tests were conducted to examine the feasibility of the

mirror-aided GQI technique. The specific objectives of the tests are to 1) determine

the GQI accuracy of the proposed technique, 2) investigate the effect of influencing

factors on the GQI accuracy, and 3) compare the GQI performance of the proposed

technique with the traditional registration methods.
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3.4.1 Experiment specimen and configuration

Figure 3-7 shows the laboratory test specimen and configuration. In this study, a

typical precast slab was targeted as the test specimen. The specimen was made of

white cement and sized 500 mm (length) × 200 mm (width) × 100 mm (height) as

shown in Figure 3-7(a). On the top surface of the specimen, there are 4 shear pockets

with the dimensions of 60 mm × 50 mm which serve as the connector between PC

slabs and PC girders. In addition, on the longitudinal side surface of the specimen,

there are two geometrical features representing 1) a flat duct with outer dimensions of

60 mm×40 mm, and 2) a shear key with outer dimensions of 60 mm × 60 mm and

inner dimensions of 40 mm×40 mm. Note that despite the relatively small size of the

specimen is used in this study, the primary objective of this study that is the

proof-of-concept of the registration-free GQI, can still be achieved. Figure 3-7(b)

shows the experimental set up of the proposed GQI technique. Note that the photo has

a view from the laser scanner supported by a tripod on the ground. The flat mirrors

were made of iron glass whose transmission rate of lighting is around 91.5%. The size

of the mirrors is 600 mm × 400 mm. The distance from the side surface to each mirror

is set manually to be 400 mm to ensure scan of the entire surface of the PC element.

Two rectangular patches of 90 mm × 70 mm in size were attached to the upper-left

and bottom-right region of the mirrors. In this study, a phase-shift laser scanner,

FARO M70, with an accuracy of ±3 mm at 20 m, was used to acquire scan points of

the specimen. The height and scan distance of the laser scanner the specimen were

also set to 2 m and 2.5 m, respectively. The three surfaces visible from the laser

scanner including the top surface, one longitudinal surface and one transverse surface

were scanned directly by the laser scanner, and the other two side surfaces invisible

from the laser scanner were scanned using the two flat mirrors. In this way, the

specimen was scanned in a single scan, resulting in a registration-free GQI approach.

Three different angular resolutions of 0.018°, 0.036°, and 0.072° were used to

investigate the effect of angular resolution.
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3.4.2 Results

Table 3-1 shows the dimension and position estimation errors of the four target

objects under varying angular resolutions. Figure 3-8 shows the GQI results of the

proposed mirror-aided technique with varying angular resolutions. Here, the

dimension error is defined as the distance discrepancy between the estimated

dimension and the actual dimension that was measured manually using a

measurement tape. The position error is defined as the distance discrepancy between

the estimated center position and the actually measured center of the shear pocket,

shear key and flat duct on the specimen.

Table 3-1. Dimension and position estimation errors under varying angular resolutions with its standard
deviation (in bracket)

(a) (b)

Figure 3-7. Test specimen and configuration: (a) The laboratory-scale specimen with dimensions; and
(b) Test configuration with the laser scanner and flat mirrors

Object Dimensional error (mm) Position error (mm)

Angular resolution Angular resolution

0.018° 0.036° 0.072° Ave. 0.018° 0.036° 0.072° Ave.

Outer

boundary

2.0(0.5) 3.1(1.5) 3.9(1.7) 3.0 - - - -

Shear pocket 2.2(0.5) 3.0(0.6) 3.7(1.4) 2.9 1.0(0.5) 1.2(0.6) 2.3(0.9) 1.5

Shear key 1.5(0.4) 2.2(0.6) 2.7(1.0) 2.1 1.0 1.0 1.5 1.1

Flat duct 1.5(0.5) 2.0(0.6) 3.6(2.0) 2.3 1.0 1.0 2.6 1.5

Average 1.8 2.7 3.5 2.6 1.0 1.1 2.2 1.4
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The overall average dimension error for all the four objects was 2.6 mm. As for the

outer boundary, an average dimension error of 3.0 mm was obtained. Note as the

specimen has 12 outer boundary dimensions (4 lengths, 4 widths and 4 heights), a

total of 36 measurements (12 dimensions × 3 scans) are averaged in the table. As for

the shear pocket, there are 16 measurements in total because the specimen has four

shear pockets with 4 dimensions (2 horizontal and 2 vertical dimensions). The

average dimension error of the 48 measurements (16 dimensions × 3 scans) was 2.9

mm with a range between 2.2 mm and 3.7 mm. As for the shear key, the average

dimension error of the 24 measurements (8 dimensions × 3 scans) was 2.1 mm. Lastly,

as for the flat duct, the average dimension error of the 12 measurements (4

dimensions × 3 scans) was 2.3 mm. From the table, a positive correlation can be

clearly seen between the dimension estimation error and the increase of the angular

resolution and can be concluded that GQI accuracy is largely affected by the number

of scan points falling on the specimen. In the other hand, in order to achieve a high

GQI accuracy of PC elements, a large enough scan points with a low angular

resolution is required. One interesting trend in the table is that the dimension errors of

the shear key (2.1 mm) and the flat duct (2.3 mm) were lower than those of the outer

boundary (3.0 mm) and the shear pocket (2.9 mm). This is because of the low incident

angle of the scan points of the shear key and the flat duct positioned on the

longitudinal side surface, which are collected by the mirrors that can rotate the

vertical angle of the mirror to decrease the incident angle. From this observation, the

effectiveness of flat mirrors when scanning the side surfaces in terms of GQI accuracy

is validated.

The overall average position error for all four objects was 1.4 mm. The specimen for

the shear pocket position estimation has 12 position measurements (4 positions × 3

scans) in total. The average error was 1.5 mm, ranging from 1.0 mm to 2.3 mm.

Meanwhile, the position errors of 1.1 mm and 1.5 mm were obtained for the shear key

and the flat duct, respectively. Likewise, the dimension estimation result, the position

estimation accuracy of the shear pocket and flat duct with lower angular resolutions
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(i.e. 0.018° and 0.036°) was much higher than that with a large angular resolution of

0.072°. One interesting finding is that the angular resolution effect is not clearly

observed for the shear key. This is attributed to the reason that unlike the cases of

shear pocket and flat duct that is much influenced by the number of scan points for the

prediction of boundary lines, the shear key corner points are less affected by the

number of scan points because the shear key corner points are extracted using the

intersection of three adjacent surfaces instead of lines. In other words, the

plane-fitting method used in the shear key position estimation is less sensitive to the

number of scan points compared to the line-fitting method (Pratt 1987).

Figure 3-8. GQI results of the proposed mirror-aided technique with varying angular
resolutions: and (a) Dimension estimation results; and (b) Position estimation results.
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3.4.3 Influencing factor analysis

In this section, further analysis that investigates the effects of 1) mirror quality and 2)

size of rectangular patch attached to the flat mirrors was conducted to examine the

factors influencing the accuracy of the proposed method. For the mirror quality effect,

a lower-quality mirror with the same size as the higher-quality mirror was used. Note

that the lower-quality mirror was made of clear float glass with a lighting

transmission rate of around 89%. Compared to the higher-quality mirror used in

Section 3.4.1, the lighting transmission rate of the lower-quality mirror was lower by

2.7%.

Table 3-2 shows the GQI results with the lower-quality mirror. The average of

dimension and position estimation errors for all the four objects was 3.4 mm and 2.0

mm, respectively, which are lower than those with the higher-quality mirror in Table

3-1. Figure 3-9 shows the effect of mirror quality on the GQI accuracy of the

proposed mirror-aided method with varying angular resolutions. It shows that the

higher-quality mirror yielded more accurate GQI results than the lower-quality mirror

in most cases. It can be explained that the high-quality mirror glass with a higher

lighting transmission rate would reduce the diffusion of laser beam so that virtual scan

points with lesser errors are generated. In particular, a marked improvement in GQI

accuracy with the high-quality mirror can be identified on the three objects including

the outer boundary, shear key and flat duct because the dimensions and positions are

computed based on virtual scan points scanned by the mirrors, demonstrating the

necessary of using higher-quality mirrors for the proposed GQI technique.
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Table 3-2. Dimension and position estimation errors under varying angular resolutions with its standard
deviation (in bracket) with the lower-quality flat mirror

Object Dimensional error (mm) Position error (mm)

Angular resolution (°) Angular resolution (°)

0.018° 0.036° 0.072° Ave. 0.018° 0.036° 0.072° Ave.

Outer boundary 3.7(1.2) 3.6(1.2) 4.6(2.4) 3.9 - - -

Shear pocket 2.8(0.4) 3.3(0.4) 3.4(1.1) 3.1 1.7(0.3) 1.9(0.4) 2.1(1.1) 1.9

Shear key 2.9(1.0) 2.6(1.3) 5.0(3.0) 3.5 1.0 1.3 3.0 1.7

Flat duct 2.9(1.0) 2.3(1.0) 5.0(1.5) 3.4 1.5 2.6 3.0 2.3

Average 3.0 2.9 4.5 3.4 1.4 1.9 2.7 2.0
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To examine the effect of rectangular patch size on the GQI accuracy of the proposed

technique, two different size of patches (one with a size of 60 mm × 70 mm and the

other with a size of 30 mm × 70 mm) from the patch with a size of 90 mm × 70 mm

used in Section 3.4.1 were used in the test. Note that the three different patches are

named as large, medium and small size patches hereafter. Table 3-3 shows the

Figure 3-9. Effects of mirror quality on the GQI accuracy of the proposed mirror-aided technique: (a), (b),
(c) and (d): Effects on dimension estimation of shear pocket, shear key, flat duct and outer boundary,
respectively; (e), (f) and (g): Effects on position estimation of shear pocket, shear key and flat duct,

respectively; and (h) Effects on dimension estimation in average.
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average dimension and position errors with the three different size patches (from large

to small). The average dimension errors with the small, medium and large patches

were 3.8 mm, 3.3 mm and 2.6 mm, respectively. In addition, the average position

errors with the small, medium and large patches were 2.9 mm, 2.4 mm and 1.4 mm.

Table 3-3. Dimension and position estimation errors under varying angular resolutions with its standard
deviation (in bracket) with different patch sizes

Object Patch

size

Dimensional error (mm) Position error (mm)

Angular resolution Angular resolution

0.018° 0.036° 0.072° Ave. 0.018° 0.036° 0.072° Ave.

Outer

boundary

Large 2.0(0.5) 3.1(1.5) 3.9(1.7) 3.0 - - - -

Medium 2.9(0.4) 3.6(0.8) 4.6(1.7) 3.7 - - - -

Small 3.6(0.8) 4.1(0.7) 5.6(1.9) 4.4 - - - -

Shear pocket

Large 2.2(0.5) 3.0(0.6) 3.7(1.4) 2.9 1.0(0.5) 1.2(0.6) 2.3(0.9) 1.5

Medium 2.6(0.2) 2.0(0.2) 3.4(1.7) 2.6 1.7(0.5) 1.9(0.7) 2.6(1.0) 2.0

Small 2.6(0.4) 3.2(0.1) 4.2(1.2) 3.3 1.2(0.4) 1.2(0.2) 2.8(1.1) 1.7

Shear key
Large 1.5(0.4) 2.2(0.6) 2.7(1.0) 2.1 1.0 1.0 1.5 1.1

Medium 3.0(1.0) 2.5(1.0) 4.5(2.0) 3.3 2.0 2.4 3.2 2.5

Small 3.0(1.0) 3.0(1.3) 3.8(1.8) 3.2 2.0 3.4 4.4 3.2

Flat duct
Large 1.5(0.5) 2.0(0.6) 3.6(2.0) 2.3 1.0 1.0 2.6 1.5

Medium 3.0(1.0) 3.6(1.0) 4.0(3.1) 3.5 1.4 3.3 3.5 2.7

Small 3.4(1.0) 3.9(1.5) 4.8(4.1) 4.0 3.4 3.3 5.1 3.9

Average
Large 1.8 2.7 3.5 2.6 1.0 1.1 2.2 1.4

Medium 2.9 3.0 4.2 3.3 1.7 2.4 3.1 2.4

Small 3.2 3.6 4.6 3.8 2.2 2.6 4.1 2.9

Figure 3-10 shows the trend of patch size effect on the GQI accuracy. As expected,

there is a clear correlation between the GQI accuracy and the patch size. There are

two noticeable points. First, for the outer boundary, shear key and flat duct, the

average dimension and position error become larger as the patch size decreases. This

can be attributed to the decrease in the number of scan points, leading to a poor mirror
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plane estimation performance. Second, there was a significant patch size effect on the

shear pockets compared to the other objects. This is because the GQI of the shear

pocket is not affected by the mirror and patch size as the top surface of PC element is

directly scanned by the laser scanner. From these results, a larger patch size is

suggested to ensure accurate GQI of PC elements.

Figure 3-10. Effects of patch size on the GQI accuracy of the mirror-based technique: (a), (b),
(c) and (d): Effects on dimension estimation of shear pocket, shear key, flat duct and outer

boundary, respectively; (e), (f) and (g): Effects on position estimation of shear pocket, shear key
and flat duct, respectively; and (h) Effects on dimension estimation in average.
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3.4.4 Comparison test with traditional registration methods

To further assess the efficiency and accuracy of the proposed mirror-aided

registration-free technique, a performance comparison test was conducted with both

the target-based and the target-free registration methods.

Figure 3-11 shows the test configuration. Three sphere targets, that are the most

commonly used targets in the construction industry, were used. To make sure that

laser scanner can see the targets and increase the registration performance, the targets

are located at different heights by using wood blocks. Three scans were used for the

registration and the laser scanner’s positions were P1(-1.3 m, 1 m, 2 m), P2 ( -1.4

m,1.2 m, 2 m) and P3(1.2 m, 1.5 m, 2 m) with respect to the left-bottom corner point

of the test specimen. The target-based registration method performs the registration by

aligning the three different scans by detecting the center coordinates of the sphere

targets while the target-free registration method registers the three different scans

using the planar surfaces. The only difference between the two registration methods is

the usage of the targets.

Table 3-4 shows the GQI comparison results. As for the dimension estimation of the

four objects, the target-based and the target-free registration methods shows the

(a) (b)

Figure 3-11. Experimental configuration for the comparison test with the target-based and target-free
registration methods: (a) Placement of sphere targets at different heights near the specimen; and (b)

Layout of scanning positions and target positions with respect to the specimen
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average errors of 3.3 mm and 4.3 mm respectively in dimension error estimation,

which is much larger than the result (2.6 mm) of the proposed method presented in

Section 3.4.2. Similarly, the target-based and the target-free registration methods

shows the same average error of 2.3 mm in position error estimation, which is also

much larger than that (1.4 mm) of the proposed mirror-aided method, proving that the

proposed mirror-aided registration-free technique is superior to the traditional

registration methods having registration errors in terms of GQI accuracy.

Table 3-4. Comparison tests results - estimation and position errors of the two traditional registration
methods compared to the proposed registration-free method with varying angular resolutions

Object Method Dimensional error (mm) Position error (mm)

Angular resolution Angular resolution

0.018° 0.036° 0.072° Ave. 0.018° 0.036° 0.072° Ave.

Outer

boundary

Target-Based 2.5(0.6) 3.7(0.8) 4.0(2.0) 3.4 - - - -

Target-Free 2.7(0.8) 2.9(0.6) 4.6(1.8) 3.4 - - - -

Proposed 2.0(0.5) 3.1(1.5) 3.9(1.7) 3.0 - - - -

Shear

pocket

Target-Based 2.4(0.5) 3.7(0.5) 4.8(2.7) 3.6 1.0(0.5) 1.5(0.6) 2.8(1.5) 1.7

Target-Free 3.5(1.0) 5.3(1.4) 6.0(3.5) 5.0 1.0(0.5) 1.4(0.7) 3.5(2.0) 1.9

Proposed 2.2(0.5) 3.0(0.6) 3.7(1.4) 2.9 1.0(0.5) 1.2(0.6) 2.3(0.9) 1.5

Shear key Target-Based 2.0(0.8) 3.7(2.3) 4.1(2.4) 3.2 2.0 2.5 3.4 2.6

Target-Free 3.5(1.2) 5.3(2.7) 6.0(4.9) 4.9 1.0 2.4 4.0 2.4

Proposed 1.5(0.4) 2.2(0.6) 2.7(1.0) 2.1 1.0 1.0 1.5 1.1

Flat duct Target-Based 2.0(1.0) 2.5(2.3) 4.2(3.6) 2.9 2.0 2.5 3.4 2.6

Target-Free 4.1(1.2) 3.2(1.8) 4.1(1.3) 3.8 1.2 2.4 3.8 2.5

Proposed 1.5(0.5) 2.0(0.6) 3.6(2.0) 2.3 1.0 1.0 2.6 1.5

Average Target-Based 2.3 3.4 4.3 3.3 1.7 2.2 3.2 2.3

Target-Free 3.5 4.2 5.2 4.3 1.1 2.1 3.8 2.3

Proposed 1.8 2.7 3.5 2.6 1.0 1.1 2.2 1.4

Figure 3-12 shows the trend of the GQI comparison results among the three

registration methods. In most scan cases, the proposed mirror-aided method yielded

low dimension and position errors than the target-based and target-free registration
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methods. There are two reasons of the better performance. First, considering the

mirror-aided technique is a registration-free approach, there is no registration error.

Also, the errors caused by the mirror reflection is relative lower than that caused by

the registration-process. Second, the proposed method can minimize the incident

angle of laser beam to the object surface by adjusting the mirror angle so that more

accurate GQI accuracy on the objects on the hidden surfaces including the shear key

and flat duct is assured. Apart from the comparison between the registration-based

and registration-free methods, one noticeable finding from the comparison within the

registration-based methods is that the plane-based target-free registration method

showed a better performance in most cases on dimension estimation than the

target-based registration method because the PC element has five planar surfaces

which are readily extracted and matched, resulting in a lower registration error.

However, as for the position estimation, no big difference in the GQI accuracy was

found between the two traditional registration methods.



49

A further study on the comparison of the GQI efficiency was performed. Table 3-5

shows the results of data collection time including preparation for setting the mirrors

and scanning time among the three different methods with varying angular resolutions.

Compared to the traditional two registration methods, lesser scanning time was

required for the proposed mirror-aided technique, saving 69.7% of data collection

time on average. It was also observed that the target-based registration method

consumes a little more time than the target-free registration method because it

Figure 3-12. GQI comparison test results among three registration methods: (a), (b), (c) and (d) -
comparison on dimension estimation of shear pocket, shear key, flat duct and outer boundary,

respectively; (e), (f) and (g): Comparison on position estimation of shear pocket, shear key and
flat duct, respectively; and (h) Comparison on dimension estimation in average.
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requires target installation before scanning. From the results, it is demonstrated that

the proposed mirror-aided technique is an efficient approach for the GQI of

planar-type prefabricated elements.

Table 3-5. Comparison of data collection time among the three different methods with varying angular
resolutions

3.5 Chapter Summary

This chapter presents a mirror-aided registration-free technique for geometrical

quality inspection (GQI) of planar-type prefabricated elements. The new concept of

reference-free approach was developed using flat mirrors based on the principle of

mirror reflection of laser beam that enables entire surface GQI of a target object in a

single scan. Firstly, the geometrical relationship between the flat mirror and the

invisible surfaces of a target element is identified based on the mirror reflection

principle of laser beams. The virtual scan points of the invisible side surfaces

generated by the flat mirror are then transformed to the location of the actual side

surface based on the identified geometrical relationship and the mirror plane

estimated using rectangular patches attached to the mirror. To investigate the

feasibility of the proposed registration-free GQI technique, a series of tests on a

laboratory-scale specimen with varying scan parameters are conducted. It was found

that the proposed technique provides an average GQI error of 2.6 mm. In addition,

comparison tests with traditional registration methods are performed to further

analyze the performance of the proposed technique in terms of GQI accuracy and

Angular

resolution

Data collection time

Methods

Target-free Target-based Mirror-aided

(proposed)

Average improvement

rate

0.018° 135 min 52 sec 135 min 52 sec 39 min 11 sec 71.1%

0.036° 32 min 32 sec 34 min 31 sec 10 min 32 sec 68.4%

0.072° 10 min 33 sec 11 min 50 sec 3 min 23 sec 69.7%
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efficiency. The comparison results show that the proposed technique provides more

accurate GQI results while reducing scanning time compared to the traditional

registration methods, demonstrating great potential for application in small-scale

planar-type prefabricated construction elements in the construction industry,

particularly during the fabrication stage. The expected contributions of the chapter are

1) this is the first registration-free approach for the GQI of planar-type prefabricated

elements; and 2) successful validation results in terms of GQI accuracy and efficiency

through comprehensive tests, which can have a big impact on research and practice in

the industry.

Although this chapter is focused on the new concept development and validation,

there are limitations which are left for further study in the near future. First, the test

specimen used in this study is a lab-scale one, so further study is necessary in order to

investigate the applicability of the proposed technique to large-scale or full-scale

elements. Second, the use of small-size mirrors as well as the determination of

optimal mirror size is necessary to be studied since large-scale mirrors are fragile and

take large space which may not be available in some manufacturing environments.

Third, the target used in this study is limited to precast slabs having a relatively

simple geometry, thus application to more various prefabricated components is

needed.

Chapter 4: Mirror-aided Registration-free Data Acquisition

Using Small-size Rotating Mirrors

4.1 Chapter Introduction

Over the past decade, three-dimensional (3D) point cloud data-based reconstruction

has gained popularity in various applications, including heritage building conservation

(Armesto-González et al., 2010; Fathi et al., 2015), structural health monitoring (Oh
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et al., 2017; Park et al., 2007), and building energy analysis (Ham & Golparvar-Fard,

2013; Ham & Golparvar-Fard, 2015). This popularity stems from the fact that the

reality-captured as-is models outputted from 3D reconstruction processes provide

genuine geometric and semantic target-structure information that cannot be obtained

from two-dimensional (2D) drawings (Belsky et al., 2016; Ma & Liu, 2018). However,

the multiple scans and targets required for small-scale 3D reconstruction are

time-consuming, labour-intensive, and generate registration errors because of

imperfections in the scan-merging process (Becerik-Gerber et al., 2011; Bosché,

2011). The authors’ group have approved the applicability of the mirror for side

surface scan of the PC slab and quality assessment of construction components (Kim

et al., 2019a; Li & Kim, 2021). However, large-scale mirrors are fragile and take large

space which may not be available in most manufacturing and construction

environment. To address the limitations, this chapter employs small rotating flat

mirrors to reflect laser beams and scan out-of-sight surfaces of target structure from a

laser scanner. The originalities in this study compared to the previous work include 1)

geometrical relationship model development between mirrors and target structures for

the first time and 2) extension of application scale (size) increasement by small-size

rotating mirrors for both construction components and interior rooms. Here note that

in the previous study, the main limitation is associated with large mirror size without

rotation, but this chapter develops the idea of small-size rotating mirrors. Finally, the

proposed method is validated through experiment on a PC slab and an interior room.

The remainder of this chapter is organized as follows: the overall scheme and working

principle of the rotating mirror-based registration-free 3D-reconstruction

data-acquisition method is described in Section 4.2 and Section 4.3. Then, the

experimental validation on construction components and interior rooms are explained

in Section 4.4, followed the discussion in Section 4.5. Finally, chapter summary is

presented in Section 4.6.
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4.2 Overall scheme of the rotating mirror-aided registration-free data

acquisition technique

Figure 4-1 depicts the overall scheme of the proposed registration-free

data-acquisition technique for 3D-reconstructing small-scale components (e.g.,

interior walls) using rotating flat mirrors and laser scanning. It is assumed that flat

mirrors are positioned near to the hidden surfaces and reflect laser beams thereupon.

Here, the term “hidden surface” refers to a surface invisible to (i.e., cannot be directly

scanned by) the laser scanner. Thus, the entire surface of the target component can be

scanned without changing the position of the laser scanner, resulting in a

registration-free approach. Note that small-size flat mirrors are used in the proposed

technique, because large ones are breakable and impractical in real off-site and on-site

environments.

4.3 Working principle of the rotating mirror-aided registration-free

data acquisition technique

The working principle of the proposed rotating mirror-aided technique is investigated

Figure 4-1. The overall scheme of the proposed registration-free data-acquisition technique for
3D-reconstructing small-scale components (e.g., interior walls) using rotating flat mirrors and laser

scanning.
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through the development of the geometrical relationship model between mirrors and

target structures. Note that the scan configuration including the laser scanner location,

mirror position and size can be planned based on the developed geometrical

relationship model. Here, this chapter is focused on the development of the rotating

mirror-aided registration-free technique while the scan configuration planning is

presented in Chapter 6. After determining the scan configurations, hidden surface of

the target structures can be covered using the rotating mirror-aided registration-free

technique.

Geometrical relationship model development aims to understand and develop a

geometrical relationship model that represents the relationship among the laser

scanner, the mirror, and the hidden surface of the target structure. Figure 4-2

illustrates the input-output diagram of the geometrical relationship model. The input

parameters of the model are the emitting point of the laser scanner (�) , the spatial

information of the mirror plane, and spatial information of the hidden surface plane of

the target structure.

To be specific, the spatial information of the mirror plane include: 1) the normal

vector of the mirror plane (�� ��� ), 2) the center point of the mirror � , and 3) four

mirror corner points (��� �th��)� Meanwhile, the spatial information of the hidden

surface are: 1) the normal vector of the hidden surface (�)� ��� and 2) the centre point of

the hidden surface (h). Here, the normal vector and center point of the hidden

surface are obtained from the as-designed geometrical information of the target

structure. The output of the geometrical relationship model includes: 1) the four

Figure 4-2. Input-and-output diagram of the geometrical relationship model
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points reflected by the four mirror corner points (��� �th��) falling on the hidden

surface, and 2) the scanning area generated by the four points.

In order to compute the four reflected points on the hidden surface, the model is

derived based on the mirror reflection principle. Figure 4-3 shows the geometrical

relationship model among the laser scanner, the mirror, and the hidden surface based

on the mirror reflection principle. The laser beam line � emitted from point

� (��������) from the laser scanner is reflected by the mirror corner

point ��� �th�� ����������� and reaches the point ��� �th�� ������� ���� on the hidden

side surface of the target structure. Based on the mirror reflection principle, the

incident laser beam line � and the reflected laser beam line �� are symmetric with

respect to the mirror plane. In order to calculate the reflected point �� , point

�� (��
� ���

� � ��
� ) (hereafter called the ‘symmetric emitting point’), which is symmetric

with the emitting point � with respect to the mirror plane, is first calculated. Then, the

reflected laser beam �� can be acquired as the line goes through the mirror corner

point �� and the symmetric emitting point �� . Afterward, the corner point �� can

be calculated as the intersection point of the line �� and the hidden surface. The three

steps for the calculation of the reflected point �� are presented as follows.
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Step 1: Calculation of the symmetric emitting point ��- The first step is to compute

the point �� (��
� ���

� � ��
� ) which is symmetric with the emitting point � (��������) of the

laser scanner with respect to the mirror plane. There are two conditions to derive ��

based on the symmetricity between � and �� : 1) ���� ��� is perpendicular to the mirror

plane and 2) the perpendicular distance (�h) from � to the mirror plane is equal to the

perpendicular distance (�� ) from �� to the mirror plane. First, the mirror surface

equation is presented as Eq. (4-1). Note that �� ��� � ����� � is the normal vector of the

mirror and � (��������) is the center point of the mirror.

�
�
�
�
�� � ��
�� � ��
�� � ��

t

� � � �� � � � � �� � � � � �� t �

Eq. (4-1)

Since ���� ���� is perpendicular to the mirror plane, ���� ���� is parallel to the mirror

plane vector �� �� as presented in Eq. (4-2). Therefore, Eq. (4-3) is derived from Eq.

(4-2) as follows.

�� � ���
�

t
�� � ���

�
t
�� � ���

�
t � Eq. (4-3)

Figure 4-3. Geometrical relationship model among the laser scanner, the mirror, and the hidden
surface based on the mirror reflection principle.

���� ���� t
�� � ���
�� � ���
�� � ���

t �
�
�
�

Eq. (4-2)
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Based on the condition that �h and �� are equal, Eq. (4-4) is obtained as follows.

Finally, �� (��
� ���

� � ��
� ) is derived in Eq. (4-5) using Eq. (4-3) and Eq. (4-4). Note that

the details of the proof of Eq. (4-5) are presented in Appendix A.

Step 2: Calculation of line �� - The second step is to calculate the reflected light

line �� in 3D. After calculating the symmetric laser scanner ��, the line �� is derived

as the line going through the point �� and mirror corner point��, which is presented

as Eq. (4-6). Here, the direction vector of the line �� is � ��� � ��
� , ��� � ��

� , ��� �

��
� �.

Step 3: Calculation of the corner point �� - First, the hidden surface equation is

presented as Eq. (4-7). Note that ���� � �������� � is the hidden surface normal vector,

and h �������� is the center point of the hidden surface. Once the equations of the

line �� and the hidden surface plane are determined, the point �� is computed as the

intersection point of the hidden side surface and the line �� as shown in Eq. (4-8).

Note that the details of the proof of Eq. (4-8) are presented in Appendix B. Finally,

using Eq. (4-8), four points ��� �th�� ��� ���� ���� lying on the hidden surface is

computed. After computing the four points, the scanning area on the hidden surface

can be determined.

�h t
�(�� � ��) � �(�� � ��) � �(�� � ��)

�� � �� � ��
t

Eq.(4-4)

�� t
�(��� � ��) � �(��� � ��) � �(��� � ��)

�� � �� � ��

��
� t �� � ��

�(�� � ��) � �(�� � ��) � �(�� � ��)
�� � �� � ��

Eq. (4-5)
��
� t �� � ��

�(�� � ��) � �(�� � ��) � �(�� � ��)
�� � �� � ��

��
� t �� � ��

�(�� � ��) � �(�� � ��) � �(�� � ��)
�� � �� � ��

���� ���
� � ���

��� � ��
� t

� � ���

��� � ��
� t

� � ���

��� � ��
�

Eq. (4-6)
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��
��
��

�
� � ��
� � ��
� � ��

t

�� � � �� � �� � � �� � �� � � �� t �
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As the mirror rotates for the next scan during the process of scanning the entire

hidden surface, new mirror corner points and reflected points on the hidden surface

are computed from the information of previous corner points and the mirror plane.

Here, the mirror center point is assumed to be unchanged during rotation, since the

center point of the mirror is the pivot point of the rotation. Hence, only two geometric

information, normal vector of the mirror and mirror corner points, are updated. Figure

4-4 illustrates an example of a horizontal mirror rotation on the axis with a unit vector

of S��� � ����� � . Note that �� �� is the original normal vector of the mirror and �� is

the rotation angle between the previous and next scans. The updated normal vector of

the mirror, �� �� ��� � ����������� � , is calculated according to the Rodrigues’ rotation

formula (Gray, 1980) as Eq. (4-9):

Here，� and � represent the cross product and dot product of the two vectors,

respectively. Finally, the next mirror corner point ����th��� �������������� is

updated as Eq.(4-10) using the original mirror corner point ����th�� ��� ���� ���� , the

unit vector of rotation axis S��� � ����� � , center point of the mirror � �������� , and

rotation angle �� , according to the equation of 3D rotation with a specific axis

�� �� ��� t �� �� �th�� � ���� ×�� �� h���� � ���� (���� � �� �� )(h � �th�� ) Eq. (4-9)
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(Murray, 2013). After acquiring the new mirror corner points, the new reflected

points can be updated accordingly.

Once the laser scanner location, mirror location, and mirror size are determined, the

3D point cloud data of the target component is collected with the required mirror

rotation angle acquired based on the developed geometrical relationship. In this way,

the laser scanner consecutively scans a portion of the hidden surfaces to cover both

the visible and invisible surfaces surface of the target component without changing

the scanner location, resulting in a registration-free data acquisition for 3D

reconstruction.

4.4 Experimental Validation

To verify the developed geometrical relationship model and examine the feasibility of

the proposed technique, experiments were conducted on a a PC slab [dimensions:

2400 mm (length) � 500 mm (width) � 300 mm (height)] and interior room with an

����th…�
� t

����
����
���
h
�
t

���
���
���
h

×

�� � h� �� �th��
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Eq. (4-10)

Figure 4-4. Illustration of change in mirror rotation and mirror normal vector at a specific axis.
Here, horizontal rotation is taken as an example.
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area of 51m2 corresponding to the simulation objects as shown in Figure 4-5 and 4-6

respectively. Here, the laser scanner location, mirror location and mirror size are

determined based on scan planning method in Chapter 6. Note that the details are

presented in Chapter 6. Figure 4-5 shows the scan configuration for the PC slab. The

laser-scanner height was selected as 1.2 m (higher than the PC element) to cover the

maximum number visible surfaces (three) and the laser scanner is located at (2.9 m,

-1.3 m, 1.2 m) with respect to the bottom-left corner of the PC slab. Note that,

because the PC slab has two hidden surfaces, two optimal locations for two mirrors

(Mirror I and Mirror II) were determined to cover the longitudinal and transversal side

surfaces. Finally, the optimal location (2.5 m, 1.5 m, 0.5m) and size (0.5 m � 0.25 m)

for Mirror I were determined. In a similar manner, the optimal location (-1.5 m, 0 m,

0.25 m) and size (0.25 m � 0.25 m) of Mirror II were determined for the transversal

side surface. Figure 4-6 shows the scan configuration for interior room. Note that the

floor height for the room layout was 3.0 m. First, the optimal laser-scanner location

was selected as (3.4 m, 1.3 m, 1.25 m) to cover the largest visible areas of the interior

room. After determining the laser scanner location, the mirror position is determined

at the coordinate of (3.2 m, 3.5 m, 1.2 m) with the mirror size of 0.7 m × 0.7 m was

determined for the interior room.

Unit: m

Figure 4-5. Scan configuration of PC slab
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For the test, a phase-shift terrestrial laser scanner (FARO, 2020) was used to obtain

the scan points of the target objects. Figure 4-7 shows the test configurations for the

PC slabs and interior room.

Figures 4-8 shows the scan area comparison between the experiment and simulation

for the PC slab and interior room. Table 4-1 also shows the detailed comparison

between the simulation and experimental results. In Figures 4-8 (a) and 4-8(b), it can

be observed that the different laser scanner-captured gray-scale images generated by

the scan points and the corresponding scan points show similar patterns. Furthermore,

a portion of each scan was well aligned with the simulation results. More specifically,

the area ratios between each collected scan and the entire hidden-surface area

exhibited 92.0% and 96.8% matches with the simulated ones for the PC slab and

(a) (b)
Figure 4-6. Determined scan configuration for the interior room: (a) 2D view and 3D view.

(a) (b)
Figure 4-7. Test configuration for the experimental validations: (a) PC slab and (b) Interior room
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interior room, respectively. thereby proving the validity of the developed geometrical

relationship model. In addition, the laser scanner consecutively scans a portion of the

hidden surfaces to cover the whole hidden surface without changing in laser scanner

location, resulting in registration-free data acquisition. To summarize, the proposed

mirror-aided approach has the feasibility to be applied for 3D reconstruction.

4.5 Discussions

A comparison experiment was conducted to evaluate the performance of the proposed

method with respect to target-based registration methods. Figure 4-9 depicts the scan

configuration for the target-based registration method. In this configuration, two laser

scanner locations were required to collect complete data for both the PC slab and

Table 4-1. Comparison details between the simulation and the experiment results
Items Objects Simulated scans Collected scans Similarity ratio

Area ratio PC slab

(Scan1, Scan2, Scan 3)

(50.6%, 36.6%, 16.6%) (49.1%,38.2%,19.9%) 92.0%

Interior room

(Scan1, Scan2)

(51.3%, 48.7%) (49.7%,50.3%) 96.8%

(a) (b)
Figure 4-8. Scan area ratio comparison between the experiment and simulation results: (a) in the PC

slab and (b) in the interior room.
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interior room, and three spherical targets were used to merge two different scans.

(a) (b)
Figure 4-9. Scan configuration of target-based data acquisition method: (a) PC slab and (b) Interior

room

Table 4-2 shows the performance comparison between the mirror-aided approach and

the target-based registration method. The target-based registration was conducted

using the SCENE software (SCENE, 2020), and the registration errors that are defined

as the matching errors between scans for the distributed targets were 6.0 mm and 12.1

mm for the PC slab and interior room, respectively, under the angular resolution of

0.036°, as shown in Table 4-2. From the registration error results, the registration

process is error-prone due to the multiple-scan merging process, even though the

registration-based method has a higher data density (40.1 pts/cm2 and 26.5 pts/cm for

the PC slab and the interior room) than that (29.4 pts/cm2 and 17.5 pts/cm for the PC

slab and interior room) of the mirror-aided one under the angular resolution of 0.036°.

On the other hand, there is no need to merge scans from multiple locations for the

proposed method, which prevents registration errors. In terms of noise levels, the

scan-point deviation defined as the distance deviation to the fitting surface for the

collected scan points was calculated for comparison. It was observed that the

mirror-aided approach and the target-based registration method have similar

scan-point deviations of 0.65 mm and 0.7 mm on average, respectively, under the

angular resolution of 0.036°, thereby validating the accuracy of the scan points

collected using the mirror-aided approach.

Table 4-3 compares the data-collection times of the two methods under the two
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angular resolutions. Note that data collection time includes the preparation time for

setting the mirrors. Taking the interior room for an example, it took a total time of 10

min 10 sec under the 0.036° angular resolution including 1 min 3 sec, 1 min 2 sec and

8 min 5 sec for the two scans using the mirrors (Scan 1 and Scan 2) and the direct

scan on the visible area. Meanwhile, the target-based method took a total time of 16

min 56 sec under the same angular resolution having the equal scanning time of 8 min

28s for the two separate laser scanner locations. Compared to the traditional

target-based registration method, a shorter scanning time was required for the

proposed technique, which facilitated an average time saving of more than 30 % on

average. Note that two scan locations and three target locations were manually

selected to perform entire-surface data collection for the targeted-based registration

method while there is only one laser scanner location required for the proposed

method.

Since the price of flat mirrors is low compared to the labor costs of manually scanning

the site, the proposed method is cost-effective for data collection. In addition, this

study uses small-size rectangular mirrors which are not likely to be easily broken. To

summarize, the proposed mirror-aided approach offers efficient data acquisition

instead of generating extra work.
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4.6 Chapter Summary

This chapter presents a registration-free point-cloud-data-acquisition technique for the

3D reconstruction of small-scale construction components and interior rooms. The

proposed technique uses flat mirrors that can rotate both horizontally and vertically to

scan the side surfaces of the target structure. Thus, data for the entire surface of the

target structure can be acquired without registration, which prevents registration

errors and reduces scanning time. To propose the registration-free method using

rotating mirror, geometrical relationship model development between mirrors and

target structures are first developed. In order to verify the proposed method,

experimental validations were performed on small-scale PC slab and an interior room.

It is found that the proposed method is able to cover full scan coverage on hidden

surface to achieve registration-free data acquisition without changing laser scanner

location. The proposed technique’s experimental results were more than 90% similar

to those of the simulation, demonstrating the validity of the developed geometrical

Table 4-2. Comparison test results between mirror-aided approach and traditional targeted based
registration method.

Data

acquisition

method

object Matching error (mm) Point deviation (mm)

(Standard deviation)

Data density

(pts/cm2)

Angular resolution Angular resolution Angular

resolution

0.036° 0.072° 0.036° 0.072° 0.036° 0.072°

Target-based PC slab 6.0 9.8 0.6 (0.4) 0.7 (0.5) 40.1 12.5

Interior

room

12.1 15.3 0.8 (0.6) 0.8 (0.7) 26.5 5.8

Proposed

mirror-aided

PC slab - - 0.7 (0.7) 0.8 (0.7) 29.4 7.5

Interior

room

- - 0.6 (0.5) 0.6 (0.5) 17.5 4.5

Table 4-3. Comparison of data collection time between the two different methods with varying angular
resolutions.

Angular resolution Target-based Proposed mirror-aided Time reduction

0.036° PC slab 16 min 10 sec 12 min 25 sec 37.0%

Interior room 16 min 56 sec 10 min 10 sec 39.9%

0.072° PC slab 4 min 10 sec 3 min 30 sec 32.7%

Interior room 4 min 46 sec 2 min 32 sec 46.8%
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relationship model and the proposed rotating mirror-aided registration-free technique.

To further investigate the feasibility of the proposed method, comparison tests against

the traditional registration method were performed, to analyze the accuracy and

efficiency of the proposed technique. The comparison results show that the proposed

method provides accurate results in terms of data quality and quantity whilst reducing

the scanning time; thus, it demonstrates considerable potential for application to

small-scale reconstruction in the construction industry.

However, limitations remain to be addressed in future studies. First, this chapter aims

to prove the concept of rotating-mirror-aided data acquisition for 3D reconstruction

targets featuring relatively regular geometries, using the fact that the common shapes

of prefabricated components and interior rooms are planar. In this regard, the scope of

this chapter is currently limited to structures with relatively simple geometries. For

applications to complex scenes, this method can be employed as a supplementary

method to reduce scan time and number of scan positions when applying in a complex

environment. However, more study should be undertaken for more complex

structures.

Chapter 5: Mirror-aided Surface Flatness Inspection Using

Laser Scanning

5.1 Chapter Introduction

Surface flatness is essential for dimensional quality inspection of construction

elements and floors both during and after the manufacturing and construction stages

in the construction industry (ACI, 1997; ACI, 2006; BSI, 2009; Hieber et al., 2005)

adversely affect both aesthetic and functional performances of the structure (Hieber et

al., 2005; Shih & Wang, 2004). In addition, non-flat concrete surfaces may result in a

poor connection between adjacent construction elements, leading to long term

structural problems (Hieber et al., 2005).For these reasons, it is necessary to conduct a

surface flatness inspection to evaluate the flatness quality of the target structure.

Currently, the surface flatness of concrete surfaces is commonly measured using
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straightedges or the F-numbers method in the construction industry (ACI, 2006;

ASTM, 2008). As for the straightedge approach, inspectors use a 10 ft (3 m) long

straightedge to assess surface flatness based on certain geometry patterns such as grid

patterns to define the height deviation between the target surface and the straightedge

(ACI, 2006). The F-numbers method measures the elevation differences between a

pair of points sampled on the surface using inclinometers or longitudinal differential

floor profilometers (ASTM, 2008; Bosché & Biotteau, 2015). However, these two

traditional flatness assessment methods are performed manually or by contact-type

devices, which are time-consuming, labor-intensive and prone to human errors. As an

alternative, terrestrial laser scanner has been widely used and considered as a

promising 3D data acquisition technology for concrete surface inspection because of

the nature of noncontact and accurate measurement (Kim et al., 2020). Nevertheless,

there are still limitations according to previous studies in order to ensure the

feasibility of the laser scanner-based surface flatness inspection. To be specific, one

issue is that areas far away from the laser scanner normally suffer from inaccurate

measurement caused by low scan density and high incident angle of laser beams.

Another issue is caused by physical barriers such as interior walls, which may

generate occluded areas where the laser scanner is not able to scan for surface flatness

inspection.

To address these limitations of the current laser scanning approaches, this chapter

presents a mirror-aided laser scanning technique. This chapter is organized as follows:

First, research background, including current practices of surface flatness inspection is

presented in Section 5.2. Two hypotheses that the proposed method would bring about

alternatives for current limitations are introduced in Section 5.3, followed by the

experimental design for validating the hypotheses in Section 5.4. Key results and

related discussions are presented in Section 5.5 and Section 5.6. Finally, this paper

ends with a summary and suggestions for further work in Section 5.7.
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5.2 Research Background

This section introduces the current practices for surface flatness inspection. Surface

flatness, often called surface regularity, presents the deviations in elevation of the

surfaces (BSI, 2009), as shown in Figure 5-1. There are two common methods

widely used for surface flatness inspection, which are the straightedge method (ACI,

2006)(ACI 2006) and the F-numbers method (ACI, 2006; ASTM, 2008)(ACI 2006;

ASTM 2008).

Figure 5-1. Illustration of flat and non-flat surfaces in the cross-section view of a slab.

As for the straightedge method (ACI, 2006), the primary steps are as follows. First,

surveyors are required to randomly locate a straightedge with a length of 10 ft (3 m) at

different locations on the surface. Then, the deviations of elevation between the

straightedge and the surface are measured at the picked points using a stainless-steel

slip. The deviations are then compared to the as-designed elevations to evaluate the

surface flatness. Table 5-1 shows the tolerances of deviations in elevation using the

straightedge method for concrete slabs specified in American Concrete Institute (ACI)

117 (ACI, 2006). For example, the tolerance of 6 mm is specified for a concrete slab

classified as “flat”. However, the straightedge method is performed manually and

requires direct contact with the target surface, which is time-consuming and

error-prone. In addition, there is no specification on the method of how to locate the

straightedge on the surface, resulting in difficulties in practically implementing the

method.

On the other hand, the F-numbers method (ACI, 2006; ASTM, 2008) contains two
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ratings according to the ASTM E 1155 (ASTM, 2008), which are floor flatness (FF)

numbers and floor levelness (FL) numbers. The FF numbers measure the degree to

which a surface approximates a plane, whereas the FL numbers depict the conformity

of the floor surface to the intended slop indicated in the design documents. The FF

numbers method is discussed in the following since it measures the degree of flatness

for a surface. Figure 5-2 illustrates the calculation of FF numbers for surface flatness

inspection (ACI, 2006). First, sample measurement lines on the surface are created.

Second, each sample measurement line is sampled into 300-mm long intervals, and

the cut points are called “sample reading points”. Third, the elevations of the sample

points of the sample measurement lines are calculated. Note that the elevation of the

sample points is presented by the height (z coordinate) of each scan point collected on

the test surface. Finally, the FF numbers, statistical numbers taking into account

curvatures between all the sample points, are computed. Table 5-1 shows the flatness

tolerances of concrete slabs specified in ACI 117 (ACI, 2006) for different flatness

levels. Normally, a higher FF number indicates a flatter surface. For example, a floor

classified as “very flat” has an FF number ranging from 35 to 45, while the FF number

of a floor regarded as “Conventional” is smaller than 20. Compared to the

straightedge method, the FF numbers method is advantageous in two aspects. First, the

sample points are distributed throughout the whole surface as specified in the FF

numbers method, thereby covering and reflecting the elevation deviations globally. In

addition, the interval of 300 mm between two sample points is much smaller

compared to that of the straightedge method, resulting in a more accurate surface

flatness measurement. For these reasons, the FF numbers method is selected as the

measurement of surface flatness in this study and the detailed steps are presented in

Section 5.4.
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Figure 5-2. Illustration of determining FF numbers on a slab.

Commercial laser scanners normally have a measurement accuracy of around ±3 mm

within the measurement distance of 20 m . Therefore, by adopting commercial laser

scanners, the laser scanning approach would not provide an accurate and robust

flatness inspection for the flatness types of “very flat” and “super flat” due to the

corresponding tolerances of deviations in elevation for the types being less than 6 mm

according to Table 5-1. Therefore, one surface flatness type in this study,

“conventional,” which has a deviation of 13 mm in elevation and FF number of less

than 20, is used to evaluate the applicability of the proposed mirror-aided approach. In

addition, considering the measurement accuracy (±3 mm) of the laser scanner used in

this study, the estimation error of 20%, which is corresponding to 2.6 mm in

deviations of elevation for the “conventional” surface type, is used as the threshold to

evaluate the effectiveness of the proposed method. In other words, it is classified as an

“accurate” measurement if an estimation error is less than 20% compared to the

ground-truth FF number.

Table 5-1. FF numbers, its deviations of elevation and thresholds used for validation for 5 different
types of concrete slabs specified in ACI 117(ACI, 2006) .

Surface Flatness
Classification

Deviations of
Elevation

FF Numbers
Thresholds Used for Validation
(20% of the Deviations of Elevation)

Conventional 13 mm 20 2.6 mm
Moderately flat 10 mm 25 2.0 mm
Flat 6 mm 35 1.2 mm
Very flat 5 mm 45 1.0 mm
Super flat 3 mm 60 0.6 mm
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5.3 Research Hypotheses

This study proposes two hypotheses to enlarge the scanning range, increase the

measurement accuracy in the long-range area far away from the laser scanner, and

enable flatness measurement in hidden areas, as illustrated in Figure 5-3. Figure 5-3(a)

illustrates hypothesis 1. Here, the scanning area far away from the laser scanner with a

light gray color has a large scanning distance and a high incident angle (θ), resulting

in a relatively low flatness measurement performance. With the implementation of the

mirror-aided method, the laser beam emitted from the laser scanner is first reflected

by the mirror and then reaches the long-range scanning area, leading to a lower

incident angle (β) and higher surface flatness inspection accuracy. Since the study

targets the front area on the basis of the mirror, the occluded areas behind the mirror

are not considered. In addition, only virtual scan points generated by the mirror are

used in this study due to the existence of a high incident angle problem for actual

(direct) scan points, although the area under the mirror is scanned twice. With the help

of using mirrors, the areas far from the laser scanner can be scanned with high

accuracy, indicating that the proposed method can enlarge the scan range. Note that

the long rang area (marked as light gray color) is regarded as the enlarged area.

Note that there are rectangular patches attached to the surface of the flat mirror to be

used for estimating the mirror plane using scan points falling onto the patches. Based

on the mirror reflection principle (Kim et al., 2019a), the scan points of the long-range

area will be located on the virtual surface. In short, as the proposed method can have

scan points with low incident angle, it can enlarge the scanning area and increase the

surface flatness inspection efficiency. Figure 5-3(b) illustrates hypothesis 2 that the

mirror-aided technique can address the occlusion problems caused by barriers. The

construction elements such as the interior walls are likely to cause occlusion of the

floor, which limits the scanning area of the laser scanner. Therefore, it requires

multiple scans to perform the data collection, which deteriorates the surface flatness

inspection efficiency. On the other hand, as the mirror can adjust the direction of the



72

laser beam, the occlusion area of the floor can be scanned. Therefore, the mirror-aided

approach can tackle the current limitation of the laser scanner-based surface flatness

inspection.

(a)

(b)
Figure 5-3. Illustration of the two hypotheses: (a) hypothesis 1—the proposed mirror-aided
technique may increase scan coverage and inspection accuracy; and (b) hypothesis 2—the

proposed mirror-aided technique may enable scanning of occlusion areas.

Laser scanner
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5.4 Experimental Configuration

5.4.1. Experimental Setup

Two experiments, named “experiment I” and “experiment II,” were conducted to

validate the two hypotheses. The specific objectives of the experiments are to

investigate: (1) the capability of the proposed mirror-aided approach to increase the

surface flatness inspection accuracy at the areas far from the laser scanner and (2) the

possibility of scanning occluded areas with an acceptable measurement accuracy with

the existence of physical barriers for surface flatness inspection. Here, since there is

no need to scan a large area of the surface for validating the accuracy at the far-field

area, two lab-scale specimens were used in this study. Figure 5-4 shows the two

specimens, named “specimen I” and “specimen II,” which are classified under the

“conventional” flatness type. Table 5-2 illustrates the dimensions and FF numbers of

the specimens. Considering the small size of the specimen, the sampling lines for

implementing the FF number calculation are shortened proportionally. The specimens

were manufactured by a 3D printer, ZRAPID iSLA880 (ZRAPID, 2020) , with the

material of photopolymer resin. While specimen I has the dimensions of 400 mm

(length) × 400 mm (width) × 10–23 mm (height) with the FF number of 10.28,

specimen II has the dimensions of 400 mm × 400 mm× 20–38 mm with the FF

number of 21.23. Note that according to ACI 117 (ACI, 2006), specimen II is

designed to be flatter than specimen I.

Table 5-2. Dimensions and FF numbers of the specimens.

Items Size (Length × Width × Height) FF Numbers
Specimen I 400 mm×400 mm×10–23 mm 10.28
Specimen II 400 mm×400 mm×20–38 mm 21.23

Figure 5-5 illustrates the test configuration of experiment I. A phase-shift laser

scanner, FARO M70, with a measurement error in distance deviation of ±3 mm within

scanning distance of 20 m, was used to acquire scan points of the specimen. The

height distance of the laser scanner was set to 1.5 m, and the scanning distance was
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adjusted from 2.5 m to 12.5 m with an interval of 2.5 m in order to investigate the

effects of the scanning distance on the accuracy of surface flatness inspection. The

laser scanner is moved to change the scanning distances instead of directly using

large-scale specimen. The reason is that the 3D printer has a limited manufacturing

size. Moreover, a flat mirror with the dimensions of 1000 mm (length) × 1000 mm

(height) was used to reflect laser beams to the specimens, and the flat mirror was

located with a vertical angle of 75° to the ground for the laser beams to project a low

incident angle on the surfaces of the two specimens. Here, the mirror is set up

manually using the electrical angle ruler to enable the scan of the specimen surfaces.

Furthermore, the mirror bottom line is located 0.5 m away from the backside of the

specimen. In order to extract the mirror plane, two rectangular patches of 100 mm ×

100 mm were attached to the upper-side region of the mirrors. In addition, two

different angular resolutions of 0.036° and 0.072° were employed for the tests.

(a) (b)
Figure 5-4. Two test specimens for validation: (a) specimen I with the FF number of 10.28 and (b)

specimen II with the FF number of 21.23.
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(a)

(b)
Figure 5-5. Test configuration of experiment I (a) side view of the test set up and (b) 3D view of the

setup.

Figure 5-6 shows the test configuration of experiment II. The laser scanner was set

with a height of 2.5 m with respect to the ground and was located with a distance of

1.8 m and 1.2 m to the mirror and the specimen, respectively. Moreover, barriers were

erected between the laser scanner and the specimen to create an environment that

ensured that the specimen was invisible from the laser scanner. In addition, a mirror

with the size of 1000 mm × 1000 mm was located with a distance of 0.2 m behind the

specimen. The mirror on the bottom line is set parallel to the specimen, positioned

with a vertical angle of 70° with respect to the ground. As with experiment I, two

rectangular patches of 100 mm × 100 mm in size were attached to the upper-side

region of the mirrors for mirror plane estimation, and two angular resolutions of
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0.036° and 0.072° were used for the tests.

(a) (b)
Figure 5-6. Test configuration of experiment II: (a) the top view of the setup and (b) a photo of the

setup.

5.4.2. Data Processing

Data processing was composed of three steps: (1) data preprocessing, (2) virtual scan

points transformation, and (3) surface flatness calculation. The details of each step are

described in the following sections.

5.4.2.1. Data Preprocessing

This step aimed not only to remove background noise but also to extract the scan

points of the specimens and rectangular patches attached to the mirror. Figure 5-7

shows the results. Note that there were three different types of raw scan data,

including (1) background noise scan points, (2) specimen scan points and (3)

rectangular patch scan points. It is worth noting that the background noise scan points

contained two different noises, including ground noise and noise reflected by the

mirror. To execute this data preprocessing step, the density-based spatial clustering of

applications with noise (DBSCAN) algorithm (Ram et al., 2009) was first applied to

the raw scan points to remove background noise based on the assumption that the scan

data of the ground noise and noise reflected by the mirror were the two biggest

clusters (named “1st” and “2nd” largest clusters) of the raw scan points as shown in
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Figure 5-7(a). Next, after the removal of the background noise, the actual scan points

and virtual scan points of the specimen were extracted and separated based on the

assumptions that they become the 3rd and 4th largest scan clusters and the fitted plane

of the actual scan points was nearly parallel to the ground plane. After this, the scan

data sets corresponding to the rectangular patch attached to the mirror, extracted as

the 5th largest cluster in the raw data, were finally classified.

(a)

(b)
Figure 5-7. Data preprocessing results: (a) implementation result of the

density-based spatial clustering of applications with noise (DBSCAN) on the raw
scan points; and (b) extraction and separation of scan points corresponding to the

specimen and the rectangular patch attached to the mirror.

5.4.2.2 Virtual Scan Points Transformation

This step aimed to transform the virtual scan points of the surface of the specimen to
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the position of the actual scan points. Here, the virtual scan points were transformed

to the position of the actual scan points, which was parallel to the ground plane to

facilitate the surface flatness inspection. Note that the virtual scan points collected

from the mirror were compared with the actual scan points collected directly from the

laser scanner to validate the effectiveness of the mirror-aided approach.

Due to the incompleteness of the DBSCAN algorithm, the extracted virtual scan

points of the specimen contain outliers caused by the mixed pixels (Tang et al., 2009).

To remove the mixed-pixel outliers, the Random sample consensus (RANSAC)

algorithm (Fischler & Bolles, 1981) was used, as shown in Figure 5-8(a). Then, a

mirror plane was estimated based on the scan points of the rectangular patches using

the least fitting algorithm (Pratt, 1987). Once the mirror plane was generated, the

virtual scan points of the top surface were finally transformed to the location of the

actual scan points; this was based on the fact that the coordinates of the virtual and

actual scan points were symmetric to each other with respect to the mirror plane. For

each virtual scan point � �h��h��h , the 3D coordinates of the transformed scan

point �� �������� was calculated using Eq. (5-1). Note that �� �� � and � are the

coefficients of the mirror plane and the transformed virtual scan points are shown in

Figure 5-8(b).

(a) (b)
Figure 5-8. Transformation of the virtual scan points of the top surface on the specimen: (a) removal of
the mixed-pixel outliers using the RANSAC algorithm and (b) transformation of the virtual scan points

to the position of the actual scan points of the top surface of the specimen.
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5.4.2.3. Surface Flatness Calculation

Once the virtual scan points transformation was conducted, the flatness of the

specimen surface was then calculated using the FF numbers method, as illustrated in

Figure 5-2. The detailed procedure of computing the FF numbers is presented in

(ASTM, 2008) .

5.5 Results

In order to investigate the feasibility of the proposed method based on the test results

of experiment I, discrepancies between the ground-truth FF numbers and the estimated

FF numbers from the laser scanner are presented in Table 5-3. Note that as mentioned

earlier in Section 5.2, the estimation error of 20%, which is equal to 2.6 mm in

deviations of elevation, was used as the threshold in this study to assess the

measurement performance of surface flatness. There are three distinctive findings as

follows:

First, virtual scan points collected from the mirror has a high estimation accuracy

compared to actual scan points for both specimens I and II. Figure 5-9 shows the

comparison results. It can be observed that the combination of long scanning range

and large angular resolution yields high estimation errors that are larger than 20% in

most cases. On the other hand, the FF numbers estimation error for specimen I and

specimen II are 20.5% and 12.4% on average within the distance of 10 m using the

virtual scan points. This is because that the capability of the mirror can decrease the

incident angle of laser beams to the ground by adjusting the vertical mirror angle.

Therefore, scan density is increased due to the low incident angle of laser beams,

�� t �h �
�� (��h � ��h � ��h � �)

�� � �� � ��

�� t �h �
�� (��h ���h � ��h ��)

�� � �� � ��

�� t �h �
�� (��h � ��h � ��h � �)

�� � �� � ��

Eq. (5-1)
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resulting in the acquisition of large numbers of scan points. Therefore, it can be

concluded that the proposed mirror-aided method can increase the flatness

measurement accuracy in large distances.

Second, scan density largely affects the flatness measurement performance. Figure

5-10 shows the effect of scan density on the FF number estimation errors. Note that

the data density is defined as the number of scan points falling in the unit area of cm2.

One particular result shows that the estimation error is decreased from 211.1% to

3.9% as the scan density increases from 0.3 pts/cm2 to 87.7 pts/cm2. In addition, one

noticeable observation is that the FF numbers are unable to be computed in cases of

the scan density being less than 0.2 pts/cm2. Considering the tolerance of 20% relative

error set in this study, an accurate flatness measurement is assured when the target

surface has a scan density of 6.7 pts /cm2. Therefore, the scan density should be

checked to ensure an accurate surface flatness inspection.

Third, specimen II achieves more accurate FF number estimation results than

specimen I in most cases, as shown in Figure 5-9, indicating that the mirror-aided

approach is more robust for the flatness inspection of flatter surface. This

phenomenon is caused by the fact that specimen I with a non-flat surface, as can be

seen in Figure 5-4, is more likely to suffer from the effect of the high incident angle

compared to specimen II with a relatively flatter surface. Normally, as common

concrete surfaces of offices and laboratories are classified into “conventional”, which

have similar FF numbers as specimen II within the range from 20 to 25 (ACI, 2006),

the proposed mirror-aided approach is expected to be effective for floor surface

flatness inspection.
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Table 5-3. Estimation errors for FF numbers under varying angular resolutions and scanning distances.

Object
Scanning Distance

(Incident Angle)

Estimation Error of FF Numbers

Specimen I in Percentage

(Data Density: pts/cm2)

Estimation Error of FF Numbers

Specimen II in Percentage

(Data Density: pts/cm2)

Angular Resolution Angular Resolution

0.036° 0.072° 0.036° 0.072°

Virtual scan points

2.5 m (51°) 9.5% (87.7) 13.8% (21.9) 3.9% (87.2) 8.4% (21.9)

5 m (43°) 9.6% (27.0) 11.1% (6.7) 4.0% (27.1) 19.1% (6.7)

7.5 m (40°) 18.6% (12.7) 37.1% (3.2) 8.9% (12.9) 11.7% (3.2)

10 m (38°) 15.1% (7.3) 49.0% (1.8) 19.8% (7.3) 23.3% (1.8)

12.5 m (37°) 31.1% (4.9) 49.1% (1.2) 20.9% (4.8) 37.0% (1.2)

Actual scan points

2.5 m (70°) 19.9% (67.3) 36.1% (16.6) 4.4% (64.9) 27.0% (16.6)

5 m (79°) 82.5% (10.6) 83.1% (2.7) 19.8% (10.6) 19.5% (2.5)

7.5 m (82°) 161.4% (3.6) 140.5% (0.9) 58.7% (3.3) 88.4% (0.8)

10 m (84°) 211.1% (1.5) 278.8% (0.4) 107.3% (1.4) 143.0% (0.3)

12.5 m (86°) 210.3% (0.70) −0.20 155.6% (0.60) −0.20

(a) (b)
Figure 5-9. FF number estimation errors under various angular resolutions and scanning distances: (a)

average estimation error for specimen I and (b) average estimation error for specimen II.

(a) (b)
Figure 5-10. Estimation errors of FF numbers with varying scan densities in specimen I and II: (a) average

estimation error from actual scan points and (b) average estimation error from virtual scan points.
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Regarding the test results of experiment II, Table 5-4 shows the mirror-aided FF
number estimation errors under varying angular resolutions. The average errors for

specimen I and specimen II in percentage were 14.3% and 11.1%, respectively,

demonstrating the applicability of the proposed mirror-aided method for hypothesis 2.

This positive outcome is attributed to the fact that the mirror changes the laser beam

direction to ensure that the occluded areas by the barrier are scanned. Similar to the

results of experiment I, the FF numbers estimation accuracy increased as the angular

resolution decreases for both specimen I and specimen II due to the scan density

effect. In addition, specimen II offers a more accurate FF numbers estimation because

the flatter surface of specimen II is more robust to the incident angle influence

compared to the non-flatter surface of specimen I, which is similar to the results of

experiment I. In summary, the mirror-aided approach was able to address the

occlusion problem caused by construction elements such as interior walls.

Table 5-4. FF number estimation errors under varying angular resolutions for specimens with occlusion
problem.

Object FF numbers Estimation Error of
Specimen I (mm)

FF numbers Estimation Error of
Specimen II (mm)

Angular Resolution Angular Resolution
0.036° 0.072° Ave. 0.036° 0.072° Ave.

Estimation error in
percentage 10.7% 27.6% 14.3% 10.4% 11.8% 11.1%

5.6. Discussion

To further identify the effectiveness of the proposed method, further studies were

conducted in two aspects, which are (1) investigation on the performance of combined

scan points of actual and virtual scan points, and (2) determination of mirror location

and mirror size for optimal surface flatness inspection.

5.6.1. Performance Comparison with Combined Scan Points

The actual scan points, which have a large incident angle and low scan density, can be

merged with the virtual scan points to increase the scan density. For this reason, the

actual scan points and virtual scan points are aligned together using an iterative

closest point ICP)-based algorithm (He et al., 2017). Table 5-5 and Figure 5-11 shows

the comparison results of scan density and FF number estimation error of specimen I

and II, respectively, with varying angular resolutions and scanning distances. A
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distinctive trend shows that using the virtual scan points exclusively shows the best

performance of flatness inspection for the long-range area among the three different

types of scan points, although the combined scan points have the largest scan density

of 34.0 pts/cm2 and 33.6 pts/cm2 for specimen I and specimen II, respectively. This

phenomenon is attributed to the alignment errors of the ICP algorithm that

deteriorates the FF numbers estimation accuracy of the combined scan points.

Therefore, it is suggested for construction engineers and inspectors to conduct surface

flatness inspection directly using virtual scan points instead of combined scan points,

although the combined scan points have a higher scan density.

Table 5-5. Scan density varying angular resolutions with different scanning distances of combined scan
points, virtual scan points and actual scan points.

Object
Data Density of Specimen I (pts/cm2) Data Density of Specimen II (pts/cm2)

Angular Resolution Angular Resolution
0.036° 0.072° Ave. 0.036° 0.072° Ave.

Combined scan points 54.3 13.6 34.0 53.7 13.5 33.6
Virtual scan points 33.6 8.4 21.0 33.6 8.4 21.0
Actual scan points 20.7 5.2 13.0 20.1 5.1 12.6

Figure 5-11. Comparison of FF estimation errors among three types of scan points, including combined
scan points, virtual scan points and actual scan points
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5.6.2. Mirror Location and Mirror Size for Performing Surface

Flatness Inspection

When applying the mirror-aided approach on sites, it is required to determine the

mirror position and mirror size. From the results stated in experiment I, a scan density

of 6.7 pts/cm2 was required to guarantee a successful flatness inspection. In addition,

based on Figure 5-9(a), the acceptable scanning range of laser scanner without the

mirrors was limited to 5 m, while the mirror-aided approach was able to enlarge the

scanning range up to 10 m. One issue when using the proposed method was that a

large-scale mirror was necessary to scan the range between 5 m and 10 m. However,

large-scale mirrors are fragile and cumbersome, so their usage is not optimal in

manufacturing or construction environments. To tackle this limitation, a small-scale

mirror that could rotate along the vertical axis could be used, as shown in Figure 5-12.

Based on the geometrical relationship model developed in (Li et al., 2021), the

optimal mirror position, mirror size and mirror rotation angle � could be determined

to cover the scan range between 5 m and 10 m.

Table 5-6 shows the results of the determination of the mirror rotation angle for the

scan area between 5 m and 10 m. Figure 5-12 also shows the results in a side view.

Assuming the height distance of the laser scanner as 1.5 m, a flat mirror with the

dimensions of 1800 mm (length) was selected and positioned on the rotating axis for

mirror rotation. Two mirror positions were determined at 7.5 m and 10 m away from

the laser scanner, respectively, to cover the areas from 5 m to 10 m. Here, the

positions of the two mirrors were 1.0 m and 2.0 m above the surface, respectively. As

for the mirror located at 7.8 m away from the laser scanner, a mirror angle of 68° was

determined to cover the area from 5.0 m to 7.8 m with a scan density of 8.2 pts/cm2

on average. Moreover, as for the mirror located at 10 m away from the laser scanner,

a rotation angle of 55 o was computed as the optimal angle to had a scan density of

11.1 pts/cm2. With the two mirrors, the scan area within the range of 10 m could be

fully covered. In summary, the proposed mirror-aided approach has the potential for

an accurate surface flatness inspection in the long-scan range. Even though the

preparation of multiple mirrors is necessary for certain cases, the time cost is

relatively small compared to the traditional method that inevitably involves several
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changes in scanner locations and selecting scan parameters for each scan position. In

addition, registration errors that are normally problematic during the point cloud

merging process did not occur in the proposed method due to the lack of a need to

change the scanner location. Hence, the proposed scan planning is systemic

optimization-oriented, which aims to ensure efficient data acquisition instead of

generating extra work.

Table 5-6. Determination of the mirror rotation angle for the scan area to be enlarged.

Items Determined Results
Mirror Position I Mirror Position II

Mirror rotation angle 68° 55°
Scan coverage 5.0 m–7.8 m 7.8 m–10.0 m
Scan density 8.2 pts/cm2 11.1 pts/cm2

Figure 5-12. Determination of the mirror position, mirror size and mirror rotation angles for
mirror-aided approach.

5.7 Chapter Summary

This chapter presents a mirror-aided technique for surface flatness inspection to

address the low accuracy of the scanning area far from laser scanner and occlusion

problems caused by barriers. In this study, two hypotheses are proposed for the

mirror-aided surface flatness inspection method. First, the mirror-aided approach can

increase the scan coverage range and increase the surface flatness inspection

efficiency. Second, the mirror-aided approach can measure the flatness of the floors

Laser scanner
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occluded by construction elements based on the mirror reflection principle with one

single scan, resulting in efficient surface flatness inspection. To validate the two

hypotheses, two experiments are conducted on two laboratory-scale specimens. The

validation results indicate that the mirror-aided approach can adjust the incident angle

of laser beams to address the low measurement caused by the low incident angle,

enlarging the scan range from 5 m to 10 m. In addition, the mirror-aided approach is

able to address the occlusion problem caused by construction elements such as

interior walls with a measurement accuracy of more than 80% on the scanning area

for surface flatness inspection. From the results, the proposed technique has the

potential for accurate and efficient surface flatness inspections in the construction

industry. As this chapter focuses on surface flatness measurement, the size of the

target scene is regarded as the major concern instead of the shape and complexity.

Since this method can cover the surface up to a scan range of 10 m from the laser

scanner from the test results, the proposed mirror-aided method is suitable for small

and medium-size projects such as surfaces of interior rooms. There are two main

applications in real projects using the proposed surface flatness inspection method.

First, for those surface areas with an edge line of less than 5 m, the proposed method

can improve the accuracy of surface flatness measurement by setting flat mirrors near

the far-edge (5 m from the laser scanner) line because our method using the mirrors

can reflect laser beams to have lower incident angles. Second, in the case of having

more than 5 m, but less than 10 m scan range from the laser scanner, the proposed

mirror-aided approach is able to enlarge the scanning range from 5 m to 10 m, which

minimizes the number of scans. The contributions of the proposed technique are: (1)

develop a mirror-aided technique that increases the measurement accuracy in a

long-range area far away from the laser scanner and enable flatness measurement in

hidden areas caused by physical barriers such as interior walls, and (2) validate the

applicability of the mirror-aided flatness inspection technique through validation

experiments.

However, limitations remain for further study in the near future. First, the proposed

mirror-aided flatness inspection method is validated on lab-scale specimens. Further

validations on the field-scale are required in order to increase the applicability of the

proposed technique, which involves the utilization of the rotating mirror system and

an appropriate selection of the mirror location. Second, regarding the difficulty in
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finding the right place for placing the rotating mirrors in the dynamic and clustered

environment, this study assumes that the space to be scanned is clean and spacious

enough to place the rotating mirrors. Therefore, further investigation on the real

applicability of dynamic and clustered scenarios such as construction sites and

industrial plants can be a future direction. In addition, the proposed mirror-aided

approach can be applied to the 3D reconstruction of small-scale structures with

complex geometries to minimize the number of scans.

Chapter 6: Scan Planning for Mirror-aided

Registration-free Data Acquisition Using Small-Size

Rotating Mirrors

6.1 Chapter Introduction

Scan planning is typically performed to select the optimal scan configuration, by

considering the laser scanner’s technical capabilities (e.g., operation range) and

environmental conditions (e.g., occlusions) (Ahn & Wohn, 2016; Tang & Alaswad,

2012; Zhang et al., 2016) . Several studies have proposed different types of

scan-planning methods to effectively acquire data for small-scale 3D reconstruction.

However, these have primarily focused on registration-free data acquisition methods

for determining scan locations and scanning parameters. In this sense, a novel

approach is required to handle the efficiency and accuracy issues of scan planning for

the scan planning method. This chapter aims to develop a new scan planning method

to determine the optimal locations of the laser scanner and flat mirrors for the

proposed registration-free data acquisition method using rotating mirror. Then, the

proposed scan planning method is then validated through numerical simulations and

experiments on a PC slab and an interior room. The remainder of this chapter is

organized as follows: The scan planning method for rotating mirror-aided

registration-free technique are described in Section 6.2, followed by validation tests
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and experimental validations in Section 6.3 and Section 6.4. Then, the discussion of

the proposed scan planning method is presented in Section 6.5. Finally, this chapter

ends with a brief summary and suggestions for further work in Section 6.6.

6.2 Development of Scan Planning Method for Rotating Mirror-aided

Registration-free Data Acquisition Technique

The procedure of the scan planning method involves four key steps, which are 1) laser

scanner location determination, 2) scanning route planning, 3) mirror location and

mirror size determination, and 4) data acquisition for 3D reconstruction. The details of

the four steps are presented in the following sub-sections.

6.2.1 Laser scanner location determination

The optimal laser scanner location is determined by identifying the position at which

the optimal scan-data quality is achieved for the visible areas of the target structure.

Three criteria are used to determine this quantity; they pertain to (1) the number of

visible areas, (2) the feature points, and (3) the point-to-point distances (Tang &

Alaswad, 2012). First, the areas visible to the laser scanner should be maximized, to

reduce the hidden areas requiring scanning via flat mirrors. For example, the

maximum number of visible surfaces of the target structure in Figure 6-1 is three, and

these surfaces must be directly scanned by the laser scanner. Second, feature points

(defined as the key geometric features of the target structure) should be captured by

the laser scanner. For instance, the corner points of the target object’s top surface in

Figure 6-1 are feature points that should be captured for 3D reconstruction. Third, the

optimal scanner location should meet the criteria for point-to-point distance, which is

defined as the distance between two adjacent scan points. Figure 6-1 presents the

definition of the point-to-point distance, for which there are two types: horizontal (��)

and vertical (��). The horizontal distance (��) for Scan Point � is computed using the

scanning distance (� ) from the laser scanner to Scan Point � , the horizontal angular



89

resolution (��), and the incident angle (�), as shown in Eq. (6-1) :

Typically, the horizontal distance ( �� ) and vertical distance ( �� ) are identical

because the horizontal angular resolution (��) matches the vertical one (��). Note that

this study directly calculates the incident angle (�) with respect to the surface (rather

than separating the incident angle along the horizontal and vertical directions) to

simplify the calculation process. Therefore, only one point-to-point distance (� ) is

used for a non-feature scan point ( � ) located upon a surface. Note that feature points

can be the intersection points of surface edge lines with different directions; this

results in different incident angles and multiple point-to-point distances. Figure 6-1

shows the point � with three point-to-point distances, because � is the intersection

point of three adjacent surfaces (“Surface 1,” “Surface 2,” and “Surface 3”) and has

three different incident angles.

In this case, all point-to-point distances for each feature point should meet the

requirements. The U.S. General Services Administration (GSA) Building Information

Modelling Guide (GSA, 2009) defines four different levels of detail for point cloud

data. Each level corresponds to a specific point-to-point distance criterion. According

to the GSA (GSA, 2009) , a large point-to-point distance of 25 mm (sparse scan data)

is necessary for the data acquisition of Level 2 building exteriors; meanwhile, a low

point-to-point distance of 13 mm (dense data) is required for Levels 3 and 4 building

interior components (e.g., floor levels, rooms, and artifacts). This study targets

small-scale construction components and room interiors; hence, the required

point-to-point distance for feature points on visible surfaces is set as 13 mm.

Based on the three criteria, the laser scanner location selection process consists of

three steps. First, potential scan locations are generated on a 2D grid with a

user-defined grid distance, in which the intersections of the grids are regarded as

potential scan locations. Here, a dense 2D grid is used to generate a large number of

potential mirror locations and sizes, which are likely to produce a mirror location and

�� t
� × ��
�th � Eq. (6-1)
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size with a high-performance �(�) . However, a large number of potential mirror

locations and sizes will also increase the computation cost. Therefore, we select a

maximally dense 2D grid within the expected computation cost. Then, three criteria

values (related to the number of visible areas, feature points, and point-to-point

distances) are computed. Second, the potential scan locations that maximize the

visible areas are selected, and locations that fail to cover all feature points on the

visible areas are excluded. Subsequently, the locations that fail to satisfy the minimum

point-to-point distance of 13 mm are further excluded from the list of potential scan

locations. Note that if all selected potential candidates capture the maximum number

of visible surfaces but fail to meet the other two criteria, the potential candidates with

the second largest number of visible surfaces are selected for further evaluation. Third,

the remaining potential scan locations are evaluated to quantify their suitability for

scanning. In this study, a scoring metric named “FP Score” which represents the

degree of suitability on each feature point (��) is used; it is defined as follows:

�� ��t��(��) t

�th

�
���������− ����h���(�)

���������
� Eq. (6-2)

Here, ����h���� and ��������� refer to the measured and required point-to-point

distances, respectively. Here, � denotes the number of point-to-point distances that a

feature point possesses. A high FP Score indicates that the feature point has a large

Figure 6-1. Definition of point-to-point distance.
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scan density, which is desirable for accurate 3D reconstruction. Specifically, the FP

Score expresses the degree to which the measured point-to-point distance exceeds the

required one. It reflects the relative value with respect to the required point-to-point

distance; thus, it is suitable for evaluating data quality when feature points have

different required point-to-point distances. A metric referred to as “�� h�t��” (which

represents the cumulative value of the FP Score for all feature points) is used to sum

each feature point’s FP Score for each potential scan location (��) as follows:

where � refers to the number of feature points that a potential scan location (��) has.

Thus, a high �� h�t�� indicates a high scan density. Finally, the optimal scan location

with the highest �� h�t�� from generated candidates is determined as the final laser

scanner location.

6.2.2 Scanning route planning

This step aims to assign a scanning route for hidden surface scanning. Figure 6-2

shows the planned scanning route on the hidden surface. This study assumes that

scanning is conducted from bottom to top. By performing the horizontal route and

updating the bottom boundary, the scanning level is increased until full coverage of

the hidden surface is realized. The detailed procedure is as follows: The scanning

route (referred to as the “1st horizontal route”) is followed along the bottom line of

the hidden surface whilst changing the mirror angle. Two constraints are used to

generate the 1st horizontal route. These relate to (1) boundary coverage

(�t���t������) and (2) overlap (�t��t������). First, the boundary coverage constraint

entails that the two side boundaries and bottom boundary of the hidden surface should

be covered by the 1st horizontal route. Second, because of the overlap constraint,

�� h�t��(��) t
�th

�

�� ��t��(��)� Eq. (6-3)
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there should be a certain degree of overlap between any two adjacent scans with

different mirror angles. Once the bottom horizontal route is completed (based upon

the two constraints), the bottom boundary is lifted up for the next horizontal route.

The updated bottom boundary runs parallel to the previous bottom boundary and

covers the lowest scan point generated from the previous scanning route (1st

horizontal route) on the hidden surface. Next, a new horizontal route (referred to as

the “2nd horizontal route”) is generated and executed following the two constraints.

The scanning level is increased to scan the full hidden surface both horizontally and

vertically. Note that the first scan of the new horizontal route is connected to the last

scan of the previous one.

6.2.3 Mirror location and mirror size determination

This section aims to determine the mirror location and size to achieve a full scan of

the hidden surface of the target component. There are three steps: 1) generation of

potential mirror locations and sizes, 2) computation of reflected points on the hidden

surface and corresponding mirror angles, and 3) performance evaluation for finding

optimal mirror location and size. Figure 6-3 shows the pseudocode for the

determination of optimal mirror location and size.

2nd horizontal route

Scan 1
Scan 2 Scan 3

1st horizontal route

Side boundary 

Hidden surface

Overlap 

Lowest point of 1st 
horizontal route 

Scan 4

1st horizontal route 
bottom boundary

2nd horizontal route 
bottom boundary

Level 
increae

(a) (b)
Figure 6-2. Scanning route planning: (a) Scanning route planning along mirror rotations on the hidden

surface and (b) flow chart for the implementation of the scan route planning
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Input: Emitting point (t) of the laser scanner, potential mirror locations and sizes (��� �th…�(�) × �(h)
t t��� � h�h� ) ), the normal

vector (�)� ��� of the hidden surface, the center point (h) of the hidden surface.

Output: Reflected points (P(�)) on hidden surface plane, corresponding mirror rotation angles (�(�)), number of scans (�h���(�))

and optimal mirror rotation and mirror size (�t�� )

1 for �� t h��(�)

2 for �h t h��(h)

3 for k =1:�(�)× �(h)

4 �� = [���, h�h]� Step 1

5 end for

6 end for

7 end for

8 for k =1:�(�)× �(h)

9 �� = [���, h�h]�

Initialization:

10 Determine normal vector of the mirror plane �� �� = �� �� �

11 Determine four corner points of the mirror ��� �th…�
based on ��� and h�h;

12 ����� t ������������� ����� t ������������; ����� t ������������� ����� t � �����������;

13 �h���(�)=0�

Iterative search:

14 while full scan of hidden surface is not achieved

15 while current horizontal route is not completed with the two constraints �t���t������ and �t��t������
16 for mirror horizontal angle (���) = �����:��: �����
17 for mirror vertical angle ( ���)= �����: ��: �����
18 Update�� ��� and ��� �th…�

�

h9 Calculate the four reflected scan points (��� �th…�
) using �� ��� � ��� �th…�

� ��� � t� �� �� ��� �; Step
2

20 If ��� �th…�
satisfy the �t���t������ and �t��t������

21 ��� �th…�
� �(�) and t �������� � �(�)

22 ����� = ��� � ����� ����� = ��� � �����

23 ����� = ��� � ����� ����� = ��� � �����

23 Update the number of scans �h���(�) = �h���(�) + 1;

24 end if

25 end for

26 end for

27 end while

28 Update the bottom boundary and increase level for next horizontal route

29 end while

30 end for

30 for k =1:�(�)× �(h)

31 Calculate � � t �� × �(�) ��� × �(�) ��h × �(�) �t� �� = [��� , h�h] ; Step
3

32 end for

33 �t�� is determined as the �� with��� � �

Figure 6-3. Pseudocode for the determination of optimal mirror location and size
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Step 1: Generation of potential mirror locations and sizes - A set of potential

mirror locations are generated within the available area near the hidden surface. Here,

3D grids with a user-defined resolution are created and the intersection points are

considered as the centers of the potential mirror locations ���� �� th�� �
� In this study,

dense 3D grid will generate a large number of potential mirror locations and sizes,

which are likely to result in mirror location and mirror size with higher performance.

Therefore, it is suggested to select as dense as 3D grid within the expected

computation time cost.

Figure 6-4(a) shows the generation of potential mirror locations and sizes behind the

hidden surface. Then, different mirror sizes (h�h� �h th��(h)
) are also assigned to each

potential mirror location to be used for finding the optimal mirror size. Here, the

mirror sizes are selected based on the physical constraints in the surrounding area.

Therefore, a large number of potential mirror sets (��� �th��(�) � �(h)
t t��� � h�h�) are

generated with the consideration of both mirror location and mirror size as shown in

Figure 6-4(b).

Step 2: Computation of reflected points on the hidden surface and corresponding

mirror angles - In order to calculate reflected points �(�) on the hidden surface

and corresponding mirror rotation angles (�(�)) for �� , an iterative search of the

(a) (b)
Figure 6-4. Mirror location and size determination: (a) Generation of potential mirror locations and sizes

and (b) Reflected points (�(�)) on the hidden surface and corresponding mirror angles (�(�))
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mirror rotation angles is performed using the developed geometrical relationship

model and the two constraints of the scanning route planning. Note that reflected

points �(�) are the collection set of the reflected points (��� �th�� ) generated on the

hidden surface for each �� � First, the normal vector (�� ��� ) of the mirror plane is

initialized as �� �� based on the fact that the mirror surface is set parallel to the hidden

surface. In addition, initial four mirror corner points (��� �th��) of the mirror are

determined based on the mirror center location (���) and the mirror size (h�h). Also, the

maximum and minimum mirror angles in both horizontal and vertical directions,

������ ������ ����� , and ����� , are initialized as

������������� ������������� ������������,and ������������, respectively, considering the

mirror size and the available area for rotation.

Note that ��� and ��� refer to the required mirror horizontal angle and the mirror

vertical angle for each scan, respectively. For each mirror rotation angle (t �������]),

during the iterative search with an incremental resolution of mirror rotation (��), the

normal vector (�� ��� ) of the mirror plane and the four mirror corner points(��� �th��) of

the mirror are updated. Then, the four reflected points (��� �th��) on the hidden surface

plane are also calculated based on the geometrical relationship model using �� ��� ,

��� �th�� , ��� ,�, �� �� and �. If the four reflected points (��� �th�� ) on the hidden surface

plane satisfy the two constraints related to boundary coverage (�t���t������ ) and

overlap (�t��t������ ), the calculated four reflected points (��� �th�� ) on the hidden

surface and the mirror rotation angle (t ������� ]) are stored in �(�) and �(�) ,

respectively. Meanwhile, the maximum and minimum mirror angles

(������ ������ ����� and ����� ) and the number of scans (�h���(�) ) are also



96

updated for the next iterative search. Based on the fact that adjacent scans usually

have similar mirror rotation angles, a variation ( ���� ) is used to update the

������ ������ ����� , and ����� for an iterative search in order to save

computation time. Once the iterative search for the current horizontal route is

completed, the bottom boundary is updated, and the level is increased for the next

horizontal route. Finally, the iterative search of mirror rotation angles will stop until

the full hidden surface scan is achieved. In this way, the reflected points �(�) on

the hidden surface and corresponding mirror rotation angles(�(�))are determined for

each potential mirror location and size (��). After determining �(�) and �(�) for

each potential mirror location and size (��), the performance of �� can be evaluated

for optimal mirror location and size determination, which is illustrated in detail in the

following step.

Step 3: Performance evaluation for finding optimal mirror location and size -

This step aims to evaluate each potential mirror location and size (�� ) from the

generated potential mirror sets for optimal mirror location and size determination. In

order to quantify the suitability of each �� , a performance metric (�(�)) in Eq. (6-4)

is formulated based on data quality (�(�) ), scanning time (�(�) ), and mirror size

(�(�)).

Note that data quality (�(�) ) are calculated based on SP score while scanning time

(�(�)) are calculated as the multiplication of the number of scans (�h���) and mirror

size (s). It is assumed the scanning time has positive correlation with scanning area,

which is achieved by the multiplying of the number of scans (�h���) and mirror size

(s). When it comes to data quality ( �(�) ), in contrast to the SP score used to

determine the laser scanner location, the SP score here is used to evaluate data density

on the hidden surface in order to evaluate the degree of suitability of each potential

mirror location and size (�� ) . First, point-to-point distance of the feature point on

the hidden surface is calculated in order to determine the SP score. Different from the

point-to point distance (�) on the visible surface as shown in Figure 6-1, the
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point-to-point distance is located on the hidden surface. Here, the calculation of the

horizontal point-to-point distance (��� ) is illustrated as an example. Figure 6-5 shows

the calculation of the point-to-point distance (��� ) for the feature point on the hidden

surface. Note that the detailed procedure of calculating the horizontal point-to-point

distance (���) is illustrated in Appendix C.

Once ��� is determined for each feature point on the hidden surface, SP score for

each potential mirror can be calculated using Eq. (6-3). In addition, the three

(a) (b)

Figure 6-5. Calculation of the point-to-point distance for the feature point on the hidden surface: (a)

determination of four reflected point (��� �th…�
) covering the feature point (�); and (b) calculation of the

horizontal point-to-point distance (���) for the feature point (�) on the hidden surface

� � ���� ������� t
��(�) � �����
������ �����

� � �������� ���� t�
�h���(�) × h(�) � �h��� × h ���

�h��� × h ���
� �h��� × h ���

� � ����t� h��� t�
h(�) � h���
h��� � h���

� � �����t����� ������ = �� × �(�) ��� × �(�) ��h × �(�)

Eq. (6-4)
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indicators including �(�) , �(�) , and �(�) are normalized using its maximum and

minimum value of all the generated potential mirror locations and sizes in

order to address the influence caused by different dimensions. In addition, the

negative values of �(�) are used because there is a negative correlation between the

scanning time and the performance of the potential mirror location and size. Similarly,

the negative values of �(�) are also used here. The performance metric (�(�)) is the

cumulative value of the three indicators (�(�), �(�), and �(�)). Note that �� , �� ,

and �h are the user-defined weights of the three indicators, and the summation of

the weights �� , �� , and �h is 1. Then, each potential mirror location and size

(�� ) was evaluated using �(�) and the potential mirror location and size with the

highest �(�) is finally determined as optimal mirror location and mirror size (�t��).

6.2.4 Data acquisition for 3D reconstruction

Once the laser scanner location, mirror location, and mirror size are determined, the

3D point cloud data of the target component is collected along the planned scanning

route with the required mirror rotation angle. In this way, the laser scanner

consecutively scans a portion of the hidden surfaces to cover both the visible and

invisible surfaces of the target component without changing the scanner location,

resulting in a registration-free data acquisition for 3D reconstruction.

6.3 Validation-Simulation

6.3.1 Building component

To validate the proposed scan planning method, a PC slab [dimensions: 2400 mm

(length) � 500 mm (width) � 300 mm (height)] was selected for simulation. The

target object belongs to Level 4 according to the GSA(GSA, 2009), data density

requirement; thus, the required point-to-point distance (D-required) was less than 13

mm. Note that this study targets small-size structures having relatively regular
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geometry based on the fact that the common shapes of prefabricated components and

interior rooms are planar.

First, the laser-scanner height was selected as 1.2 m (higher than the PC element) to

cover the maximum number visible surfaces (three). Here, a 2D grid (0.1 m × 0.1 m)

that was sufficiently dense compared to the available area (5 m × 2 m) was selected to

determine the laser scanner locations; 1071 potential locations were obtained. Figure

6-6(a) visualizes the laser scanner location determination result. By evaluating the

three criteria pertaining to (1) visible areas, (2) feature points, and (3) point-to-point

distances, 696 potential locations were found unsatisfactory and eliminated in the next

data-processing step. Note that gray points denote the eliminated scan locations, and

the remaining scan locations are presented as points of different colors. Here, warmer

color-points indicate more suitable laser-scanner locations. The suitability of the

remaining 375 laser-scanner locations was computed using Eq. (6-3), and the location

(2.9 m, -1.3 m, 1.2 m) with respect to the bottom-left corner of the PC slab was

determined as the optimal scan position.

Next, the mirror location and size were determined. Figure 6-6(b) shows the results in

a 3D view. Here, the number of required mirrors matches the number of hidden

surfaces of the target structure. Note that, because the PC slab has two hidden surfaces,

two optimal locations for two mirrors (Mirror I and Mirror II) were determined. Here,

a 3D grid with a resolution of 0.5 m (length) � 0.5 m (width) � 0.25 m (height),

which was sufficiently small with respect to the available area of 2.5 m � 2 m � 0.5

m was selected to generate the potential mirror locations and sizes. Hence, 90

potential mirror center-point locations were generated behind the longitudinal hidden

surface of the PC slab. Then, different mirror sizes (both width and length ranging

from 0.25 m to 0.75 m with an interval of 0.25 m) were assigned to each of the

generated mirror locations, to produce a total of 810 candidate locations and sizes for

Mirror I. Note that an identical weight (0.33) was applied for the three performance

indicators of data quality (Q), scanning time (T), and mirror size (S). Finally, the

optimal location (2.5 m, 1.5 m, 0.5m) and size 0.5 m � 0.25 m for Mirror I were
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determined from the calculated E. Figure 6-6(c) shows the scan results obtained under

the optimal mirror location and size conditions for the longitudinal hidden surface. In

a similar manner, the optimal location and size of Mirror II were determined for the

transversal side surface, as shown in Figure 6-6(d). Table 6-1 shows the detailed

mirror location and size results for both the longitudinal and transversal hidden

surfaces.

(a) (b)

(c) (d)
Figure 6-6. Determination of the optimal laser scanner and mirror locations for the PC slab: (a) laser
scanner location determination, where warmer colors denote higher suitability for the laser-scanner
location; (b) mirror location and size determination in 3D view; (c) reflected points captured for the
longitudinal hidden surface; and (d) reflected points captured for the transversal hidden surface.
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6.3.2 Interior room

The proposed registration-free scan-data acquisition technique was implemented for

interior rooms. Figure 6-6 shows the room layout and scan planning results for the

interior room. Note that the floor height for the room layout was 3.0 m, and the

required point-to-point distance (D-required) was below 13 mm. A large number of

unit grids (of size 0.4 m × 0.4 m) were generated in the 2D plan, and each intersection

point between grids was regarded as a potential laser-scanner location. The optimal

laser-scanner location was selected as (3.4 m, 1.3 m, 1.25 m) with respect to the

bottom-left corner of the 2D grid.

After determining the laser scanner location, the mirror location and size were

determined. For the interior rooms, the required number of mirrors was consistent

with the number of hypotenuse surfaces formed by adjacent hidden surfaces. In

contrast to the PC slab, the invisible areas of the interior rooms (from the perspective

of the laser scanner) generally involve adjacent wall surfaces, as can be seen in Figure

6-7(a). Thus, a new hypotenuse surface formed by the adjacent hidden surfaces was

used for determining the mirror location and size. Note that the SP score was

calculated using the point-to-point distances of feature points on the adjacent surfaces,

rather than those of the hypotenuse surfaces. The mirror rotation angles of the

hypotenuse surfaces were determined and used to calculate the reflected points on

adjacent surfaces. Then, the reflected points covering the feature points on the

Table 6-1. Results of mirror location and size determination for both the longitudinal and transversal
hidden surfaces for the PC slab

Items Determined results

Longitudinal hidden surface Transversal hidden surface

Mirror center location (x, y, z) (2.5 m, 1.5 m, 0.5 m) (-1.5 m, 0 m, 0.25 m)

Mirror size (length × height) 0.5 m × 0.25 m 0.25 m × 0.25 m

Data quality (SP score) 0.87 0.92

Number of scans 3 2
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adjacent surfaces were determined, along with their corresponding mirror rotation

angles. Finally, the point-to-point distance of the feature points was calculated using

the scanning distance, incident angle, and angular resolution based on the process in

Appendix C to compute the SP score. Figure 6-7(b) shows the determined mirror

location and size for the interior room. Here, 3D grid with a resolution of 0.25 m

(length) ×0.5 m (width) × 0.1 m (height) were selected to generate potential mirror

locations for the hidden surface. Then, different mirror sizes ranging from 0.5 m to

0.7 m with an interval of 0.1 m were assigned to each of the generated mirror

locations, generating a total number of 198 potential candidates with different

locations and sizes of the Mirror. Based on the performance evaluation, the location of

(3.2 m, 3.5 m, 1.2 m) with the mirror size of 0.7 m × 0.7 m was determined for the

interior room.

The scan position was held constant in the proposed mirror-aided approach, to realize

a complete as-built model in a single coordinate system. Therefore, the proposed

method avoids combining different local coordinate systems collected from multiple

scan locations, which prevents the registration-produced measurement errors. As for

interior spaces or rooms, although a mirror itself causes occlusion area behind the

mirror, the occluded area can be restored using the scan planning process. For

example, during scan planning, the weight of the mirror size,�h, can be increased so

as to reduce the mirror size and occluded area. The occluded area can also be restored

by an interpolation method based on our assumptions that the interior wall surface is

planar, and the occlusion area is relatively small due to small size of mirrors.

Moreover, since the mirror will be rotated during the data acquisition, the occluded

area can be covered from other scans with different mirror angles.
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6.4 Validation-Experiment

To examine the feasibility of the proposed technique, experiments were conducted on

a PC slab and interior room corresponding to the simulation objects in Section 6.3.

Figure 4-7 shows the experimental configuration. For the test, a phase-shift terrestrial

laser scanner (FARO, 2020) was used to obtain the scan points of the target objects.

Figures 4-8 shows the scan area comparison between the experiment and simulation

for the PC slab and interior room. Table 6-2 also shows the detailed comparison

between the simulation and experimental results. In Figures 4-8 (a) and 4-8 (b), it can

be observed that the different laser scanner-captured gray-scale images generated by

the scan points and the corresponding scan points show similar patterns. Furthermore,

a portion of each scan was well aligned with the simulation results. More specifically,

the area ratios between each collected scan and the entire hidden-surface area

exhibited 92.0% and 96.8% matches with the simulated ones for the PC slab and

interior room, respectively. In terms of data quality (SP Score) and point-to-point

distance, the simulated and collected results showed more than 90% similarity for the

PC slab and interior room, respectively. To summarize, the proposed scan planning

method has the feasibility to be applied for accurate point cloud data generation.

(a) (b)
Figure 6-7. Room layout and scan planning results: (a) room layout in 2D and (b)

determination of the laser scanner location and mirror positionn
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6.5 Discussion

In this section, further analysis related to the weights of the performance metric

((�(�)) was performed. To investigate the effect of the performance metric weights

(�� , �� , �h ) on the results of each corresponding indicator of data quality,

scanning time, and mirror size, the longitudinal hidden surface of the PC slab used in

Section 6.3 is taken as an example. Table 6-3 shows the results of mirror location and

size determination with different weights. Based on the different weights assigned, the

optimal mirror location and size is determined as the potential mirror location and size

candidate with the highest performance metric ((�(�) ). If a large weight of 0.8 is

assigned to data quality, the computed SP score of the optimal mirror location and

size under the given weights (0.8, 0.1, 0.1) is 0.90, which is the highest outcome

among the other cases with the lower weights. On the other hand, if a large weight

of 0.8 is assigned to scanning time, the result with the given weights of (0.1, 0.8, 0.1)

has the shortest scanning time that is defined as the multiplication of number of scans

(�h���) and mirror size (s). Therefore, an efficient data collection can be performed by

increasing �� . Lastly, the result with the given weights of (0.1, 0.1, 0.8), where the

weight of mirror size (�h ) increased to 0.8, has a decreased mirror size of 0.50 m ×

Table 6-2. Comparison details between the simulation and the experiment results

Items Objects Simulated scans Collected scans Similarity
ratio

Area ratio PC slab
(Scan1, Scan2, Scan
3)

(50.6%, 36.6%,
16.6%)

(49.1%,38.2%,19.
9%)

92.0%

Interior room
(Scan1, Scan2)

(51.3%, 48.7%) (49.7%,50.3%) 96.8%

Data density PC slab 45.8 pts/ cm2 35.7 pts/ cm2 78.0%
Interior room 9.8 pts/ cm2 12.1 pts/ cm2 80.9%

Point-to-poi
nt distance

PC slab 1.5 mm 1.7 mm 98.8%
Interior room 3.2 mm 2.9 mm 90.0%

SP Score PC slab 0.88 0.87 98.3%
Interior room 0.70 0.77 97.4%
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0.25 m compared to other cases, which addresses some issues associated with

large-scale mirrors as they are fragile and take up large amounts of space on

construction sites.

In summary, adjusting the weights of data quality, scanning time, and mirror size

significantly influence the overall performance on the mirror location and size

determination. Therefore, project managers and site engineers can adjust the weights

based on the constraints and demands of the project.

6.6 Chapter Summary

This chapter presents scan planning method for the rotating mirror-based

registration-free point-cloud-data-acquisition technique for the 3D reconstruction of

small-scale construction components and interior rooms. In order to verify the

proposed scan planning method, simulations and experimental validation were

performed on small-scale PC slab and an interior room. The simulation results show

that the proposed technique facilitates the determination of the laser scanner location,

mirror location, and mirror size for registration-free data acquisition, without

changing the laser scanner location. Moreover, the proposed technique’s experimental

results were more than 90% similar to those of the simulation in term of data quality

and data density, demonstrating the validity of the developed scan planning method.

Table 6-3. Effects of the weight of the three performance indicators on mirror location and size
determination.

Items Weight of performance indicators (��, ��, �h)

(0.8, 0.1, 0.1) (0.1,0.8,0.1) (0.1,0.1,0.8) (0.33,0.33,0.33)

SP score 0.90 0.88 0.87 0.87

Scanning time (�h��� ×s), (m2) 1.50 m2 0.375 m2 1.25 m2 0.375 m2

Mirror size (s), (length ×

height)

0.75 m × 0.50

m

0.75 m×0.50 m 0.50 m×0.25 m 0.50 m×0.25 m
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However, limitations remain to be addressed in future studies. The proposed method

is validated on construction components with simple structures. First, as this chapter

assumed that the space to be scanned was clean and spacious enough to use the

rotating mirrors, finding suitable rotating-mirror locations in dynamic and clustered

environments would be an issue. In addition, determining a scan configuration from

numerous candidates is likely to be computationally complex, especially for

large-scale components. Therefore, further investigation into the method’s

applicability to dynamic and clustered scenarios (e.g., construction sites and industrial

plants) represents a future research direction. Moreover, this study determines the

laser scanner location, mirror location, and mirror size via two separate steps. Hence,

the mutual influence between these three parameters should be further investigated, to

improve the efficiency of the proposed method.

Chapter 7: Scan Planning Approach for Rebar Diameter

Classification Using Point Cloud Data

7.1 Chapter Introduction

Inspecting rebar spacing and diameter is an essential task for quality assessment of

reinforced concrete (RC) structures prior to concrete pouring and curing during the

manufacturing and construction stage (Han et al., 2013; Wang et al., 2017) based on

the fact that the structural performance of the RC elements is affected by the final

locations of rebars (Golparvar-Fard et al., 2012; Nishio et al., 2017). The main

checklists of the rebar inspection include rebar diameter and spacing between

individual rebars. However, the inspection of rebar diameter and rebar spacing is

currently performed manually by qualified personnel who use measurement tapes,

which is labor intensive and prone to human errors (Akula et al., 2013;

Golparvar-Fard et al., 2012). To ensure the dimensional quality compliance with

contract documents and building codes, it is necessary to conduct an automatic and
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accurate dimensional quality inspection to measure rebar diameters and rebar spacings

for RC structures.

In the construction industry, terrestrial laser scanners (TLS) have been widely used

and recognized as a promising technology thanks to the nature of speedy and accurate

data acquisition. Recently, the authors’ group has proposed automatic techniques of

rebar spacing and rebar diameter estimation using TLS (Kim et al., 2021; Kim et al.,

2020). However, the rebar diameter prediction was obtained in small-size rebar

diameters due to the low density of scan data, which resulted in poor performance. In

addition, dense rebar layouts may involve a large portion of occlusion in the bottom

rebar layer when there are two (upper and bottom) rebar layers, resulting in the

reduction of rebar diameter prediction performance. Thus, a scan planning approach

that enables simulation of scan points on rebar surface is needed.

To tackle the limitations of the previous study, this study presents a new scan

planning method that determines optimal laser scanner location for rebar diameter

prediction. Here, there is no mirror implemented in rebar layout scanning since the

setup of the laser scanner is enough to collected necessary information for rebar

inspection A geometrical model that computes the coordinates of scan points falling

on the rebar surfaces is established using a geometrical relationship between the TLS

and rebar surface. Then, scan planning is conducted to identify the best TLS position

using the geometrical model. A series of numerical and experimental tests are

conducted on a rebar layout to validate the geometrical model and the scan planning

method.

This chapter is organized as follows. First, the overall flow and procedure of the

proposed scan planning method are described in Section 7.2, followed by the

validation through simulation and experiments in Section 7.3. Then, further

investigation on key validation results is discussed in Section 7.4. Lastly, this study

ends with a summary and future research directions in Section 7.5.
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7.2 Methodology

Figure 7-1 shows an overview of the scan planning method for rebar diameter

prediction, which has three stages. First, simulation of scan points is conducted in the

first two stages, which includes 1) geometrical relationship model development and 2)

tunning of scan points. In the first stage, the geometrical relationship among the laser

scanner, rebar layout and scan points on the rebar is modelled to calculate coordinates

of scan points on the rebar layers. Then, scan points are tuned by elimination of scan

points in occlusion area on lower layer rebar and generation of measurement noise.

Finally, laser scanner location is optimized based on the developed geometrical model

in the prior state. The details of the steps in the three stages are presented in the

following sub-sections.

Figure 7-1. Overall procedure of the scan planning method for rebar diameter classification

7.2.1 Geometrical relationship development

This step aims to develop the geometrical relationship among the laser scanner, rebars
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and scan points on the rebar. Figure 7-2 shows the input and output diagram of the

geometrical relationship model. The input parameters of the model include 1) the

emitting point � (��������) of the laser scanner and 2) the as-designed rebar layout

information including rebar spacing (h) and rebar diameter (�) while the output of the

model is the scan points ��(��� ��������) located on the rebar. Here the rebar diameter

input information is used exclusively for developing the model to conduct the scan

planning in this study. There are three primary steps: 1) determination of scan

coverage on the rebar, 2) determination of laser beam line equation, and 3) calculation

of the coordinates of scan points.

Figure 7-2. Input-and-output diagram of the geometrical relationship model

7.2.1.1 Determination of scan coverage on the rebar

The scan coverage on the rebar is first determined by computing the two tangent scan

points ��� �th�� (�����������) on the cross-section of the rebar. In this study, the term

‘scan coverage’ is defined as the curve-edge of the cross-section of the rebar between

the two tangent scan points. Figure 7-3 illustrates the computation of the two tangent

scan points on the cross-section of the rebar. Here, the cross-section of the rebar is

taken as an example to illustrate the determination of scan coverage. It is assumed that

the X-Z axis is set parallel to the cross-section of the rebar, while the Y axis is set

along the longitudinal direction of the rebar. Here, the line of the travelling laser

beams are defined as ����th�� going through the emitting point � (��������) of the laser

scanner and the tangent points ��� �th�� (��� ���� ����)� Based on the tangent relationship

between the line � and the cross section of the rebar with the center point of

t (�t��t��t), there are two conditions to derive the tangent point ��� �th�� (��� ���� ����): 1)



110

���
��
���
�� � ��� � ������ � ������ � �� � is perpendicular to the

��t
�� � ��� � �t���� �

�t���� � �t � as presented in Eq.(1) and 2) the perpendicular distance (� ) from the

center point t (�t��t��t) to the tangent point ��� �th�� (��� ���� ����) is equal to the radius

(�) of the rebar as presented in Eq.(7-2).

Then, the coordinates of the two tangent points ��� �th�� (��� ���� ����) are derived as Eq.

(7-3) and Eq. (7-4) from Eq. (7-1) and Eq. (7-2). Note that the detailed derivation of

Eq. (7-3) and Eq. (7-4) are presented in Appendix D. Finally, the scan coverage is

acquired as the region between the two tangent points ��� �th�� (�����������).

���� �th t ( � �h × �� � �t � �h
� × �� � �h × �t) ×(1+�h

�)

���� �th t �t

���� �th t� ( � �h × �t � �� � �h
� × �t � �h × ��) ×(1+�h

�)

Where

�h t �t� �� × �t� ��

� (�� × ( �t� �� � � �t� �� � � ��)�( �t� �� � � ��)

Eq. (7-3)

� ��� � ������ � ������ � �� � � � ��� � �t���� � �t���� � �t � =0

t (��� � ��) × (��� � �t) � (��� � ��) × (��� � �t) � (��� � ��) × (��� � �t) t �

Eq. (7-1)

� t ��� t (�t � ���)� � (�t � ���)� � (�t � ���)�

Eq. (7-2)
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���� �t� t ( � �� × �� � �t � ��
� × �� � �� × �t)×(1+��

�)

���� �t� t �t

���� �t� t� ( � �� × �t � �� � ��
� × �t � �� × ��)×(1+��

�)

Where

�h t �t� �� × �t� �� � (�� × ( �t� �� � � �t� �� � � ��)�( �t� �� � � ��)

Eq. (7-4)

Figure 7-3. Scan coverage computation using the two tangent scan points on the cross-section of

the rebar

As for the rebar installed in the bottom layer, occlusion problems may occur due to

the existence of the upper rebar layer. Figure 7-4 shows the scan coverage

computation in the case of occlusions on the lower rebar layer due to the upper rebar

layer. In this case, the tangent point ���� �t� (���� ����������) on the lower rebar layer

cannot be acquired due to the occlusion issue. To tackle this issue, the boundary point

�� (������� ����) is calculated to determine the scan coverage on the bottom layer. First,

Line ����th that travels from the emitting point � (��������) of the laser scanner and the

tangent point ��� �th (��� ���� ����) of the upper rebar layer is calculated. Then, the

boundary point �� (� �� ���� ����) is acquired as the intersection point of the Line �� and

as the cross section of the bottom rebar. Finally, the scan coverage is determined as
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the region between the tangent point ���� �th (���� ����������) and the boundary point

�� (� ������ ����).

Figure 7-4. Scan coverage computation in the existence of occlusions on the lower rebar due to the
upper rebar

7.2.1.2 Determination of laser beam line equation

Once the scan coverage range and the two tangent points are obtained, numerous line

equations of laser beams emitted from the scanner towards the rebar are computed.

Figure 7-5 shows the computation of the laser beam line equation. The details are

presented as the following three steps.

Step 1 - Creation of auxiliary plane � above the rebar: First, an auxiliary plane �

which is parallel to the X-Y axis is created. Note that the plane � is located above the

rebar with a certain distance of �t from the rebar center t (�t��t��t), so the equation

of the plane � can be determined as Eq. (7-5). Also note that the width (�� ) and

length (�� ) of the plane � are set larger than the radius (�) and the length (�) of the

rebar to fully cover the rebar.

Step 2 - Generation of the scan points on the auxiliary plane �: This step aims to

generate scan points on the created plane �� Given the emitting point � (��������) of

the laser scanner and a target point ��(��� ���� ����) located on the plane � , the

horizontal point-to-point distance (h�� ) and vertical point-to-point distance (h�� ) next



113

to the target point ��(��� ���� ����) are determined as Eq. (7-6) and Eq. (7-7) . Here, ��

and �� are the horizontal and vertical angular resolution, respectively. Note that ��

is assumed to be equal to �� based on the nature of laser scanners. Using this

approach, the coordinates of scan points ��(�����������) located on the plane � are

computed and generated along both horizontal and vertical directions with the starting

point. Note that the left bottom corner point of the plane � is selected as the starting

point.

Step 3 - Determination of laser beam line equation: This step aims to determine the

line equations of the laser beams emitted towards the rebar based on the generated

scan points ��(��� ���� ����) on the plane �� The line equation is determined using the

coordinates of the generated scan points ��(�����������) on the plane as Eq. (7-8).

Therefore, as there are numerous simulated points, the corresponding equations of

laser beams reached on the auxiliary plane � are created. Then, the scan points

��(������� ����) located on the rebar can be simulated as the intersection points of the

laser beams and the rebar.

Plane �: � t �t � � Eq. (7-5)

h�� t
������

� � ������
� � ������

�
× ��

������
� � ������

�

Eq. (7-6)

h�� t
������

� � ������
� � ������

�
× ��

������
� � ������

�

Eq. (7-7)

line �:
����
������

t ����
������

t ����
������

Eq. (7-8)
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7.2.1.3 Calculation of the coordinates of scan points on the rebar

This step aims to calculate the coordinates of scan points falling onto the rebar within

the determined scan coverage. Figure 7-6 shows the scan points ��(������� ����)

located on the rebar in 3D view. When the laser beam �� that goes through the

emitting point � of the laser scanner and �� on the plane � emits towards the rebar,

the scan point ��(������� ����) is located on the rebar as the intersection point of laser

beam �� and rebar. Figure 7-7 shows the calculation of the coordinates of scan points

��(������� ����) located on the rebar in the projected view. In order to compute

��(������� ����), the rebar is first projected into the front cross-section of the rebar (X-Z

axis) in 2D view as shown in Figure 7-7(a) to determine the X and Z coordinates of

the scan point. After acquiring the X and Z coordinates of scan points in the X-Z axis

cross-section view, the Y coordinate of the scan point is determined in 2D view by

projecting the rebar into the Y-Z axis as shown in Figure 7-7(b). A detailed

explanation is presented as follows.

Figure 7-5. Computation of laser beam line equation.
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Figure 7-6. Scan points ��(��� ���� ����) located on the rebar in 3D view

(a) (b)

Figure 7-7. Calculation of the coordinates of scan points located on the rebar in projected view: (a)
Determination of the X and Z coordinates of scan points in X-Z axis view and (b) Determination of

the Y coordinate of scan points in the Y-Z axis view.

Step1: Determination of scan points on the cross-section (X-Y axis) of rebar: The

valid scan coverage range of laser beam is first determined by connecting the emitting

point � of the laser scanner and two tangents scan points ��� �th��. Then, the laser beams

which are located beyond the valid scan coverage range of the rebar surface are

eliminated. Next, the equation of the travelling laser beam ���� going through the

point ��(�������) on the plane � and the emitting point � (�����) of the laser scanner in

the 2D view is presented in Eq. (7-9). Therefore, the point ��(��� ����) is acquired as
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the intersection point of line ���� and the cross section of the rebar. Note that the

equation of the cross section of the rebar with the center of t (�t��t) is presented as

Eq. (7-10). Finally, two coordinates �� and ��
� are derived from the Eq. (7-9) and Eq.

(7-10) since there are two intersection points of line ���� and the cross section of the

rebar. Note that the details for calculation of �� and ��
� are in Appendix E. The

derived scan points whose Z coordinates are larger are determined as scan points

located on the cross section because the scan point whose Z coordinate is lower is not

able to be scanned from the laser scanner.

line ����:
����
������

t ����
������

Eq. (7-9)

(�t � ���)
� � (�t � ���)

� t �� Eq. (7-10)

Step 2: Determination of scan points on the longitudinal (Y axis) direction of the

rebar:After acquiring the X and Z coordinates of scan points �� as explained in Step

1, the Y coordinates of scan points are determined in 2D view by projecting the rebar

into Y -Z axis as shown in Figure 7-7(b). Then, the travelling laser beam ���� going

through the point ��(�������) on the plane � and the emitting point � (�����) of laser

scanner in the 2D view is presented in Eq. (7-11). Next, taking the Z coordinate of the

scan point �� into the equation ���� , the y coordinate ��� of �� is acquired as Eq.

(7-12). Finally, for each laser beam within the valid scan range, all the 3D coordinates

of the scan points located on the rebar are determined in a similar manner.

line ����:
����
������

t ����
������

Eq. (7-11)

��� t
(��� � ��) × (�� � ���)

�� � ���
� ��

Eq. (7-12)
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7.2.2 Tunning of scan points on the rebar

7.2.2.1 Elimination of occlusion area in the simulated lower layer rebar

This step aims to eliminate scan points in occlusion areas in the lower rebar layer.

Figure 7-8 (a) shows the occlusion problem in the lower (longitudinal) rebar layer

where the transversal rebars are located above the longitudinal rebar layer. In this case,

the transversal rebars will cause occlusion at the connection area between the

longitudinal rebars and the transversal rebars. Therefore, elimination of the scan

points within the occlusion area on the longitudinal rebars is necessary for the

simulation process. To do this, the occlusion area is determined. Figure 7-8 (b) shows

the determination of occlusion area in the projected view of the rebar. Once acquiring

the tangent points of the rebar in the above layer, the lines ��� are determined as the

line going through the emitting points � (��������) and the tangent

points ��� �th�� (�����������) . Then, the boundary points t�� �th�� (�t� ��t���t�) of the

occlusion area are calculated as the intersection points of the Line ��� and the cross

section of the rebar. Finally, the scan points falling onto the occlusion area of the

lower rebars (the longitudinal in this study) are eliminated.

(a) (b)

Figure 7-8. Determination of the occlusion on the lower rebars at the connection area (a) the occlusion
problem in the lower (longitudinal) rebar layer where the transversal rebars are located above the
longitudinal rebar layer and (b) determination of occlusion area in the projected view of the rebar.
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7.2.2.2 Generation of measurement noise

This step aims to generate measurement noise for each scan point simulated on the

rebar. The measurement instrument has a range error of �� Note that the ranging error

is defined as a systematic measurement error at around 10 m and 25 m. The

measurement noise is required to be generated by simulating the systematic error of

scan points to increase the reliability of the simulation process. It is assumed that the

distance deviation � for each simulated scan point ��(������� ����) compiles Gaussian

Distribution (Davenport & Root, 1958) with mean ( � ) of 0 and variance (�� ) as

shown in Figure 7-9 (a). Note that the variance (��) is same as the range error � of the

laser scanner. For each scan point ��(��� ��������), it is not located at the position as it is

simulated but randomly located at the spherical surface with the center of the

simulated scan points ��(�����������) and radius of �. In this way, measurement errors

are generated on each simulated scan point ��(������� ����) and scan points are updated

as ���(� ��� �� ��� �� ���) as shown in Figure 7-9(b).

(a) (b)
Figure 7-9. Generation of measurement noise: (a) Distance deviation � that compiles Gaussian

Distribution and (b) Generation of measurement noise on simulated scan points.

7.2.3 Determination of laser scanner location

Once the scan points on the rebar layout are simulated, the optimal laser scanner
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location is determined based on the following three steps: 1) generation of potential

laser scanner locations, 2) simulation of scan points on rebar layout, and 3)

determination of the optimal laser scanner location.

Step 1: Generation of potential laser scanner locations: A set of potential mirror

locations are generated above the rebar. Figure 7-10 shows the generation of potential

laser scanner locations above the rebar. Here, 3D grids with a user-defined resolution

are created, and the intersection points are considered as potential laser scanner

locations �� (������� ����) . In this study, dense 3D grid will generate a large number of

potential laser scanner locations, which are likely to result in higher performing laser

scanner locations. Therefore, it is suggested to select as dense as 3D grid within the

expected computation cost.

Step 2: Simulation of scan points on rebar layout: For each of potential laser

scanner location, scan points on rebar are simulated using the mathematical model

among the laser scanner location and rebar layout as outlined above.

Step 3: Determination of the optimal laser scanner location: For each potential

laser scanner location, the rebar diameter prediction is conducted using a

density-based machine learning algorithm (Kim et al., 2020). Here, the prediction

accuracy for each potential laser scanner �� (��� ��������) is marked as ��� (�). Finally,

the optimal laser scanner is determined as the potential laser scanner with the highest

��� (�).

Figure 7-10. Generation of potential laser scanner locations above the rebar
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7.3 Experimental validation

7.3.1 Validation of geometrical relationship model

To verify the geometrical relationship model, validation tests were conducted on a

realistic rebar cage. Figure 7-11 shows the rebar layout and test configuration for the

validation tests in 3D view. The specimen was manufactured with the dimensions of

2400 mm (length) × 900 mm (width) × 160 mm (height). The rebar specimen is

composed of two layers including the top and bottom layers with 8 different rebar

diameters from D10 to D40. For each layer, there are 6 and 8 rebars in the

longitudinal and transversal directions, respectively. In the specimen, C-shape rebars

were used to connect the top and bottom rebar layers. For data acquisition, a

phase-shift TLS, FARO M70 with a range measurement accuracy of ±3 mm at 20 m,

was used and an angular

resolution of 0.018° was employed for the tests.

.

(a) (b)

Figure 7-11. Test configuration for the validation of the geometrical relationship model and the scan

planning: (a) The as-designed model in 3D view; and (b) A photo of the rebar specimen with the

dimensions of 2400 mm (length) × 900 mm (width) × 160 mm (height).
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(a) (b)
Figure 7-12. Generation of position candidates and selected five laser scanner locations used for
validating the geometrical relationship model: (a) Generation of potential laser scanner location

candidates in 3D grid and (b) Selected five laser scanner locations in 2D view.

The effectiveness of the geometrical model was first verified by generating numerous

candidates for the laser scanner position. Figure 7-12(a) shows a set of 3D grids with

a resolution of 0.5 m (length) �0.5 m (width) � 0.2 m (height), which was created in

an area of (6.5 m � 3.0 m � 0.6 m) near the specimen, resulting in the generation of

304 laser scanner positions. Among those locations, 7 positions were selected and

used for the model validation to compare the simulated scan points with the collected

scan points. Here, those 7 locations, ��� �th�7 , were selected as those locations have

different rebar diameter prediction accuracies from the highest one (89.3% at P1) to

the lowest one (49.5% at P4) with an interval of around 10% as presented in Figure

7-12(b). The validation was performed based on the two metrics including 1) scan

density, and 2) scan coverage on the rebar surface. Figure 7-13 shows an example of

point cloud data of the simulation and the experiment at P1. In the figure, the scan

coverage of scan points on the rebar is defined as the center angle (� ) in the cross

section. The details of comparison are shown in Table 7-1 regarding the scan density

and the scan coverage. In the table, the scan density is defined as the number of scan

points falling in the unit area of cm2 on the rebar. The results show that the similarity

between the simulated and collected scan points are 85.2% and 95.8% for the scan

density and scan coverage, respectively, proving the effectiveness of the geometrical

model. One phenomenon was found that the relatively low similarity in the scan

density is attributed to the fact that the actual rebar cage usually contains numerous

noisy data due to mixed pixels (Tang et al., 2009). Thus, unwanted noisy data were
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eliminated during the data pre-processing step. Additionally, C-shape rebars

positioned at the connection area between the upper and bottom layers are another

contributor to the generation of outliers.

(a) (b)

Figure 7-13. Point cloud data obtained at the position P1: (a) Simulation using the geometrical model;
and (b) Experiment

Table 7-1. Comparison of scan density and scan coverage between the simulated and collected scan
points

Position Scan density (pts/cm2) Scan coverage (°)

Simulation Experiment Similarity
(%)

Simulation Experiment Similarity
(%)

P1 174.6 194.4 90.0 178.7 176.8 98.9
P2 90.3 110.6 81.6 178.8 172.3 86.4
P3 86.6 100.1 86.5 178.9 170.5 95.3
P4 40.4 55.7 88.4 178.6 171.4 96.0
P5 29.3 35.9 81.6 178.8 169.4 94.7
P6 24.3 28.8 84.3 179.4 170.1 94.8
P7 27.1 32.3 83.9 178.2 168.4 94.5
Ave. 67.5 78.3 85.2 178.8 171.2 95.8
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7.3.2 Validation of the scan planning method

This section presents the validation results of the scan planning method. For the

validation, comparison tests between the simulation and the experiment were

performed to identify whether the determined optimal laser scanner location coming

from the simulation complies with the result of the experiment. Note that the

simulation is performed using the geometrical model as developed in Section 7.2.1.

The 7 laser scanner locations, ��� �th�7, were used for the comparison.

Table 7-2 and Figure 7-14 show the details of the comparison tests at the 7 laser

scanner locations. There are two different results to evaluate scan planning method for

rebar diameter estimation: 1) rebar-level accuracy and 2) slice-level accuracy. The

slice-level depicts the instance level of classification for rebar diameter, so if each

rebar is split into 8 slices, 8 prediction results are obtained. Meanwhile, the rebar-level

indicates a one result of rebar diameter classification for each rebar, since the final

classified diameter for a rebar is determined as the mode of classification results at the

slice-level. Specifically, if 5 D20 prediction results are obtained out of 8 sliced rebar

instances, D20 is determined as the final rebar-level diameter. The details of how each

rebar can be sliced are presented in (Kim et al., 2020). It is observed that the P5

achieves better rebar diameter prediction than P4 in rebar level, although P5 has worse

performance than P4 in slice level. This may be attributed to the fact that the

discrepancy on P5 in slice level is concentrated on same rebar, resulting in better rebar

diameter prediction in rebar level.

Overall, a 94.7% and 97.3% average similarity between the simulation and the

experiment on average for rebar level and slice level were obtained. Note that the

average similarity is calculated as the mean similarity of the selected five locations. In

addition, a strong positive correlation between the simulated and experiment scan

points is observed, proving the effectiveness of the developed scan planning method.

Specifically, there are two main findings. First, the rebar-level rebar prediction

accuracy shows a better performance overall than that of the slice-level. This is
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because in contrast to the method of slice-level prediction accuracy, the rebar level

one uses the rebar diameter as the mode of rebar diameters predicted at slice level.

Second, as shown in Table 7-1, rebar diameter prediction accuracy of the large-size

rebar group (D25-D40) is much higher than the small-size rebar diameter cases

(D10-D20) due to the large number of scan points falling on the surface of the

large-size rebars.
Table 7-2. Comparison results of rebar diameter prediction accuracy between the simulation and the

experiment at the five laser scanner locations
Position Object Rebar level Slice (Instance) level

Simulation Experiment Similarity Simulation Experiment Similarity

P1

(1.0m,

1.0m,

1.2 m)

D40-D25 100% 100% 100.0% 100% 92.8% 92.8%

D20-D10 95.4% 95.4% 100.0% 84.0% 85.7% 98.0%

Total rebar 96.4% 96.4% 100.0% 89.3% 87.3%， 97.7%

P2

(2.0m,

1.0m,

1.2 m)

D40-D25 100% 100% 100.0% 100% 94.4% 94.4%

D20-D10 86.3% 81.8% 94.8% 76.3% 79.8% 95.6%

Total rebar 89.2% 85.7% 96.1% 84.2% 84.7% 99.4%

P3

(-0.5m,

1.0m,

1.4m)

D40-D25 100% 100% 100.0% 100% 93.7% 93.7%

D20-D10 77.2% 72.7% 94.2% 69.4% 69.4% 100.0%

Total rebar 82.1% 78.5% 95.6% 79.6% 77.5% 97.4%

P4

(-1.5m,

1.0m,

1.4m)

D40-D25 100% 100% 100.0% 93.0% 90.2% 97.0%

D20-D10 77.2% 77.2% 100.0% 68.7% 68.0% 99.0%

Total rebar 82.1% 82.1% 100.0% 76.8% 75.4% 98.2%

P5

(4.5

m,1.5 m,

1.4m)

D40-D25 100% 100% 100.0% 86.1% 79.1% 91.9%

D20-D10 81.8% 68.2% 83.4% 63.9% 64.9% 98.5%

Total rebar 85.7% 75.0% 87.5% 71.2% 69.6% 97.8%

P6

(4.5m,

2m,

1.6m)

D40-D25 100% 83.3% 83.3% 89.6% 86.8% 96.9%

D20-D10 45.5% 59.1% 77.0% 45.1% 45.1% 100.0%

Total rebar 57.1% 64.3% 88.8% 60.0% 59.0% 98.3%

P7

(-2 m,

2m,

1.6m)

D40-D25 100% 83.3% 83.3% 69.4% 70.8% 98.0%

D20-D10 63.6% 63.6% 100.0% 39.6% 44.8% 88.4%

Total rebar 71.4% 75.0% 95.2% 49.5% 53.4% 92.7%

Ave. D40-D25 87.2% 84.4% 93.9% 79.3% 77.1% 97.1%

D20-D10 75.3% 74.0% 92.8% 63.9% 65.4% 97.1%

Total rebar 80.6% 79.6% 94.7% 72.9% 69.9% 97.3%
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(a) (b)

Figure 7-14. Comparison of rebar prediction accuracy between the simulation and the experiment at
different levels: (a) rebar-level and (b) slice-level

7.4 Discussions

Further studies were performed in three aspects to provide better insights of the

proposed method, including (1) influence of scan density and scan coverage on rebar

diameter prediction; (2) scan area estimation for accurate rebar inspection, and (3)

correlation between rebar spacing estimation and rebar diameter prediction.

7.4.1 Influence of scan density and scan coverage on rebar diameter

prediction

It was clearly observed in Section 4 that the rebar diameter prediction results vary

with different scan density and scan coverage. In this section, the effects of scan

density and scan coverage on the rebar diameter prediction are investigated to

determine the reasons behind the phenomenon. Figure 7-15 shows the effects of both

the scan coverage and scan density on the rebar prediction results of the large rebar

size group (D25-D40) and the small rebar size group (D10-D20) from simulated scan

points, respectively. For the small size rebar (D10-D20), a scan coverage of 175o and

scan density of more than 20 pts/cm2 is necessary to achieve an accuracy of over 80%.

For the large size rebar (D25-D40), rebar diameter prediction of more than 80% is

achieved under a scan coverage of 175o and the scan density of 0-10 pts/cm2. The

reason is that small size rebars always have smaller and unclear rebar cross sections

compared to the large size rebars, providing a more robust prediction accuracy.
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Therefore, it can be concluded that both the factors of scan coverage and scan density

are important to guarantee an accurate rebar diameter prediction.

Specifically, large values of scan coverage and scan density result in a high rebar

prediction accuracy. For example, the optimal laser scanner location ‘P1’ with the scan

coverage of 176.8° and the scan density of 194.4 pts/cm2 achieves a rebar prediction

accuracy of 89.3 % in the slice level. This is attributed to the reason that feature

values of rebar diameters used are closer to the actual rebar diameters when having

large scan coverage and high scan density, so a clear separation is made for the

machine learning algorithm (Kim et al., 2021) in the feature space. In contrast, the

positions ‘P4’ and ‘P5’ provide a poor rebar diameter prediction accuracy of 45.1%

and 44.8% respectively in the slice level due to the lower scan density of less than 30

pts/cm2. In summary, the proposed method can ensure high scan density and scan

coverage using simulated scan points on rebar surfaces to result in robust accurate

rebar diameter prediction.

7.4.2 Scan area estimation for accurate rebar diameter prediction

This section investigates the maximum scan area that can be reliably covered by the

proposed method. Here, the reliable accuracy is defined as 80% from the simulation

results. As stated in Section 7.2, the scan coverage is determined as the region

between the tangent points on the cross section of the rebar, which is consistent along

the rebar with respect to the determined laser scanner location. Thus, the scan density

(a) (b)

Figure 7-15. Effects of scan density and scan coverage on prediction accuracy of rebar diameter from
the simulation results: (a) large-diameter group (D25-D40); and (2) small-diameter group (D10-D20)
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is the only parameter that influences the rebar inspection accuracy after determining

the optimal laser scanner location. Based on this reason, the maximum scan area

meeting the required accuracy of 80% can be computed. It was found that a scan

density of 20 pts/cm2 was necessary to guarantee rebar diameter prediction over 80%

for both the large diameter group and the small diameter group. When taking the

longitudinal rebar as an example to illustrate the computation of the maximum scan

area, the largest longitudinal length of the rebar was estimated as 3.74 m at the

optimal location (P1) of the laser scanner. Note that the extended lengths of 0.87 m

and 0.47 m for the left and right sides were covered when using the proposed method.

In a similar manner, the largest rebar length on the transversal direction was computed

as 5.32 m with an extended length of 3.66 m and 0.76 m for the top and bottom sides.

In addition, one insight obtained in this discussion is that the rebar diameter prediction

is accurate as long as the rebar is not disconnected because the diameter is same along

the entire rebar length. Therefore, the maximum length that can be predicted using the

proposed method is lengthened with respect to the rebar length. In summary, the

maximum scan coverage area for rebar inspection can be determined using the

proposed scan planning method for the applications to large-scale rebar layout

inspection.
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7.4.3 Correlation between rebar spacing estimation and rebar

diameter prediction

This section further investigates the correlation between the rebar spacing estimation

and the rebar diameter prediction because rebar spacing is also an important item for

the rebar layout inspection of reinforced concrete structures. To this end, a

comparison was conducted based on the simulated data. Here, the rebar spacing

between adjacent rebars is predicted using the method proposed by Kim et al. 2020

(Kim et al., 2021) . Figure 7-17 shows the correlation results between the rebar

spacing estimation error and the rebar diameter prediction accuracy at the selected 5

laser scanner locations. It is also noted that the estimation error of the rebar spacing is

regarded as the discrepancy between the predicted rebar spacing by the algorithm

(Kim et al., 2021) and the manually measured spacing that is regarded as the

(a) (b)

Figure 7-16. Maximum scan area covered by the proposed scan planning method: (a) Description of the
consistency of scan coverage along the entire rebar length from the determined laser scanner location;

and (b) Computation of the maximum scan area to meet the accuracy over 80%.
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ground-truth.

It shows that as rebar diameter prediction accuracy increases from P5 (49.5%) to P1

(89.3%), the corresponding rebar spacing error decreases from 12.6 mm to 1.2 mm.

The negative correlation between the two metrics comes from the fact that a predicted

rebar diameter is required as the input parameter to implement the RANSAC

algorithm for calculating the rebar spacing. The better the rebar prediction accuracy

obtained; the lesser rebar spacing error is achieved. From these observations, a high

rebar diameter prediction is essential to guarantee a robust and accurate rebar spacing

inspection. This also supports the usefulness and effectiveness of using the proposed

scan planning method to determine the optimal laser scanner location prior to actual

scanning. To summarize, the proposed scan planning method enables an accurate

rebar inspection in terms of both rebar diameter prediction and rebar spacing

estimation.

Figure 7-17. Comparison between the rebar spacing estimation error and rebar diameter prediction
accuracy for the selected 5 locations

7.5. Chapter Summary

This chapter proposes a novel laser scanning based scan planning approach to
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determine the optimal laser scanner location for accurate rebar diameter prediction.

First, a geometrical relationship model that simulates the coordinates of scan points

located on the rebar layers is developed. Second, a novel scan planning approach is

proposed to determine the optimal laser scanner location for accurate estimation of

rebar diameter. Then, the validation experiment was conducted on a lab-scale

reinforced rebar layout to validate the geometrical relationship model. The proposed

technique’s experimental results were more than 90% similar to those of the

simulation, which proves the correctness of the developed geometrical relationship

model. To further investigate the feasibility of the proposed scan planning method, a

validation experiment was performed to determine laser scanner location for rebar

diameter prediction. The determined laser scanner location using the proposed scan

planning method provides rebar diameter prediction accuracy of 89.3% for rebar

diameter D10-D40, demonstrating the great potential for the application of the

proposed technique in the manufacturing and construction stage. Specifically, the

small rebar size of D20-D10 achieves the rebar prediction accuracy of 85.7 % in slice

level, resulting in significant improvement with respect to the previous study. The key

contributions of the study are 1) the proposed study develops the geometrical

relationship model between the laser scanner location and rebar layout to simulate

scan points located on rebar layouts; and 2) a novel scan planning method is

developed to determine the optimal laser scanner location to guarantee accurate rebar

diameter prediction.

However, limitations remain to be addressed in future studies. First, the test specimen

used in this study is a lab-scale target with two rebar layers. Further studies that

incorporate more large-scale or full-scale targets re necessary to investigate the

feasibility of the proposed technique. Second, the consideration of maximum scan

coverage for large-scale rebar layout inspection requires further research. Third, the

time consumption can be further investigated for scan configuration generation.
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Chapter 8: Conclusions and Future Works

8.1 Conclusions

The worldwide research on point cloud data generation is promoted by construction

components for the purpose of capturing and updating the as-is conditions. In order to

get a complete 3D reconstruction model, a registration process is inevitably necessary

to merge different sets of point cloud data acquired at multiple scanning locations.

However, the multiple scans and targets required for small-scale 3D reconstruction are

time-consuming, labour-intensive, and generate registration errors because of

imperfections in the scan-merging process. To tackle the limitations, this thesis aims

to develop a new approach for mirror-aided point cloud data generation using flat

mirror and simulated-based scan planning method.

For mirror-aided data acquisition technique, registration-free GQI technique that is

capable of scanning invisible side surfaces of planar-type elements from the terrestrial

laser scanner using flat mirrors is first developed. To address the limitation of

large-scale mirrors that are fragile and take large space, registration-free data

acquisition technique using rotating mirror is further proposed. The working principle

is illustrated through the development of a geometrical model to define the

relationship between the laser scanner, mirrors, and target structure. Furthermore, a

new method that employs flat mirrors to increase the measurement range with

acceptable measurement accuracy and make possible the scanning of occluded areas

even when the laser scanner is out of sight is presented for surface flatness

measurement.

For the simulation-based scan planning method, a scan planning method is developed

to determine the optimal laser scanner location, mirror location and mirror positions

for rotating mirror-aided registration-free method. In addition, simulation-based scan

planning to determine optimal laser scanner for accurate and efficient rebar diameter
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classification is developed.

A series of lab-scale experiments are conducted to demonstrate the feasibility of the

proposed mirror-aided data acquisition technique and simulation-based scan planning.

The validation results show that the proposed technique facilitates efficient and

accurate registration-free 3D point cloud generation without changing the laser

scanner location, demonstrating its potential in the construction industry. The

simulation results on the scan planning method showed that the proposed technique

facilitates the determination of the scan configurations for point cloud data acquisition.

Therefore, the mirror-aided point cloud data generation technique and

simulated-based scan planning method have great potential for efficient point cloud

data acquisition in the construction industry.

8.2 Research contributions

The research contributions of the thesis are illustrated as follows;

(1) The development of registration-free mirror-aided data acquisition technique

This research uses flat mirrors in order to scan invisible surfaces of a PC element

from the laser scanner and thus allow for entire surface GQI of the PC element in a

single scan. The development of a registration-free GQI technique of planar-type

fabricated elements using flat mirrors is proposed for the first time. To address the

limitation of large-scale mirrors that are fragile and take large space, a

registration-free point-cloud-data-acquisition technique for the 3D reconstruction of

small-scale construction components and interior rooms using rotating mirror is

further proposed. The proposed technique uses flat mirrors that can rotate both

horizontally and vertically to scan the side surfaces of the target structure. Thus, data

for the entire surface of the target structure can be acquired without registration,

which prevents registration errors and reduces scanning time. Therefore, the proposed

registration-free mirror-aided has potential to be applied in the construction industry

for efficient and accurate data acquisition.
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(2) The development of mirror-aided surface flatness inspection technique

This thesis proposes a new method that employs flat mirrors to increase the

measurement range with acceptable measurement accuracy and make possible the

scanning of occluded areas even when the laser scanner is out of sight. Based on the

proposed surface flatness measurement approach, two hypotheses associated with the

increasement of the scan coverage range and flatness measurement even in occluded

areas are proposed. First, the mirror-aided surface flatness inspection can adjust the

incident angles of laser scanner beams based on the mirror reflection principle to

increase the measurement accuracy for scanning area with long range. In addition, the

mirror-aided surface flatness approach can change the laser beam direction to enable

the scanning of occluded areas even when the laser scanner is out of sight.

Therefore, the mirror-aided method has the pontifical for efficient and accurate

inspection of construction surfaces.

(3) The development of scan planning for registration-free data acquisition technique

This research proposes a scan planning method for rotating mirror-aided

registration-free method. The optimal positions of the laser scanner and mirrors, as

well as the optimal mirror sizes, are determined to guarantee accurate and efficient

data acquisition. Therefore, the proposed scan planning can generate efficient and

accurate scan configuration for the proposed mirror-aided data acquisition method.

(4) The development of simulation-based scan planning for rebar diameter

classification

This research first proposes the geometrical relationship model between the laser

scanner location and rebar layout to simulate scan points located on rebar layouts.

Then, a novel scan planning method is developed to determine the optimal laser

scanner location for rebar diameter prediction. The simulation-based scan planning

method has the potential to guarantee accurate and efficient rebar inspection.
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8.3 Limitations and Future Work

First, the test specimen used in this thesis for mirror-aided technique is a lab-scale one,

so further study is necessary in order to investigate the applicability of the proposed

technique to large-scale or full-scale elements.

Second, the target used in this study is limited to construction components having a

relatively simple geometry, thus application to more various prefabricated

components are needed.

Third, regarding the difficulty in finding the right place for placing the rotating

mirrors in the dynamic and clustered environment, this study assumes that the space

to be scanned is clean and spacious enough to place the rotating mirrors. Therefore,

further investigation on the real applicability of dynamic and clustered scenarios such

as construction sites and industrial plants can be a future direction.

Finally, this thesis determines the laser scanner location, mirror location, and mirror

size via two separate steps for the mirror-aided data acquisition technique. Hence, the

mutual influence between these three parameters should be further investigated, to

improve the efficiency of the proposed method.
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Appendices

Appendix A

The details for proofing Eq. (4-5) is illustrated as follows. Here note that � (��������)

is the emitting point of the laser scanner �� ��� � ����� � is the normal vector of the

mirror and � (��������) is the center point of the mirror. Based on Eq. (4-3), 3D

coordinates of symmetric emitting point �� (��
� ���

� � ��
� ) can be expressed as:

��� t �� � ��
��� t �� � ��
��� t �� � �� (A.1)

Then, the Eq. (4-4) can be simplified as:

�(�� � ��) � �(�� � ��) � �(�� � ��) t
�(��� � ��) � �(��� � ��) � �(��� � ��) (A.2)

From the Eq. (A.2), the following two equations can be acquired as Eq. (A.3) and Eq.

(A.4):

�(�� � ��) � �(�� � ��) � �(�� � ��) t
�(��� � ��) � �(��� � ��) � �(��� � ��) (A.3)

�(�� � ��) � �(�� � ��) � �(�� � ��) t
� (�(��� � ��) � �(��� � ��) � �(��� � ��) (A.4)

By substituting the ���� ��� and ��� in Eq. (A.3) and Eq. (A.4) using Eq. (A.2), it

yields:

�(�� � ��) � �(�� � ��) � �(�� � ��) t
�(�� � �� � ��) � �(�� � �� � ��) � �(�� � �� � ��) (A.5)

�(�� � ��) � �(�� � ��) � �(�� � ��) t
� (�(�� � �� � ��) � �(�� � �� � ��) � �(�� � �� � ��)) (A.6)
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From the Eq. (A.5) and Eq. (A.6), � is deduced as Eq. (A.7) and Eq. (A.8):

� t � (A.7)

� t �
�(�� � ��) � �(�� � ��) � �(�� � ��)

�� � �� � �� (A.8)

If � t � , ��(��
� � ��

� � ���) is equal to � (��������) from the deduction using Eq. (A.1).

However, the point �� and � are symmetric with respect to the mirror. Therefore, the

coordinate of �� deduced using � t � is not reasonable.

With this regard, �� (��
� ���

� � ��
� ) is derived in Eq. (A.9) using Eq.(A.8) and Eq.(A.1).

��
� t �� � ��

�(�� � ��) � �(�� � ��) � �(�� � ��)
�� � �� � ��

��
� t �� � ��

�(�� � ��) � �(�� � ��) � �(�� � ��)
�� � �� � ��

��
� t �� � ��

�(�� � ��) � �(�� � ��) � �(�� � ��)
�� � �� � ��

(A.9)

Appendix B

The details for proofing Eq. (4-8) are illustrated as follows. Here, note that

��� �th�� ����������� is the mirror corner points, �� (��
� ���

� � ��
� ) is the symmetric

emitting point, �� �� � �������� � is the normal vector of the hidden surface and

� (��������) is the center point of the mirror

� � ���

��� � ��
� t

� � ���

��� � ��
� t

� � ���

��� � ��
� t �

(B.1)



148

Then, ������� � can be expressed as:

� t ��� � ��� � ��
� �

� t ��� � ��� � ��
� �

� t ��� � ��� � ��
� �

(B.2)

By substituting the �, � ��� � in Eq. (4-7) using Eq. (B.2), it yields:

From the Eq. (B.3), � is acquired as:

� t�
�� ��� � �� � �� ��� � �� � �� ��� � ��
�� ��� � ��

� � �� ��� � ��
� � �� ��� � ��

� (B.4)

Finally, the coordinate of four points ��� �th�� ��� ���� ���� lying on the hidden

surface is computed as follows based on the Eq. (B.1) and (B.4):

Appendix C

The details for calculating ��� are illustrated as follows.

There are three steps to calculate the point-to-point distance, which are 1)

determination of the corresponding mirror rotation angle and the mirror plane

�� ��� � ��
� �� ��� � �� � �� ��� � ��

� �� ��� � �� � �� ��� � ��
� �� ��� � �� t �

(B.3)

��� t ��� � ��� � ��
� �� ��� � �� � �� ��� � �� � �� ��� � ��
�� ��� � ��

� � �� ��� � ��
� � �� ��� � ��

� ���

��� t ��� � ��� � ��
� �� ��� � �� � �� ��� � �� � �� ��� � ��
�� ��� � ��

� � �� ��� � ��
� � �� ��� � ��

�

��� t ��� � ��� � ��
� �� ��� � �� � �� ��� � �� � �� ��� � ��
�� ��� � ��

� � �� ��� � ��
� � �� ��� � ��

�
(B.5)
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equation of the feature point, 2) computation of the scanning distance from the laser

scanner to the feature point, 3) calculation of the incident angle of the laser beam and

4) calculation of the point-to-point distance.

Step1. Determination of the corresponding mirror rotation angle and the mirror

plane equation of the feature point. After acquiring the �h�� and �h�� for the

potential mirror location and size ((�� )), the four reflected points (��� �th�� ) covering

the feature point (�) on the hidden surface are determined. Figure 10(a) shows the

determination of the four reflected points covering the feature point. Then, the

corresponding rotation angle (t ������� ]) of the four reflected point ( ��� �th�� ) is

regarded as the corresponding mirror rotation angle (t ������� ]) of the feature point

(�). Based on the corresponding mirror rotation angle(t �������]), the normal vector

(�� �� ��� � ����������� � ) of the mirror plane is updated based on the previous normal

vector (�� ��� � ����� � ) using Eq. (9) and the mirror plane equation is presented as Eq.

(C.1). Note that � �������� is the center point of the mirror.

Step 2: Computation of the scanning distance from the laser scanner to the

feature point. Based on the mirror reflection principle, the virtual feature point (��) is

symmetric with the feature point (�) with respected to the mirror plane. In addition,

the scanning distance (�h � ��) from the emitting point (�) of the laser scanner to the

feature point (� ) is equal to the distance (�h � ���) from emitting point (�) to the

virtual feature point ( ��) . Based on the principle mentioned above, the scanning

distance (�h � ��) is calculated as scanning distance (�h � ���). First, the virtual point

feature ��(�����������) is calculated as the symmetric point of feature

point � �������� with respect to the mirror plane as Eq. (C.2).

���
���
���

�
� � ��
� � ��
� � ��

t ��� � � �� � ��� � � �� � ��� � � �� t �

(C.1)
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Then, the scanning distance ( �h � ��� ) is calculated as distance from the emitting

point (�) of laser scanner to the virtual feature point (��) as Eq. (C.3).

Step 3: Calculation of the incident angle of the laser beam on the hidden surface.

First, the line (�h) going through the emitting point (�) of the laser scanner and virtual

feature point (��) is presented as Eq. (C.4).

Then, the intersection point �(��������) of the mirror surface and line ( �h ) is

calculated as Eq. (C.5). Finally, the vector of laser beam (��� ��� ) is acquired as Eq. (C.6)

and the incident angle (��) of laser beam is calculated using the vector of laser beam

(��� ��� ) and normal vector (�)� ��� of the hidden surface as Eq.(C.7).

��
� t �� � ����

���( �� � �� � ��� �� � �� � ��� �� � �� )
���� � ���� � ����

��
� t �� � ����

���( �� � �� � ��� �� � �� � ��� �� � �� )
���� � ���� � ����

��
� t �� � ����

���( �� � �� � ��� �� � �� � ��� �� � �� )
���� � ���� � ����

(C.2)

�h � ��
� t (��� � ��)� � (��� � ��)� � (��� � ��)� (C.3)

���� �’�
� � ���
��� � ��

t
� � ���
��� � ��

t
� � ���
��� � �� (C.4)

�� t ��
� � ��� � ��

� ��� � �� �� ��� � �� �� ��� � ��
� ��� � �� �� ��� � �� � � ��� � ��

�� t ��� � ��� � ��
� ��� � �� �� ��� � �� �� ��� � ��
� ��� � �� �� ��� � �� � � ��� � ��

�� t ��� � ��� � ��
� ��� � �� �� ��� � �� �� ��� � ��
� ��� � �� �� ��� � �� � � ��� � ��

(C.5)
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�� t ���th(
��� ��� � ����

��� ��� × ����
)

(C.7)

Step 4: Calculation of the point-to-point distance. After calculating the scanning

distance (�h � ��) and incident angle (��), the horizontal point-to-point distance (���)

is calculated using Eq. (C.8). Note that �� is horizontal angular resolution. Since the

horizontal angular resolution (��) is equal to vertical angular resolution (��) ,

horizontal point-to-point distance ( ���)is same as the vertical point-to-point distance

(���).

Appendix D

Since the cross section of the rebar is parallel to X-Z axis while Y axis is set along the

longitudinal direction of the rebar, the y coordinate ��� of the cross section is same as

the current y coordinate �t of the center point t (�t��t��t) as shown in Eq. (D.1)

Therefore, Eq.(7-1) and Eq.(7-2) are presented as Eq. (D.2) and Eq. (D.3) based on

Eq.(D.1).

��� t �t (D.1)

��� ��� t
�� � ��
�� � ��
�� � �� (C.6)

��� t ��� t
(�h � ��)× ��

�th �� t
(�h � ��)× ��

�th ��
(C.8)
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(��� � ��) × (��� � �t) � (��� � ��) × (��� � �t) t � (D.2)

� t ��� t (�t � ���)� � (�t � ���)�
(D.3)

Next, Eq. (D,4), Eq. (D.5), Eq. (D.6) and Eq. (D.7) can be deduced sequentially from

Eq. (D.3).

(���� �t � �t � ��) × (��� � �t) � (��� � �t � �t � ��) × (��� � �t) t � (D.4)

(���� �t) × ��� � �t � �t � �� × ��� � �t �

��� � �t × ��� � �t � (�t � ��) × ��� � �t t �

(D.5)

(���� �t)� � �t � �� × ��� � �t �

��� � �t
� � (�t � ��) × ��� � �t t �

(D.6)

��t (���� �t)� � ��� � �t
�

t� �t � �� × ��� � �t � (�t � ��) × ��� � �t

(D.7)

By simplify the Eq. (D.7), Eq. (D.8) is acquired as follows.

�� t� �t � �� × ��� � �t � (�t � ��) × ��� � �t (D.8)

Therefore, ��� can be presented as Eq. (A.9) using ���.

��� t �� �
�t � �� × ��� � �t

� (�t � ��)
� �t

(D.9)

By substituting ��� into Eq. (A.3) using Eq. (A.9), Eq. ( A.10) can be regarded as a

quadratic equation in one variable of ���
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�� t (�t � ���)
� � (�t � (

�� � �t � �� × ��� � �t
� (�t � ��)

� �t))�
(D.10)

Therefore, ��� can be solved as Eq. (D.11) and Eq. (D.12) using the Eq. (D.10).

���� �th t ( � �h × �� � �t � �h
� × �� � �h × �t) ×(1+�h

�)

Where

�h t �t� �� × �t� �� � (�� × ( �t� �� � � �t� �� � � ��)�( �t� �� � � ��)

(D.11)

���� �t� t ( � �� × �� � �t � ��
� × �� � �� × �t) ×(1+��

�)

Where

�h t �t� �� × �t� �� � (�� × ( �t� �� � � �t� �� � � ��)�( �t� �� � �

��)

(D.12)

Then, ��� can be acquired by replacing the ���� �t� in Eq. (D.11) and Eq. (D.12) using

Eq. (D.9). Combined with Eq. (D.1), the coordinates of tangent points

��� �th�� (��� ���� ����) are acquired as Eq. (D.13) and Eq. (D.14).

���� �th t ( � �h × �� � �t � �h
� × �� � �h × �t) ×(1+�h

�)

���� �th t �t

���� �th t� ( � �h × �t � �� � �h
� × �t � �h × ��) ×(1+�h

�)

Where

�h t �t� �� × �t� �� � (�� × ( �t� �� � � �t� �� � � ��)�( �t� �� � � ��)

(D.13)
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���� �t� t ( � �� × �� � �t � ��
� × �� � �� × �t) ×(1+��

�)

���� �t� t �t

���� �t� t� ( � �� × �t � �� � ��
� × �t � �� × ��) ×(1+��

�)

Where

�h t �t� �� × �t� �� � (�� × ( �t� �� � � �t� �� � � ��)�( �t� �� � � ��)

(D.14)

Appendix E

First, Eq. (7-9) can be presented as Eq. (E.1).

line ����:
����
������

t ����
������

t � (E.1)

Since ��(��� ����) is in the line ����, the Eq. (E.2) can be acquired as follows.

��� � ��
�� � ���

t
��� � ��
�� � ���

t � (E.2)

Therefore, ��� can be presented as Eq (E.3) using ���.

��� t
� �� � ��� × (�� � ���)

��� � ��
� ��

(E.3)

By substituting ��� using Eq. (E.3) into Eq. (7-10), the acquired Eq. (E.4) can be

regarded as a quadratic equation in one variable of ���.

(�t � ���)
� � (

� ������ ×(������)

������
� �� � ���)

� t �� (E.4)

Therefore, ��� can be acquired by solving Eq. (E.4) and ��� can be acquired by

substituting the acquired ��� into Eq. (E.3).
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