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Abstract 

This thesis investigates the performance and capabilities of the HCD LiDAR scanner for 

topographic surveying applications. The study employed a methodology for data 

collection, processing, and analysis using specialized software tools, including Civil 3D, 

CloudCompare. The results of the volumetric survey revealed that the HCD LiDAR 

scanner marked 0.631% of error when compared to the Leica Scan Station P20 scanner and 

0.223% when compared to Leica GS18 T GNSS RTK data, indicating a high level of 

precision and accuracy in the measurements. Additionally, the HCD LiDAR scanner 

demonstrated its ability to perform a wide range of topographic applications, including 

creating contour maps, profile views, and DEM models with custom grid size. The study 

also employed C2C and M3C2 algorithms to evaluate the accuracy of the data collected, 

with the results showing a high level of accuracy which marked a standard deviation of 

0.413 m and 0.417 m in the x and y axis coordinates respectively; and a relatively fair 

accuracy in the z axes coordinates with a standard deviation of 0.076 m in the z axes 

coordinates, as well as an overall absolute distance that indicates 90% of the data is below 

0.148m of error. This study also assessed the distance relative accuracy of the HCD LiDAR 

scans, considering both single scans and combined scans. The results showed that the 

accuracy of distances in single scans was 0.078 m, while the accuracy of distance from the 

combined scans was 0.083 m. These findings indicate the reliable connectivity of combined 

scans and encourages future research studies in covering larger area by making use of HCD 

LiDAR technology. In conclusion, the findings of this thesis have important implications 

for various applications, including land surveying, infrastructure development, and 

environmental monitoring. Furthermore, the study provides recommendations for future 

research and practical applications, including further research on the performance of the 

HCD LiDAR scanner and other emerging technologies, the development of software tools 

and applications, and ongoing training and education for practitioners and researchers. 

Overall, this thesis contributes to a better understanding of the capabilities and limitations 

of the HCD LiDAR scanner for topographic surveys, providing valuable information for 

various fields and applications. 
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1.1 INTRODUCTION 

Topographic surveys are essential for a range of applications, from civil 

engineering and urban planning to environmental monitoring and land 

management. These surveys involve the collection of precise and accurate 

data on the three-dimensional characteristics of the earth's surface, including 

elevation, slope, and features such as trees and buildings. Traditionally, 

topographic surveys have relied on techniques such as total station surveying 

or photogrammetry, which can be time-consuming and require significant 

expertise. 

However, recent advances in technology have enabled the development 

of new surveying methods that can provide faster, more accurate, and more 

efficient data collection. One such technology is the Light Detection and 

Ranging (LiDAR) sensor, which uses laser pulses to measure the distance 

between the sensor and the earth's surface. LiDAR technology has been used 

in a range of applications, including autonomous vehicles, virtual reality, and 

archaeology. 

In recent years, LiDAR sensors have been incorporated into handheld 

consumer devices such as smartphones. The HCD LiDAR sensor has the 

potential to revolutionize topographic surveying by providing a portable, 

affordable, and user-friendly tool for collecting high-quality topographic data. 

However, the accuracy and reliability of the iPhone LiDAR sensor in 

topographic surveys have not yet been fully evaluated. 
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Additionally, in Bahrain, total station surveying equipment is 

commonly used in construction sites due to the low cost of labor and excessive 

cost of geomatics technology equipment. LiDAR surveying equipment are 

expensive and high technical which may require a technician to operate and 

process data. Moreover, helicopters and drones are highly restricted by 

regulation in the gulf countries. 

Therefore, the purpose of this thesis is to assess the performance of the 

iPhone LiDAR sensor in topographic surveys. Specifically, this thesis will 

evaluate the accuracy and precision of the iPhone LiDAR sensor in 

comparison to other professional surveying equipment. The results of this 

study will provide valuable insights into the potential of the iPhone LiDAR 

sensor for topographic surveys and contribute to the ongoing development of 

innovative surveying technologies. 
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1.2 RESEARCH PROBLEM 

In Bahrain and some other GCC countries, geomatics advanced 

technologies are rarely being used in mid and small scaled construction 

projects due to the high cost of equipment and complexity of data processes 

which may require a specialized technician to operate it, and the usage of such 

technologies will add more cost to the projects. 

On the other hand, GCC government regulations have strictly restricted 

the usage of any flying objects such as drones and helicopters, which are 

normally used in most geomatics technologies. 

Moreover, the low cost of manpower in Bahrain has always kept the 

traditional surveying operations a preferred option in the first place, knowing 

that it consumes more time, effort and even it may subject the direct 

manpower to unsafe site condition such as working under the heat of sun 

during summer, working in gas omitting areas and etc. 

With that being said, it is clear that construction industry requires 

alternatives to make use of the modern technologies, thus increase the 

efficiency of construction projects.  

Therefore, the evaluation of HCD LiDAR technology may open ways 

which could serve construction industry and that would not only benefit 

Bahrain but the whole civil engineering profession all over the world.  
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1.3 RESEARCH OBJECTIVES  

The main objectives of this thesis are: 

1. To evaluate the accuracy of the HCD LiDAR scanner for volumetric 

and topographic surveys in comparison to Leica Scan Station P20 

scanner. 

2. To assess the suitability of using the HCD LiDAR scanner as a cost-

effective alternative for volumetric and topographic surveys. 

3. To identify the strengths and limitations of the HCD LiDAR scanner 

in topographic applications. 

4. To contribute to the knowledge and understanding of the capabilities 

of HCD LiDAR scanners. 
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1.4 RESEARCH QUESTIONS 

1. What is the accuracy of HCD LiDAR scanner in comparison to other 

professional surveying equipment for topographic surveys? 

2. What are the limitations and challenges of using HCD LiDAR scanners 

for large volumetric and topographic surveys? 

3. What is the best practice for performing data collection of large areas 

using HCD? 

4. Is HCD LiDAR scanner suitable for the use of topographic and 

volumetric surveys? 

 

1.5  STUDY AREA  

 

 The study area for this thesis study is in 

Sakhir area which is located in the southern part 

of the Kingdom of Bahrain (Figure 1). The area 

is characterized by desert landscapes, including 

hills and is known for camping and hiking 

activities. The study area covers approximately 

5,200 square meters (Figure 3). The target hill has 

an area of approximately 2,300 square meters and 

a height of approximately 10 meters (Figure 3). 

The study area provides a diverse and complex 

terrain for performing topographic surveys. 

Figure 1 Location of the Study 

Area; Courtesy of Google Earth 

[Google Earth] 
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Figure 3 Study Area; Courtesy of Google Earth 

Figure 2 Target Hill; Courtesy of Google Earth 
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2.1 HISTORICAL BACKGROUND 

In this section the historical background of LiDAR remote sensing that 

is considered in this study is discussed. 

2.1.1 Remote Sensing 

With a deep meditation on our mother nature, we can feel the 

inspiration of remote sensing, where our sight and hearing senses are the 

closest examples of remote sensing. By reading this report your eye detects 

the words, it is then recorded and processed by your brain which enables you 

to read this thesis report and make sense in your life. Similarly, there are some 

other exciting examples in living beings such as bats and dolphins which have 

their own natural echolocation navigation system, where they use sound 

waves to navigate in dark caves and deep oceans respectively, to detect their 

preys and locate obstacles. (Figure 4) [Bat echolocation. Science Learning 

Hub] 

 

Figure 4 Bat's echolocation in detecting its prey; Courtesy of Science Learning Hub (website) 
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The term “remote sensing” was first coined by Evelyn Pruitt of the U.S. 

Office of Naval Research in the 1950s, and the traditional aerial photography 

gradually evolved into remote sensing around 1960 (Dong & Chen 2018). 

(Sabins 1987) defined remote sensing as methods that employ 

electromagnetic energy to detect, record, and measure the characteristics of a 

target, such as the Earth’s surface.  Since the late 1960s and early 1970s many 

traditional aerial photographic systems have been replaced by airborne and 

spaceborne electro-optical and electronic sensor systems (Dong & Chen 

2018). 

This technology has been widely used in a variety of fields such as 

geology, geography, forestry and land use. One of the important advantages 

of RS is its ability to collect data on areas that are difficult to access through 

traditional means such as monitoring polar regions. 

Remote sensing systems are of two types: active and passive. Active 

remote sensing uses its own energy source to emit radiation towards the target 

object and then detects the radiation that is reflected from it, RADAR and 

LiDAR are examples of active RS. Whereas passive remote sensing detects 

and measures the reflected sun radiation, like multispectral RS and 

hyperspectral RS. (Figure 5)  

Active RS has an advantage over passive RS that it is independent from 

the availability of sunlight and weather conditions. In this research LiDAR 

technology is assessed which is a branch of active RS. 
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Figure 5 Passive and Active Remote Sensing; Courtesy of GISRSSTRIDY (website) 

[Types of Sensors. GISRSSTUDY] 

 

2.1.2 LiDAR Remote Sensing 

LiDAR (which stands for Light Detection and Ranging) is an active 

remote sensing system that calculates distances based on how long it takes for 

laser signals to travel from the light source to the target and back to the sensor. 

(Figure 2)  

Both pulsed and continuous wave lasers can be utilized; pulsed lasers 

transmit energy for relatively brief periods of time and determine distances 

based on the amplitudes of received signals; continuous wave lasers determine 

distances based on the phase difference between transmitted and received 
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signals. However, continuous wave lasers are required for areas with dense 

vegetation covers such as forests.  

A typical modern lidar acquisition begins with an aircraft equipped with 

high-precision GPS (for X, Y, Z sensor location), an IMU (for measuring the 

angular orientation of the sensor with respect to the ground), a rapidly pulsing 

(10,000 to over 100,000 pulses/sec) laser, a highly accurate clock, substantial 

onboard computer support, reliable electronics, and robust data storage. Flight 

planning for lidar acquisition requires special considerations. Flights are 

conducted using a digital flight plan without ground visibility, often at night. 

Individual flight lines are planned with sufficient overlap (30 to 50%) to 

assure that data gaps do not occur in steep terrain. (Lillesand, Kiefer & 

Chipman 2015) 

The use of LiDAR for accurate determination of terrain elevations 

began in the late 1970s, and one of the most successful early applications of 

LiDAR was the determination of accurate water depths. (Lillesand, Kiefer & 

Chipman 2015) 

2.2 PREVIOUS STUDIES 

Since the introduction of LiDAR scanner in Apple Inc. devices in 2020, 

handheld LiDAR technology has witnessed an increased interest of many 

researchers. As a result, numerous studies have been conducted to evaluate 

the accuracy of this technology in several fields. This section contains a 

comprehensive review of six previous related studies and discuss the 

outcomes and benefits gained from each.  
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In Evaluation of the Apple iPhone 12 Pro LiDAR for an Application in 

Geosciences study done by [Gregor, L., Aart, K. and Anders, A., B. 2021] and 

published in Nature Portfolio journal in 2021; This paper aims to test and 

assess the application of iPhone 12 pro LiDAR scanner for geoscientific 

research by investigating the  usability, technical capabilities, accuracy and 

precision of it in comparison to SFM MVS photogrammetry in an attempt to 

reduce the cost and complexity of technologies in geoscience applications. 

Two tests were performed in this study; the first was to scan 14 rectangular 

small objects with known dimensions to test the accuracy and precision of 

iPhone scanner for small sized objects and the second was to scan a 130 x 15 

x 10 m coastal cliff in Denmark. The scan was acquired by utilizing the ‘3D 

Scanner App’ to collect the LiDAR point cloud data. The outcome result was 

then compared to SFM MVS model using M3C2 algorithm in Cloud compare 

software to test the accuracy, while precision was measured by comparing 

several iPhone LiDAR models of the same area with each other. The results 

concluded from this study were the following: 

1. Technical capabilities of iPhone 12 pro LiDAR sensor, the study 

describes the use of a VCSEL in a flash-LiDAR system for mobile 

devices. The VCSEL emits an array of 8x8 points that is diffracted into 

3x3 grids, creating a total of 576 points. The system uses a SPAD to 

measure the direct time of flight of the laser pulses. The system has a 

maximum range of 5 meters. 

2. LiDAR sensors create accurate high-resolution models of small objects 

with a side length > 10 cm with an absolute accuracy of ± 1 cm and 3D 
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models with the dimensions of up to 130 × 15 × 10 m of a coastal cliff 

with an absolute accuracy of ± 10 cm. 

The benefits gained from this study are: 

1. The LiDAR sensor in HCD is capable of rapidly scanning topography 

of small to medium scale projects with high spatial resolution. 

2. The errors in HCD LiDAR data comes from inaccuracies of the 

iPhone’s IMU and not incorrect distance measurements. 

3. The study states that the comparison of those methods is relative but 

did not discuss the limitations and the potential sources of error of the 

SFM MVS photogrammetry. 

In Apple iPhone 13 pro LiDAR Accuracy Assessment for Engineering 

Applications study done by [P. Chase, K. Clarke, A. Hawkes, S. Jabari and J. 

Jakus 2022] and published by the Canadian Society for Civil Engineering in 

2022, The aim of this research was to evaluate the relative and absolute 

accuracies of iPhone 13 Pro LiDAR scanner using Modelar’s scanner 

application. The study was done on a 22 x 6 meters sized surveying laboratory 

room where 24 checkerboard targets were fixed all over the room at different 

heights and positions to form a control network surveyed by using Trimble S9 

Total Station equipment. Then the room was 3D scanned using both iPhone 

13 Pro LiDAR scanner and Trimble TX5 Terrestrial Laser Scanner.  The 

analysis procedure was done through Cloud Compare software to register and 

align control points to the point clouds, target points were picked by using 

point picking tool and exported to Microsoft Excel. The difference in 

distances between target points were calculated and assessed by taking the 
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RMSE to measure the overall relative accuracy of the point cloud.  Then each 

target point was compared with the coordinates produced by the TS and 

assessed by taking the RMSE to measure the overall absolute accuracy of the 

point cloud. The following results were concluded: 

1. Absolute accuracies of ± 3cm horizontally and ± 7mm vertically were 

achieved comparing TS with iPhone, where accuracies of ± 2mm 

horizontally and ± 3mm vertically were achieved comparing TS with 

TLS. 

2. Considering slope distances between targets, a relative accuracy of ± 

3cm was achieved. 

The benefits gained from this study are: 

1. With the registration and alignment features in Cloud Compare 

software, it is possible to use HCD LiDAR scanner for larger projects 

by stitching point clouds. 

2. It is clear that HCD gives better results in interior compared to exterior 

projects. 

In Accuracy Assessment of Horizontal Measurement from LiDAR 

Available in Mobile Phones study done by [N. Saba 2021] and published in 

International Journal of Engineering Research & Technology (IJERT) in 

2021. The aim of this research was to evaluate performance of LiDAR 

available in mobile phones for simple surveying works. The study was done 

on an 85 square meters small building where iphone 12 pro was used to 

measure interior 2D plans using Polycam software. The procedure involved 

measuring all building walls using both iphone Lidar scanner and Leica total 

station by getting corner coordinates. LiDAR scanned data was exported to 
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Autodesk Recap in RCP format, on the other side 2D plane was illustrated 

from total station measurements. The 2D plans were compared together and 

the following results were obtained: 

1. The root mean square error in measurements are 0.08m and 0.28m2 for 

side lengths and areas respectively, while it was 0.02m and 0.01m for 

x and y coordinates respectively. 

2. The measurement duration was 2 hours using Leica total station and 4 

minutes using mobile LiDAR scanner to scan all building walls. 

The benefits gained from this study are: 

1. Taking the accuracy and measurement duration into consideration, it is 

remarkable that horizontal measurements using mobile LiDAR scanner 

is acceptable to some extent for small applications.  

In 3D LiDAR Scanning of Urban Forest Structure Using a Consumer 

Tablet study done by [Gursel, Y., C., Christopher, J., P., Elena, A., M., and 

Mark, A., S. 2021], and published in Urban Science Journal in 2021. The aim 

of this research was to develop a low-cost alternative method for forest 

inventory measurements and characterization of forest structure using 

handheld LiDAR technology. The study was done by scanning small forest 

stands using both iPad pro LiDAR sensor and FARO Focus m70 TLS to 

estimate tree diameter at breast height (DBH) and the distance between trees. 

The procedure involved scanning in 2 different locations; the first was urban 

forest stand located in university camp, and the second was a managed 

experimental forest stand. The accuracy of the iPad pro data was compared to 

TLS and field measurement methods. 3D Forest software was used to 
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compare the DBH of the 3D trees, while the distances between the trees were 

measured and compared in CloudCompare software. The following results 

were obtained: 

1. The residual error for DBH estimation was found to be 2.4 cm in 

the urban forest stand and 1.9 cm in the managed experimental 

forest stand. 

2. The residual error for distance between trees estimation was 

found to be 0.21 m in the urban forest stand and 0.38 m in the 

managed experimental forest stand. 

The benefits gained from this study are: 

1. The research highlighted two limitations of HCD LiDAR 

scanners; the first is that tree heights could not be estimated due 

to limited scanners detection range of up to 5m, and the second 

is the difficulty of scanning areas with significant groundcover. 

2.  As a part of the research, the study investigated the accuracy of 

HCD LiDAR scanners from different ranges 1, 1.5, 2, 2.5 and 

5m from the target, the lowest residual error was recorded with 

scanning from a distance of 2m from the target, and the highest 

was from a distance of 5m from the target. 

In Application of Terrestrial Laser Scanning (TLS) in the Architecture, 

Engineering and Construction (AEC) Industry study done by [C. Wu, Y. 

Yuan, Y. Tang and B. Tian 2022] and published in Sensors journal in 2022, 

The aim of this research was to evaluate the application of Terrestrial Laser 

scanner TLS in the AEC industry on the basis of scientometric and 

quantitative analysis. A five-step literature retrieval was conducted to filter 
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publications and obtain a dataset of 647 relevant papers. The analysis 

procedure was done through a Java-based scientometric software package 

named Citespace to investigate keyword co-occurrence and co-citation as a 

reference for the analysis. The following results were concluded: 

1. It was found the topic has been receiving an increasing attention since 

2017 and the five major applications of TLS in the AEC industry were 

determined to be:  

• 3D model reconstruction. 

• Object recognition. 

• Deformation measurement. 

• Quality assessment. 

• Progress tracking. 

2. The study indicates the following future research directions related to 

the topic: 

• Cost control of hardware and software. 

• Improvement of data processing capability. 

• Automatic scan planning. 

• Integration of digital technologies. 

• Adoption of artificial intelligence. 

3. Based on the set of critical issues in applications, a general framework 

of TLS-based workflow and a functional model for scan planning was 

developed. 

The benefits gained from this study are: 
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1. Cost control of hardware and software is one of the future research 

directions which could be achieved by implementing handheld LiDAR 

sensors in the AEC field and can make the improvement of data 

processing a challenging task. 

In Accuracy Assessment of Horizontal Measurements from LiDAR 

Available in Mobile Phones study done by [Nasr .S 2021] and published in 

International Journal of Engineering Research & Technology (IJERT) in 

2021. This research aimed to evaluate the performance of LiDAR technology 

available in mobile phones in measuring the interior 2D plan of a small 

building (nearly 85 square meters). The study was done by scanning a 

building’s interior walls while moving in hand at a distance of nearly 3m far 

from the walls in Polycam software using iPhone 12 Pro Max. The same 

building was observed by a Leica TS to get wall corner coordinates. 2D plans 

was drawn from the produced point cloud from the iPhone LiDAR and Leica 

TS Coordinates; the two 2D plans were then compared to evaluate the angles, 

side lengths, areas and point coordinates. The results concluded from this 

chapter were: 

1. The RMSE for angles, side lengths and partition areas were 2.01 

degrees, 0.08 m and 0.28 m² respectively. 

2. The RMSE for the x and y coordinates were 0.02 m and 0.01 m 

respectively. 

The benefits gained from this chapter are: 
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1. The HCD LiDAR scanner was able to scan all building partitions in 4 

minutes, while the same took 2 hours using Leica TS. This reconfirms 

the time and cost savings of HCD LiDAR technology. 

2. This study showed remarkable horizontal accuracy measures proves the 

capability of HCD LiDAR scanners for indoor small sized projects.  

2.3 RESEARCH HYPOTHESES  

The literature review of this thesis highlights the capabilities of HCD 

LiDAR scanners in several engineering and non-engineering fields with 

remarkable accuracies and precisions of this technology suggesting it as a 

viable alternative to some surveying instruments. 

Taking into account the benefits gained from the previous studies to 

improve the results and scan quality in this thesis. The first finding is that 

stability in performing the scan using HCD is essential, as most accuracies are 

due to the IMU drifting errors. Another important factor that can improve the 

accuracy of HCD scans is scanning from a distance of approximately 2 meters 

from the ground which can be achieved by using a selfie stick. Additionally, 

it was noted that large areas and projects could be scanned by registering and 

stitching scans, using four targets to match each pair. 

The thesis research hypotheses focuses on and suggests that HCD 

LiDAR scanner could be a viable option for topographic surveying 

applications, as its accuracy and precision are expected to be comparable to 

those of Leica P20 scanner by incorporating these strategies. 
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Chapter 3: Methods and Procedures 
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3.1 METHODOLOGY 

The methodology employed in this thesis involved the use of specialized 

software and hardware tools for data collection, processing, and analysis. The 

research tool used in this study was a combination of software and hardware, 

where software tools were used for topographic analysis, creating contour 

maps, profile sections, and DEM models, while the hardware tools were used 

to collect point cloud data of the surveyed terrain. 

The data collection process involved a rigorous and systematic approach, 

including field surveys and data processing to generate highly accurate and 

detailed 3D models and point clouds of the scanned terrain.  

Data processing and analysis involved the use of several functions and 

algorithms, to evaluate the accuracy and reliability of the data collected. These 

algorithms were used to compare point cloud data sets, calculate volumetric 

differences, and generate detailed visualizations of the surveyed terrain.  

Overall, the methodology chapter of this thesis is divided into three other 

sections, each focusing and describing on a different aspect of the research 

methodology. 

• Research Tools 

• Data Collection 

• Data Processing and Analysis 

 



33 

 

3.2 RESEARCH TOOLS 

3.2.1 Software Tools 

To perform this study, one mobile application software tool and four 

computer software tools were used. The tools are as follows: 

1. Polycam – LiDAR & 3D Scanner Software [Polycam – LiDAR & 3D 

Scanner (2020).] 

Polycam is a 3D scanning mobile application software that was 

launched in 2020 with the release of the iPhone 12 Pro which was the 

first HCD equipped with LiDAR sensor. It has been designed to use 

both HCD camera and LiDAR scanner in order to generate high quality 

dimensionally accurate 3D scans with 1-inch accuracy. Although it is a 

free mobile application software available in the Apple Inc. mobiles 

app store; however, it requires in-app subscription to download point 

cloud data in the following formats: .dxf, .ply, .las, .xyz and .pts. 

(Polycam, 2020) Along with the mobile application Polycam Inc. 

provides the users with Polycam web facility which makes transferring 

data to the computer much easier by uploading the scans to the 

unlimited cloud storage which can be accessed shortly from the 

computer. 

2. CloudCompare Software [CloudCompare 2019] 

CloudCompare is an open-source computer software program that has 

become a valuable tool for 3D point cloud processing and visualisation. 

It has gained popularity among professionals and researchers due to its 

ease of use, flexibility and wide range of features. Furthermore, the 
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software contains advanced algorithms that allow for accurate 

registration and alignment of point clouds, as well as the creation of 3D 

models, surface reconstruction and volume calculations. Overall, it has 

been an essential tool in many researches that worked with 3D point 

cloud data. In this thesis study, CloudCompare has been used as the 

main software tool for the registration and processing of point cloud 

data obtained from HCD; additionally, it has been used for the analysis 

of all HCD data, Leica Scanstation P20 data and Leica GS18 T GNSS 

RTK Rover data. 

3. Autodesk Civil 3D Software [Civil 3D 2022] 

Civil 3D software is a powerful tool developed by Autodesk that allows 

users to design, analyze, and document civil engineering projects. The 

software is widely used by professionals in the fields of land 

development, transportation, and environmental engineering for 

designing infrastructure projects such as roads, highways, bridges, and 

drainage systems. With Civil 3D, users can create 3D models of the 

project site, generate topographical maps, and perform complex 

analyses such as earthwork calculations, gravity pipe networks, and 

terrain modeling. The software also features advanced tools for 

generating construction documentation, including plans, profiles, and 

cross-sections. Furthermore, its intuitive interface and user-friendly 

design make it easy for both experienced and novice users to navigate 

and use the software effectively. With its powerful features and 

versatility, it has become an essential tool for civil engineers and 

designers, streamlining the design and documentation process and 
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allowing for more efficient project delivery. This thesis study uses the 

1-year Autodesk student subscription to access this software which has 

been used for georeferencing data and performing earthwork analysis 

such as volume calculations, profiles and topographic maps creation. 

4. Autodesk ReCap Pro Software [Recap Pro 2022] 

ReCap Pro is a powerful software program developed by Autodesk that 

allows users to process, visualize, and analyse 3D point cloud data. 

Additionally, users can create accurate and detailed 3D models from 

scans captured using laser scanners, drones, or photogrammetry. The 

software's advanced algorithms allow for accurate registration and 

alignment of point clouds, as well as the creation of 3D models, 

visualizations, and measurements. Furthermore, the software also 

features intelligent cleanup tools that can remove unwanted objects or 

noise from the data, as well as automatic feature extraction that can 

identify and label objects within the point cloud. The software's 

intuitive and user-friendly interface makes it easy to use, even for those 

with little experience in 3D scanning or modelling. With its powerful 

features and ease of use, it has become a popular choice among 

professionals in a variety of fields, including architecture, engineering, 

construction, and surveying. This thesis study uses the 1-year Autodesk 

student subscription to access this software which has been used for 

cleaning data, removing unwanted areas and changing the file format 

in order to make it compatible and acceptable by Civil 3D software.    
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5. Leica Cyclone REGISTER 360 PLUS Software [Cyclone REGISTER 

360 PLUS 2017] 

Cyclone REGISTER 360 PLUS is a 3D laser scanning point cloud 

registration software which fully supports scans from Leica scan station 

professional scanners and other Leica products by “providing users 

with simple, and guided workflows to automatic registration and client-

ready deliverables with the click of button.” (Cyclone REGISTER 360 

PLUS, 2017) Additionally, this software covers all professional 

registration, visualisation, processing, publishing, reporting and 

QA/QC tools; however, this software is not free and has limited file 

export formats that are .e57, .ptx, .ptg, .pts and .rcp. In this research 

study, a licence of this software was provided by Bahbehani Brothers 

W.LL to register Leica Scan Station P20 data and the file was exported 

in .e57 format which is supported as an input file by CloudCompare 

software.    

3.2.2 Hardware Tools 

To perform this study, four hardware surveying tools were used. All 

data sheets are attached in (Appendix A). The tools are as follows: 

1. iPhone 13 Pro (HCD Sample Device) 

The iPhone 13 Pro is one of the new Apple Inc. iPhone devices, 

featuring a host of new features and advanced technologies. One of its 

standout features is the LiDAR scanner (Figure 6) which has been 

added to iPhone devices starting with iPhone 12 Pro in 2020 to enhance 
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the camera's performance, allowing for faster autofocus and improved 

low-light performance. This LiDAR scanner enables HCD to create 

detailed 3D maps of the surrounding environment. With the LiDAR 

scanner, users can measure distances, 

capture precise depth information, and 

create reality model experiences with 

remarkable accuracies. Additionally, the 

LiDAR scanner can be used for a variety 

of applications, such as object detection, 

indoor mapping, and virtual try-on 

experiences. Overall, this technology 

represents a significant advancement in the 

HCD technology, opening up new possibilities for creativity, 

productivity, and innovation. However, Apple Inc. has not mentioned 

any technical specifications nor geometric accuracies of the LiDAR 

sensor. This research study has been performed using iPhone 13 Pro 

which is a sample of LiDAR equipped HCD. 

2.  Leica ScanStation P20 Scanner [Leica Geosystem AG (2013). “Leica 

ScanStation P20] 

The Leica ScanStation P20 Scanner is a high-performance laser scanner 

designed for surveying and mapping applications. With its advanced 

technology and precision optics, the P20 Scanner can capture highly 

detailed 3D point cloud data with accuracy and speed. Its long-range 

capabilities and high point density make it ideal for large-scale projects 

such as building and infrastructure surveys, geological mapping, and 

Figure 6 LiDAR scanner on iPhone 13 

Pro; Courtesy of Open Topography 

(website) [Camera System and LiDAR 

Scanner on iPhone 13 Pro 2022] 
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environmental monitoring. Additionally, the P20 Scanner is compatible 

with a variety of software programs. Overall, the Leica P20 Scanner 

represents a powerful tool for professionals in the surveying and 

mapping industry, providing the accuracy, speed, and versatility needed 

to tackle even in complex projects. In this thesis experiment, Leica Scan 

Station P20 (calibrated by Al-Bahbahani group) has been used to obtain 

a reference point cloud data for the purpose of performing comparisons 

and analysis. 

 

Figure 7 Leica ScanStation P20 scanner in the study area 
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3. Leica GS18 T GNSS RTK Rover [Leica Geosystem AG. “Leica GS18 T 

Data Sheet”] 

The Leica GS18 T GNSS RTK Rover is a state-of-the-art tool in the 

field of surveying and geomatics. With its advanced GNSS technology, 

the GS18 T is able to not only measure precise positions but also tilt 

angles, allowing for faster and more efficient data capture. It also has 

advanced signal tracking capabilities that allow it to receive and process 

signals from multiple GNSS systems, providing a reliable and efficient 

tool for surveying applications in remote environments. Its design and 

long battery life, that works up to 8 hours and operate in temperatures 

between -40C° - 65C° makes it suitable for use in even the most 

challenging field conditions. With the ability to integrate with other 

devices, surveying equipment and software. It is widely used in Bahrain 

for applications in the field of construction, engineering and land 

surveying. In this thesis experiment, Leica GS18 T GNSS RTK 

(calibrated by Al-Bahbahani group) mounted on a 2 m survey pole and 

operated with an HCD; has been used to attain and record the 

coordinates of the targets. 

4. Leica FlexLine TS10 Total Station [Leica Geosystem AG. “Leica FlexLine 

TS10 Manual Total Station] 

The Leica FlexLine TS10 is a professional Total Station device that 

offers an outstanding accuracy and advanced features for surveying and 

engineering applications. Built with the latest technology, the TS10 

boasts a high-resolution touch screen display and a user-friendly 

software interface, and an advanced EDM (Electronic Distance 
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Measurement) system, which allows for fast and accurate distance 

measurements, even in challenging lighting conditions. Its EDM 

technology is capable of measuring distances up to 10,000 meters with 

sub-millimetre accuracy. Overall, the Leica FlexLine TS10 is a 

powerful and reliable Total Station that can deliver precise and accurate 

results for surveying and engineering projects of all sizes. In this thesis 

experiment, Leica FlexLine TS10 Total Station (calibrated by Al-

Bahbahani group)  has been used to attain and verify the coordinates of 

the Control points by traversing technique. 

3.3 DATA COLLECTION 

 The data collection process is an important aspect of any experimental 

scientific research study as it lays the foundation for all of the following data 

analysis activities. This study aims to assess the effectiveness of HCD LiDAR 

scanner for volumetric and topographic surveys in comparison to P20 scanner. 

To achieve this goal, a planned data collection process has been performed 

which involved the use of the tools described in section 3.2.2. This section 

describes the techniques, steps and procedure of the data collection 

methodology divided into three categories as follows: 3.3.2 Site Preparation, 

3.3.3 HCD LiDAR Scanner and 3.3.4 Leica ScanStation P20 Scanner. 

3.3.1 Reference Coordinates System 

 In this study Bahrain Grid local coordinate system has been used in all 

devices for data collection. The Bahrain PRN (Permanent Reference 

Network) provides the primary realisation of the Ain Al Abd (WGS 84) 

datum in the Kingdom of Bahrain. It also provides the geodetic basis for all 
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surveying and engineering operations in the Kingdom of Bahrain in that it is 

the nation’s official spatial reference framework. 

“The PRN includes six (6) GNSS Reference Stations (Figure 8) defining a 

network that covers all of the readily accessible land areas of the Kingdom. 

The six reference stations are located at Diyar Al-Muharraq, King Fahd 

Causeway, Scout Camp, Durrat, Hawar Island and at Umm al Hassam.” 

[Permanent Reference Network] 

 

 

 

 

 

 

 

 

 

3.3.2 Site Preparation 

As part of the initial site preparations for the study area, a total of 27 

No. of 40 x 40 cm chequered control targets were fixed across the hilly terrain 

using steel nails. These targets were designed with a contrasting black and 

white pattern to facilitate ease of identification of points by the scanners in the 

field (Figure 10) and also in the software as a point cloud (Figure 11). To 

Figure 8 GNSS Permanent Reference Network 

Stations 
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obtain the spatial coordinates for each of the targets, Leica GS18 T GNSS 

RTK Rover was utilized, which was then used as a reference point for the 

subsequent field surveys. The resulting coordinates for each of the targets are 

presented in (Figure 9). 

Table 1 Target's Control Points Coordinates 

Points E N Elev. 
CP - RTCM-Ref 

0012 462019.393 2876289.212 9.183 
CP - RTCM-Ref 

0015 459006.475 2898131.963 14.029 

AP01 455501.826 2883080.322 65.675 

AP02 455496.691 2883091.463 62.481 

AP03 455496.573 2883079.583 66.807 

AP04 455491.445 2883083.049 64.917 

AP05 455484.564 2883085.699 62.692 

AP06 455489.189 2883076.775 66.498 

AP07 455479.148 2883085.303 61.844 

AP08 455483.969 2883071.55 66.913 

AP09 455475.225 2883071.326 63.94 

AP10 455482.112 2883063.284 67.789 

AP11 455479.017 2883058.262 66.337 

AP12 455472.96 2883051.779 63.607 

BP04 455488.321 2883045.583 65.023 

BP05 455495.257 2883052.029 67.394 

BP06 455485.654 2883054.236 67.453 

BP09 455501.224 2883042.434 63.485 

BP11 455503.482 2883053.034 67.276 

CP07 455512.591 2883055.637 64.614 

CP08 455506.976 2883055.67 67.307 

CP10 455512.303 2883070.855 65.844 

CP12 455506.218 2883076.537 66.157 

CP13 455521.024 2883062.905 63.264 

CP14 455510.573 2883065.046 66.923 

TP01 455495.907 2883072.883 69.766 

TP02 455488.637 2883065.585 69.874 

TP03 455494.164 2883058.262 69.645 

TP04 455502.884 2883064.706 69.775 
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Figure 9 Plan View of the Targets Distribution Over the Study Area 

Figure 10 Chequered Targets in the Field Figure 11 Chequered Target as a Point Cloud in 

Cloud Compare Software 
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3.3.3 HCD LiDAR Scanner 

To perform this scan, iPhone 13 Pro has been used as the sample device 

for HCD LiDAR scanner; mounted on a selfie stick at 45 degrees angle to 

maintain a height of 2 m from the ground (Figure 15) & (Figure 16) as 

recommended by (Gursel, Christopher, Elena, and Mark, 2021). Polycam 

mobile application was select amongst many types of LiDAR scanning 

applications due to its good rating and unique vibration facility that enables 

the surveyor of controlling the scan speed to minimize the drifting errors. Two 

scanning attempts were performed in this study. The first was by using orange 

peel technique (Figure 13) which involved a spiral coverage of the hill from 

the bottom to the top by gradually increasing in elevation. This scan was 

performed on 23rd December 2022 at a field temperature of 21°C. The 

scanning duration took 1.5 hour of continuous non stoppable scanning. As a 

result, (Figure 12) shows the outcome scan which marks an unsuccessful 

attempt due to the big gaps and many drifts in the data.  

 

Figure 13 Concept of Orange Peel Technique; 

Courtesy of Stylecraze (website) [Orange Peel] Figure 12 HCD LiDAR scan using Orange Peel Technique 
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The second attempt was performed on 8th April 2023 by dividing the 

study area into 14 smaller sub-areas of nearly equal size (Figure 14) each was 

scanned separately to ensure a uniform coverage of the area. The resulting 

data sets were then combined in the registration process.  

 

As a result of this attempt, (Figure 14) shows that the data set has a 

good coverage to the study area with some minor gaps which will be covered 

by interpolation. Therefore, this data set will be used for analysis of this study. 

Figure 14 HCD LiDAR Scans - 14 sub-areas 
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Figure 15 Selfie stick mounted HCD LiDAR Scanning Process – 

Downhill View 

Figure 16 Selfie stick mounted HCD LiDAR Scanning Process - 

Uphill View 
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3.3.4 Leica ScanStation P20 Scanner 

The use of the Leica ScanStation P20 scanner requires specialized 

training and expertise, which is why the scanning process was carried out by 

a team of five well trained surveyors from Bahbahani Brothers group (Figure 

17). The surveying team performed six separate setups throughout the study 

area, each requiring the placement and setup of three specialized targets 

mounted on tripods (Figure 18) for connectivity. To ensure that the scans were 

complete and connected, the next setup scan had to recognize two targets from 

the previous setup, plus one extra target, resulting in a total of three targets 

per setup. 

  

Figure 17 Bahbahani Brothers Group trained surveyors operating Leica ScanStation P20 Scanner 
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 The plan locations for each setup were carefully chosen and marked, 

with the coordinates obtained using Leica GS18 T GNSS RTK. The 

accuracy of the coordinates was then verified by traversing the setup points 

using the Leica FlexLine TS10 total station (Figure 21). Each setup took 

approximately one hour to complete, which included the target arrangements 

and the scanning time, resulting in a total of six hours for the entire scanning 

process. This approach ensured that the resulting data was of the highest 

quality and could be used for accurate and reliable analysis. 

Figure 18 Setup of Tripod mounted Target Figure 19 Mr. Binu starting a P20 Scan 

Under the Supervision of Dr. Dahman 
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Figure 21 Verification of Setup Control Points using Leica FlexLine TS10 Total Station 

Figure 20 Selection of Setup Location 
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3.4 DATA PROCESSING AND ANALYSIS 

 The data processing and analysis section of this thesis plays a critical 

role in the overall research process, as it involves the transformation of raw 

data into meaningful information that can be used to draw conclusions and 

make informed decisions. In this section, we will describe the methods and 

techniques used to process and analyse the data collected from the HCD 

LiDAR scanner and P20 scanner in our assessment of the effectiveness of 

HCD LiDAR technology for volumetric and topographic surveys. This 

section will provide an overview of the data processing and analysis of the 

obtained point clouds using specialized processing software as described in 

section 3.2.1 of this report. 

3.4.1 Point Cloud Data Registration 

Different registration procedures were employed for each device used 

in this study to ensure accurate and reliable data analysis. For the HCD 

LiDAR scanner, the registration process involved the use of Cloud Compare 

software tools that utilized feature-based matching algorithms to align 

multiple scans of the same area. This approach enabled the creation of a 

comprehensive 3D model of the study area. The data was not only stitched 

together but also georeferenced by feeding the targets with the coordinate 

values. The figures below show some samples of the registration process for 

individual scans. This registration process resulted in forming a dense 

combined point cloud data containing 30,502,740 points (Figure 28). 

 

 



51 

 

 

 

 

 

Figure 23 Registration of HCD LiDAR Scan - 1 

Figure 22 Registration of HCD LiDAR Scan - 2 

Figure 24 Registration of HCD LiDAR Scan - 3 
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Figure 25 Registration of HCD LiDAR Scan - 4 

Figure 26 Registration of HCD LiDAR Scan - 5 

Figure 27 Registration of HCD LiDAR Scan - 6 
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In contrast, the registration process for the Leica P20 scanner involved 

the use of targets that were placed at specific locations throughout the study 

area. These targets were used to establish a reference frame for subsequent 

scans, allowing for the accurate alignment of multiple scans and auto 

recognition of targets to create a complete and detailed representation of the 

scanned area using Leica Cyclone REGISTER 360 PLUS Software. The 

targets were carefully placed and positioned using advanced equipment, and 

their coordinates were obtained using the Leica GS18 T GNSS RTK Rover 

and verified using the Leica FlexLine TS10 total station. This registration 

process resulted in forming a dense combined point cloud data containing 

Figure 28 HCD LiDAR combined data - Plan View 
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372,125,796 points (Figure 30) of uncropped data which includes points up to 

120 m away from the study area in all directions. Therefore, the point cloud 

data has been cleaned and cropped using Recap Pro software which resulted 

removing unnecessary point in reducing the point cloud data to 156,973,285 

points (Figure 29). The point cloud was then transferred to Cloud Compare 

and Civil 3D for analysis. 

 

Figure 30 Leica ScanStation P20 Data Registration using Leica Cyclone REGISTER 360 PLUS Software 

Figure 29 Leica ScanStation P20 Point Cloud Data Processed using ReCAP Pro 2021 
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3.4.2 Point Cloud Data Analysis 

By utilizing different registration procedures for each device, we were 

able to prepare the data set and proceed with it for analysis. (Figure 31) 

shows both point cloud data sets georeferenced on the top of each other. The 

resulting data sets were subjected to various analysis techniques to derive 

meaningful insights and conclusions, which are detailed in the subsequent 

sections of this thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31 HCD LiDAR and P20 Scans Georeferenced 
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 The following analysis techniques were followed for each of the 

assessment applications mentioned below: 

3.4.2.1 CloudCompare Software 

 In this study, CloudCompare software was utilized to perform volume 

calculations, C2C point cloud comparison algorithm and M3C2 point cloud 

comparison algorithm on the registered data sets, enabling a comprehensive 

volumetric analysis of the study area. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 With having the data registered ready and ready for analysis, there are 

few built in tools in CloudComapre software such as Volume tool, C2C tool, 

M3C2 tool which are accessible from the tool menu of the software (Figure 

Figure 32 Volume Function in Cloud Compare Software 
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32 & Figure 33). Those tools allow users to perform the functions quickly 

and efficiently by comparing one to another as shown in (Figure 34). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33 C2C Algorithm Function in Cloud Compare Software 

Figure 34 C2C & M3C2 Comparison Algorithms 
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3.4.2.2 Civil 3D Software 

Civil 3D is a powerful and widely used software in the industry, 

designed for use in civil engineering and infrastructure projects. However, 

using this software for topographic analysis and data processing can be a 

time-consuming and requires a high-performance computer and training. In 

this thesis report, Civil 3D was utilized for the creation of sample Contour 

map and Profile Section, providing a detailed and accurate representation of 

the surveyed terrain.  

First of all, to access Civil 3D software all point cloud data sets has to 

pass through Recap Pro software to convert its format to .rcp format; and 

that is because Civil 3D software does not accept .las formats as an input. 

Next, by opening the software main page, point clouds can be directly 

imported using the command “attach point cloud” shown on the right-hand 

side of the insert tool bar in (Figure 35). (Figure 36) shows the point cloud 

being inserted and surface is to be created using “point cloud surface 

creating tool” (Figure 37) which is the starting point for all Civil 3D 

functions.  

 

 

 

Figure 35 Attach Point cloud Tool in Civil 3D Insert Toolbar 
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Figure 36 Point Cloud Data Insert in Civil 3D Software 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 37 Surface creating Tool in Civil 3D Software 
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Figure 38 Inserted Point Cloud and Created Surface in Civil 3D 
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 Contour Maps do not require any further step, with the creation of 

surface, contour maps can be directly displayed by going to the surface style 

properties. However, Profile sections can be created using “create profile 

tool” (Figure 40). 

Figure 39 Major and Minor Contour Display in Surface Style 

Figure 40 Create Profile tool in Civil 3D Home Toolbar 
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Chapter 4: Results, Discussion, and 

Recommendations 
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4.1 RESULTS 

This section summarizes the final results extracted from both Cloud 

Compare and Civil 3D software. All of the results represent the performance 

of HCD LiDAR scanner in comparison to Leica Scan Station P20 scanner 

which has been considered as the reference model. 

4.1.1 Volumetric Survey 

The volumetric survey section of this chapter presents the results of our 

analysis of the volume calculations obtained using the HCD LiDAR scanner, 

Leica Scan Station P20 scanner and Leica GS18 T GNSS RTK Rover data. 

Volumetric results are shown in the table below: 

 

Table 2 Volume Calculations Results 

 

Leica Scan 

Station P20 

Scanner 

HCD LiDAR 

Scanner 

Leica GS18 T 

GNSS RTK 

Rover 

Volume:  9,693.44 9,632.31 9,653.79 

Surface:  2,668.44 2,650.98 2,892.14 

----------------------       

Added volume: (+) 9,693.44 9,634.55 9,654.05 

Removed volume: (-) 0.00 2.24 0.25 

----------------------       

Matching cells:  81.80% 79.10% 75.30% 

Non-matching cells:       

    ground = 18.20% 20.90% 24.70% 

    ceil = 0% 0% 0% 

Average neighbors 

per cell: 8.0 / 8.0 8.0 / 8.0 8.0 / 8.0 
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From the volume calculation result (Table 2) it can be seen that the 

differences between the calculated volumes is relatively small in comparison 

the overall size of the hill of this chapter presents the results of our analysis 

of the volume calculations. The following error equation has been used to 

calculate the percentage of error in HCD LiDAR scanner volume (Table 3). 

  

Error % = | 
𝑉𝑜𝑙𝑢𝑚𝑒 (𝐻𝐶𝐷)−𝑉𝑜𝑙𝑢𝑚𝑒(𝑟𝑒𝑓.)

𝑉𝑜𝑙𝑢𝑚𝑒(𝑟𝑒𝑓.)
| x 100 

 

Table 3 Percentage of Error in HCD LiDAR Scanner Volume 

 

Leica Scan 

Station P20 

Scanner 

Leica GS18 T 

GNSS RTK 

Rover 

Error percentage % 0.631% 0.223% 

 

Figure 41 Leica Scan Station P20 Scanner Data Volume Calculation using Cloud Compare Software 
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4.1.2 Topographic Survey 

This section presents the results and capabilities of HCD LiDAR 

scanners in topographic surveying application which includes: Firstly; 

contour topographic mapping applications as shown in (Figure 43); this figure 

presents the great potential of HCD LiDAR scanners in analysing topographic 

features and creating contour maps. 

 

 

 

 

Figure 42 HCD LiDAR Scanner Data Volume Calculation using Cloud Compare Software 

Figure 43 Contour Lines processed from HCD 

LiDAR Scan Projected on a Satellite Image in 

Civil 3D software. 
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The (Figure 44) shows contour topographic maps for both data sets 

(HCD LiDAR data in red colour with a green boundary line and P20 data in 

cyan colour) overlapped, which presents the good match between the two data 

sets with some minor differences.  

  

Figure 44 Contour Maps for both data sets (HCD Data in Red & P20 Data in Cyan) 
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HCD LiDAR scanner are also capable of creating DEM models with 

custom grid size (Figure 46) and Profile sectioning from the point cloud data 

(Figure 48). 

 

 

 

 

  

Figure 46 DEM Model created from HCD LiDAR Point Cloud Data 

Figure 45 1m Contour Interval for the Dataset in Civil 3D 
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 Two Profile views were applied at the alignments shown in (Figure 47); 

the first profile (Figure 48) passes through a gap area in the HCD LiDAR data; 

which was filled by interpolating the surface surrounding the gap which is 

why there is a slight difference between the two datasets in profile-1 at the top 

of the hill. On the other hand, the second profile (Figure 49) passes through a 

dense area which explains the good fit of the datasets in profile-2.  

Figure 47 Alignment for the Profile Views 1 & 2 
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Figure 48 Profile View of the Hill – Alignment-01 
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Figure 49 Profile View of the Hill - Alignment 2 
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4.1.3 C2C & M3C2 Comparison Algorithms 

The results of C2C & M3C2 cloud comparison algorithms between 

HCD LiDAR and P20 TLS point cloud data are shown in the following 

figures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 50 Multiscale Model-to -Model Cloud Comparison between HCD 

& P20 Point Clouds 

Figure 51 Multiscale Model-to -Model Cloud Comparison between HCD & 

P20 Point Clouds - Graphical Model 



72 

 

(Figure 52, Figure 53, Figure 54) shows the mean and standard 

deviation for each of x, y and z axis above the histograms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 52 Cloud to Cloud Comparison - X axis - Gauss Distribution 

Figure 53 Cloud to Cloud Comparison - Y axis - Gauss Distribution 
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Figure 54 Cloud to Cloud Comparison - Z axis - Gauss Distribution 
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Figure 56 Cloud to Cloud Comparison - Absolute Distance 

Figure 55 Cloud to Cloud Comparison - Absolute Distance - Graphical Model 
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4.1.4 Distance Relative Accuracy 

Ensuring the connectivity of scans following the registration of point 

clouds is a crucial factor of the assessment. To evaluate this, a comprehensive 

distance relative accuracy test was conducted in this study. The test involved 

comparing the distance from random points on the point cloud captured by 

the HCD scanner with the distances calculated from the coordinates obtained 

through the Leica GS18 T GNSS RTK. The assessment was carried out in two 

iterations: first, by measuring the distances within a single scan Table 4, and 

second, by measuring distances across multiple combined scans Table 5. The 

results obtained from this analysis demonstrated a distance relative accuracy 

of 0.078m for a single scan and 0.083m for the combined scan. These findings 

offer valuable insights into the precision of HCD LiDAR sensors when using 

combined data to capture distance measurements especially in large areas. 

They also contribute to a comprehensive understanding of the performance of 

HCD LiDAR sensors and their potential for topographic applications by 

leveraging the registration capability.  

 

Table 4 Distance Relative Accuracy (Single Scan) 

   Single Scan  

   HCD Data RTK Data  

   ∆X ∆Y ∆Z S.D (m) ∆X ∆Y ∆Z S.D (m) ERROR 

CP10 - CP14 -0.59352 -5.98762 1.096852 6.1161203 -1.73 -5.809 1.079 6.156429 0.040309 

BP05 - BP09 5.945435 -9.67366 -3.91625 12.01103 -5.967 9.595 3.909 11.95614 0.054886 

AP11 - AP12 4.414553 -7.71228 -2.72456 9.294664 6.057 6.483 2.73 9.282749 0.011914 

TP03 - BP06 -8.65906 -3.85623 -2.24698 9.7415961 8.51 4.026 2.192 9.666108 0.075488 

CP10 - TP04 10.41417 4.653812 4.106043 12.12322 -9.419 -6.149 3.931 11.91556 0.207662 

            0.078052 

 



76 

 

 

Table 5 Distance relative accuracy (Combined Scans) 

   Combined Scans  

   HCD Data RTK Data  

   ∆X ∆Y ∆Z S.D (m) ∆X ∆Y ∆Z S.D (m) ERROR 

AP06 - BP11 14.26016 -23.9121 0.816681 27.85336 14.293 -23.741 0.778 27.72238 0.130983 

AP10 - CP10 30.23918 7.483139 -1.82221 31.204576 30.191 7.571 -1.945 31.18653 0.018048 

TP04 - BP04 14.48181 19.19215 4.841522 24.525537 14.563 19.123 4.752 24.50207 0.023464 

BP05 - TP03 -1.01364 6.26152 2.420883 6.7893133 1.093 -6.233 -2.251 6.716542 0.072771 

AP12 - CP08 34.18842 3.90041 3.672043 34.605561 -34.016 -3.891 -3.7 34.43716 0.168399 

            0.082733 

 

4.2 DISCUSSION 

The result of this thesis shows the accuracy and capabilities of the HCD 

LiDAR scanner for volumetric and topographic surveys. The volumetric 

survey results marked good results with low percentage of errors in both 

comparisons. The first was between the HCD LiDAR scanner and the Leica 

Scan Station P20 scanner with 0.631% of error and the second was compared 

with Leica GS18 T GNSS RTK data with 0.223% of error, indicating a high 

level of precision and accuracy in the measurements. Furthermore, the HCD 

LiDAR scanner demonstrated its ability to perform a wide range of 

topographic applications, including creating contour maps, profile views, and 

DEM models with custom grid size. Additionally, the study employed C2C 

and M3C2 algorithms to evaluate the accuracy of the data collected, with the 

results showing a high level of accuracy which marked a standard deviation 

of 0.413 m and 0.417 m in the x and y axis coordinates respectively; and a 

relatively fair accuracy in the z axes coordinates with a standard deviation of 

0.076 m, as well as an overall absolute distance that indicates 90% of the data 
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is below 0.148 m of error. This study also examined the distance relative 

accuracy to assess the connectivity of the combined scan, the accuracy of 

distances in both single scans and combined scans were measured. The results 

indicated that the relative accuracy in single scans was measured to be 0.078 

m, while it was 0.083 m measured from the combined scans. These results 

demonstrate the reliable connectivity of the combined scan and the consistent 

accuracy of distance measurements. Also, these findings have important 

implications for a variety of applications, including land surveying, 

infrastructure development, and environmental monitoring. Overall, the 

results of this study demonstrate the potential of the HCD LiDAR scanner as 

a valuable tool for topographic surveys, providing reliable data especially for 

estimation purposes and for other various applications.  

4.3 RECOMMENDATIONS 

 Based on the findings of this thesis, there are several recommendations 

for future research and practical applications.  

Firstly, further research is needed to evaluate the performance of the 

HCD LiDAR scanners in different environmental and weather conditions, 

such as comparing the results between summer and winter seasons, or 

between urban and rural areas. This will help to determine the limitations and 

strengths of these technologies in various settings, and to identify areas for 

improvement. 

Secondly, future studies should focus on exploring the potential of 

artificial intelligence and machine learning algorithms to improve the 

accuracy and efficiency of topographic surveys. These technologies could be 
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used to automate the data processing and analysis process, reducing the time 

and cost required for topographic surveys and improving the accuracy of the 

results. 

Thirdly, there is a need for further development of software tools and 

mobile applications that can facilitate the use of HCD LiDAR for topographic 

surveys and other engineering applications. This could include the 

development of user-friendly interfaces and data processing tools that can be 

easily used in workflows. 

Lastly, there is a need for ongoing training and education for 

practitioners and researchers in the use of emerging technologies for 

topographic surveys. This will help to ensure that these technologies are used 

effectively and appropriately, and that the resulting data is accurate and 

reliable especially of material control and estimation purposes. 

Overall, these recommendations can further advance the capabilities 

and application of HCD LiDAR by providing valuable insights for various 

fields.  
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