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Abstract 
 

 Today technology is so advanced and has reached a point where current regulations need 

to be reviewed and new technologies need to be incorporated in legislation. For this to 

take place in the Terrestrial Laser Scanning (TLS) field we need to provide evidence of 

proven and verified instrument accuracy.  The proven working accuracy other  than a 

specification in a product brochure needs to be documented for TLS's to be adopted in 

Railway industry that requires accurate data. 

 

The aims of this investigation is to document working accuracies for TLS and determine 

if the instrument conform with Sydney Trains specification  by calibrating a scanner.  

The existing Track Control Marks (TCM's) represented by very small Survey Steel Pins 

(SSP's)  installed on the face of steel masts in the rail corridor will also be tested to see 

if they can be scanned accurately .  The scan time to capture a rail track scene will also 

be compared with survey points measured using current Survey Total Station (STS) 

methods. 

 

Various custom targets using colour tones and material found in the rail corridor have 

been constructed and tested for scanning useability.  An indoor self calibration room has 

been established which included the setup of a ground control traverse.  A target 

network has been designed and seventy targets have been installed and signalised. The 

Leica TS15 and TS30 STS, have been used to signalise the seventy targets.  The 

calibration targets are a mix of Faro and Leica black and white checker pattern scanner 

specific targets.  The targets closest to the floor have had an SSP fitted in the centre of 

the checker pattern target for testing.  The indirect method of TLS self calibration 

method was used by the Leica P20 ScanStation and the Faro Focus 3D X330 scanners, 

to scan all the targets  form three scan positions. The distances between all the installed 

target have been measured with a tape for independent checks on the final 3D positional 

coordinates of the targets.  The two scanners were setup in the rail corridor and scanned 

a section of rail track.  This section of track was also measured by a STS using current 

Sydney Trains conventional methods.  Existing SSP's fitted with scanner targets were 

scanned and used for the registration of these two point clouds.  

 

It was found when the STS data compared to the Scanners data, the 3D positional 

coordinates were within +-2 millimetres.  This result verifies that the two TLS's are as 

accurate as a STS therefore conform with Sydney Trains specifications and can be used 

in the rail corridor for survey measurements.  The SSP testing was successful.  They can 

be scanned and used in the registration process of a point cloud.  The mix use of scanner 

targets with different manufacturer scanner was also successful. When the measured 

data from a section of rail tract was scanned and surveyed conventionally, the data was 

compared and the data once overlayed were identical.  This test also documented the 

significant difference in time for completing a survey in the rail corridor using a scanner 

and STS.  The documented ability to measure fast and with verified accuracy using a 

TLS from a safe place within the rail corridor without encroaching into the danger zone 

from a safety perspective this is a significant development.    
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Chapter One - Introduction 
 

1.1  Project Background 

 

Terrestrial Laser Scanning (TLS) is not a new technology but there is no official 

legislated procedure to verify its accuracy.   Current regulations need to be reviewed and 

new technologies need to be incorporated in legislation.  "A Surveyor must not use any 

equipment in making a survey unless the surveyor knows the accuracy obtained by its 

use" (NSW Surveying and Spatial Information Regulation 2012).  "Verification  is a test 

to confirm that the accuracy attained by a measuring instrument is within allowable 

accuracy limits as defined in a specification or as required by legislation"(NSW  

Surveyors General's Direction No 5 Verification of Distance Measuring Equipment 

2009).  For this to take place in the TLS field we need to provide evidence of proven and 

verified instrument accuracy.  The proven working accuracy other  than a specification in 

a product brochure needs to be documented for TLS's to be adopted in surveying 

applications that require accurate data such as the railway environment. This means the 

TLS's just like the Survey Total Station (STS) need to be calibrated and the data 

analysed to determine their accuracy. 

 
Sydney Trains is a New South Wales government agency and operates all passenger rail 

services in the metropolitan Sydney area.  The organisation recently went through a 

restructure.  This initiated and encouraged innovation and use of advanced technologies 

to be assessed and introduced to current survey  methodology  when undertaking survey 

work on track.  Discussion in my workplace of ideas to do survey work on track  safely 

with limited human resources lead me to investigate TLS within the rail corridor. 
 
 

 
Figure 1.1 Qualified workers in safe places within the rail corridor. 

(Source: Sydney Trains Network Rules NGE200 2014)  
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Currently the most common level of protection within the rail corridor to undertake 

survey work in the danger zone is lookout working.  The danger zone as shown in 

Figure 1.1 is all space within 3 meters horizontally from the nearest rail any distance 

above or below this 3 meters. A safe place is a place where a person and their 

equipment cannot be struck by rail traffic.  For a survey to be done  two qualified safety 

personnel- nominated as lookouts, and the survey crew  ( a minimum of two qualified 

people three preferred) are required. A qualified worker in the rail industry means a 

worker certified as competent to enter the rail corridor and a holder of a current Rail 

Industry Safety Induction (RISI) card.  The lookouts must keep watch for all rail track 

approaching the worksite from any direction and warn workers immediately if rail 

traffic approaches the worksite.  A member of the survey crew usually the Surveyor or 

one of the safety personnel will also be the protection officer.   In Figure 1.2 (a) on the 

left, a survey crew located at Harris Park 22 kilometers west of Sydney, is placing a 

survey prism on the overhead wire to take a measurement in the danger zone. Photos (b) 

in the middle and (c) on the right, also in Figure 1.2  show workers off the track and in a 

safe place with their lookout waiting for the approaching train to pass and clear their 

worksite . This personnel configuration changes on a daily basis.   Additional lookouts 

might be required or the next level of protection will need to set up depending on the 

type of survey, scope and track location. For detailed information about rail safety 

procedures followed during this research refer to Appendix B. 

 

 

  (a)         (b) (c) 

  
Figure 1.2 Sydney metropolitan survey job sites. 

 

 

This dissertation is not in any way investigating replacing the STS with a scanner to do 

all track surveying.  The focus of this research is to investigate scanning technology 

accuracy, so it can be used for fast, large volumes of data capture within assigned 

specifications and tolerance, from a safe place within the rail corridor. 
 

1.2  Justification 

 

A Terrestrial Laser Scanner is an instrument that can be used to collect three 

dimensional data just like a traditional Survey Total Station can. Within a railway 

corridor with trains running the TLS can measure the data without encroaching the 

danger zone parameters, as a Survey Total Station would.   
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   (a)      (b) 

  
Figure 1.3 (a) The FARO Focus 3DX330 Scanner  (b) The Leica P20 Scanner 

 

 

A Terrestrial Laser Scanner can be setup in a rail corridor and left to measure in a safe 

place on its own, eliminating a lot of safety hazards. In Figure 1.3 both scanners a set up 

to scan a section of  the rail corridor and there is no survey personnel standing in the 

danger zone. This equipment would certainly be accepted from a safety perspective it 

just needs to conform with Specification. 
 

1.3  Project Aim 

 

The dissertation aims to provide documented working accuracies for Terrestrial Laser 

Scanners.  This will determine if the instrument conforms with Sydney Trains 

Engineering Specification SPC211-Survey.  The research also aims  to test if existing 

Track Control Marks (TCM's) in the rail corridor can be scanned accurately and used 

during the registration process of  Scanning.   
 

A TLS can capture data fast.  Within a dangerous environment especially in a rail 

corridor the minimum time spent in the rail corridor is the best scenario.   This research 

is to document the scan time to capture a scene and compare the time with the time 

taken to measure the scene with current Survey methods and use of a Survey Total 

Station. 
 

1.4  Objectives 

 

The main objectives are as follows: 

 Research background information on Terrestrial laser Scanners accuracy, 

calibration and current applications within a Railway Environment. 

 

 Design and establish an indoor target reference network for the Self calibration 

of a Terrestrial Laser Scanner. 
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 Construct various custom targets using different types of material with a range 

of colours that best replicate a real railway environment. Install them, together 

with manufacture supplied scanner targets in the indoor calibration room.   

 

 Complete  the indoor Self calibration of  a Terrestrial Laser Scanner by 

measuring to all indoor targets from three different scanner positions.  

 

 Measure the same indoor targets with a STS from three setups to determine 

independent X, Y, Z values for the centre of each target. 

 

 Scan a previously surveyed section of railway track in the rail corridor and 

compare the point cloud with the data measured using conventional surveying 

methods. Focus the comparison on particular structures such as overhead wires 

and rails. 

 

 Analyse the scan time taken to capture a scene and compare this time with the 

current survey methods. 

 

 Document the findings. 

Optional objectives as time permits is to use more than one brand scanner, model the 

point cloud  of the rail corridor scene capture and extract the overhead wires and rail 

data into a spreadsheet to represent the current railway overhead wiring report. 
 

1.5  Summary 

 

This dissertation consists of five chapters.  Chapter One provides a background and 

justification of the project.  The aim of the project is to calibrate a TLS and verify its 

accuracy , test the scanning ability of existing survey marks and document the scan time 

to capture a scene within the rail corridor. The outcomes of  this study as outlined in 

Chapter 1, is to verify conformance of a TLS with Sydney Trains Specification so TLS 

they can be used for survey work within the rail corridor. 

Chapter 2 presents a review of the literature ,which will determine the calculations and 

analysis procedures to calibrate and determine the accuracy of  a TLS.    Chapter 3 will 

outline the methodology and a detailed explanation of how each phase of this work was 

done.  In Chapter 4 the results will be documented an discussed.  Chapter 5 will 

formulate a conclusion and recommendations.  In the final chapter areas of further 

research will be highlighted, which will lead to further understanding of the working 

accuracies of a TLS. 
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Chapter Two - Literature Review 

2.1  Introduction 

 

The demand for  three dimensional data is great in many industries today.  The use of 

complex technologies to produce a deliverable which is not only of a high quality but 

easy to understand and visually impressive in the form of a 3D model is now a 

necessity.  The manufacturers of high end surveying instruments are constantly 

developing and releasing outstanding world class measuring technology to aid with 

industry demand.  Terrestrial Laser Scanners is the focus area of this research and the 

instrumentation that manufactures want surveyors to embrace today more so then they 

have in the past.   

 

This chapter will begin with an overview of laser scanning history and highlight the 

areas that researchers have  focused on in the past to develop an understanding and form 

a strategy as to how the calibration of such instrumentation in particular the TLS will be 

done and analysed.  A brief explanation of the instrumentation that was used to 

complete this research will be covered.  Information gained from the review of the 

literature of Terrestrial Laser Scanning, MultiStation and Survey Total Station 

measuring technology will also be described. Particular focus areas  during the literature 

analysis,  that previous researches have done most work on, will be identified.  The 

methods and techniques that will be used to determine the systematic errors of a TLS, 

will be revealed. 

2.2  History of Scanners 

 

Arthur L Schawlow and Charles H Townes produced the first paper  in 1958 that 

proposed the idea of a laser (World Book encyclopaedia 1975, p80).   My literature 

review begins in 1998 with the first mention of a range imaging system known as a 

Range finder.  This machine was capable of collecting three dimensional coordinate 

data from object surfaces.  The Cyrax 2400 in Figure 2.1 was the world's first pulse 

laser scanner released in 1998.  Cyrax Technologies was founded in 1993 and was the 

company that  released the Cyrax2400 scanner, to be used by surveyors. Its range was 

100m and data acquisition rate was 800 points per second (Inokuchi 1998).  A high 

powered pulse allowed the user to do a survey without targets or reflectors - that 

allowed the measurement of inaccessible structures .  It is important to mention that 

scanners available today have an average data acquisition rate of  up to 1 million points 

per second.  The Minolta VIVID 700 Rangefinder in Figure 2.1 was also released in 

1998 to scan objects but at close range using triangulation measuring technology . 
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Figure 2.1  Time line of various Terrestrial Laser Scanners 

 
 

Since the release of the world's first Terrestrial Laser Scanner, began an increasing 

interest from various industries which included processing plants and survey companies.  

Cyrax Technolgies released the next generation Cyrax 2500 series launched in New 

York in 2001.  In 2004 the Leica HDS3000 followed, being the first laser scanner with 

dome scanning capabilities.   At that time Leica and Zoller +Frohlich  (Z+F) released 

the HDS4500 and the Imager 5003 phase scanners.  For Leica this led to the unveiling 

of the ScanStation family of scanners which were faster, more efficient  with survey 

functionality capabilities.  The first ScanStaion was released in 2006.  The year 2009 

brought the release of the new look ScanStation C10 with complete Total Station 

capabilities.  As time moved on TLS instruments were beginning to get faster, manage 
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point cloud files more efficient and start to form an external shell that looked more like 

a Survey Total Station then just a black box. 

 

In the first decade the manufactures concentrated on the Hardware and measuring 

technology.  The next decade had to focus on how to manage extra large datasets and 

quality of measurements.  In reference to Figure 2.1 over the years there has been 

various company  acquisitions and re-branding of scanners.   Faro Technologies and 

Leica Geosystems have managed to stand their ground and remain leaders in the laser 

scanning industry .  In Australia the exclusive distributors  of the Faro scanners is 

Position Partners and for Leica scanners it is C R Kennedy.  This dissertation has used 

the Leica ScanStation P20 and the Faro Focus 3D X 330 Terrestrial Scanners for 

testing.  The New Leica P40 ScanStation was released  at the Hexagon conference in 

Las Vegas USA in July this year.  The new scanners were sold out upon their release 

and due to the timing restrains for this project, availability of  a P40 was not possible. 
 

2.3  Terrestrial Laser Scanning 

 

The literature review for this area of study has uncovered  very complex pieces of 

equipment. Comparison of laser scanners is difficult because technical specifications 

and physical measuring principals are different (Frohlich 2004). The measuring 

technology and measurement principal needs to explained. 

2.3.1  Measuring Technology 

 

A Scanner emits a continuous laser beam but as it emits it rotates around its vertical 

axis.  Oscillating mirrors move the beam up and down and this results in a sweeping 

beam over the area.  As it emits, the beam hits an object and some of the objects energy 

bounces back to the scanner.  If the return signal from the object is strong a distance can 

be calculated.  The TLS measures to the objects surface not a prism.  It is important to 

understand a scanners measurement is not the same as STS reflectorless measurement.  

A scanner cannot measure to one single point like the STS Figure 2.2 

 

 

 
Figure 2.2 Examples of a single point measuremnt 
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A scanner actually performs a continuous sweeping beam measurement Figure 2.3. 

 

 

 
Figure 2.3 Examples of a TLS sweeping beam measurement. 

 

2.3.2  TLS Measurement  

 

Laser scanners today are available with five different types of measurement. 

(a) Triangulation:  The technology that allows individual objects to be scanned  at 

close range with micrometer accuracy.  Typical range is 0.5-2 meters.  Used for 

industrial applications.  This technology was not used in this research. 

 

(b) Time Of Flight  (TOF)  :  A laser pulse is sent out and a portion of this pulse is 

reflected from a surface and returns back to the instrument.  The accuracy of this 

technology is based on its ability to accurately measure the time of the returning 

signal.  The benefits of this type of measuring technology is the long range and 

lower scanning speed.  This measurement is the most common in TLS's 

 

(c) Phase measurement:  The Phase technology emits a laser light at different 

frequencies.  The difference between the emitted and reflected signals 

determines the distance of the object.  They have a medium range capability but 

a fast data acquiring rate.  Phase based scanning utilizes a constant beam of laser 

energy that is emitted from the scanner.  A continuous wave (CW) modulation 

avoids measurement of short pulses, by modulating the power or the wavelength 

of the laser beam Hoffmeister (2014).  The scanner then measures the phase shift 

of the returning laser energy to calculate distances.  Systems can have  three 

types of modulations: 

(i) Amplitude modulation (AM) -  very high data rates (several hundred 

kHz) with short operating ranges.  The intensity of  the laser beam is 

actually amplitude modulated with a constant frequency. 

(ii) Frequency modulation (FM) - Data rates of (several kHz)  The laser 

beam is linearly modulated, varying the frequency. 
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(iii) Pseudo-noise or polarization modulation(PN) - uses algorithms to 

modulate the signal. 

                                                                                                                                                                                                                                            

(d) Waveform Digitising (WFD):  Has the capability of  digitising and recording the 

entire waveform of each emitted laser pulse through waveform digitisers 

Ussyshkin & Theriault (2010).  This technology has mainly been used in 

mapping application for forestry and vegetation .  WFD captures an enormous 

volume of  rich data sets, with enormous amount of information and intensity for 

modelling vertical structure of surface objects and surface slope - roughness.  In 

TLS WFD can provide better measurement performance Grimm et. al (2013) 

 

(e) Airborne Lidar Scanning (ALS):   The first Airborne Lidar system to use WFD 

was in 2004,  the LiteMapper 5600 system with the Reigl LMS-Q560 laser 

scanner  Hug & Ullrich & Grimm (2004).  ALS falls outside the scope of this 

research but it must be mentioned because of  its  pioneering development of 

WFD technology.  Leica's scanning range measurement is now based on WFD 

which was actually developed as far back as 1970s in Lidar Systems 

manufactured by Reigl Ussyshkin & Theriault (2010), Hug & Ullrich & Grimm 

(2004). 

In the early periods of laser scanning, pulse scanners now known as TOF scanners 

focused on long range and high precision 3D data capture.  As the year 2004 

approached laser scanning measuring technology capabilities concentrated on speed of 

data acquisition and shorter ranges.  Today laser scanners measure very fast, capture up 

to one million pts per second and work within a reasonable range at varied accuracies.  

The end user needs to understand and choose the scanners measurement mechanics 

carefully, to match their application. 

2.4  Beam deflection  

 

The dimensions of the environment that a TLS can scan, depends on the beam 

deflection method used.  They are two methods: 

Method 1:  A profiling system that rotates a deflection mirror about the optical axis of 

the laser measurement system.  A 360° profile measurement is achieved using the phase 

technology Frohlich et al. (2004). This system is paired with a moving platform. 
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In figure 2.4 (a) it can be seen the deflection of the laser occurs only in a vertical 

direction.  In  image (b) on the right a 3D point cloud is a result from one angle and a 

distance measurement and the actual motion of the laser scanner 

   (a)    (b) 

 
Figure 2.4 A profiler scanner 

Frohlich (2014) 

 
 

Method 2:  An imaging system using a 2D deflection unit combined with a spot laser 

measurement system.  The deflection unit allows imaging in horizontal and vertical 

directions.   In this research the TLS instrumentation used is panoramic Figure 2.5,  

which is  most common Gikas (2014).  Panoramic scanners provide dome shape point 

clouds. 

 
Figure 2.5 Type of scanners 

Reshetyk (2009) 

 

A panoramic view uses single oscillating mirrors which simultaneously rotates the 

system about its centre axis (Frohlich et al. 2004).There are two types, fixed head or 

camera like. Fixed head scanners is what the scanners for this research have and will be 

explained.  The entire scanner head rotates about the vertical axis, in the horizontal 

plane.  The Panoramic scanners  mechanical increments of the scanning  head are used 

to derive the horizontal angle measurements Reshetyk (2009). 

2.5  Instrumentation 

 

The instruments used in this dissertation testing are two Survey Total Stations, one 

MultiStation and two Terrestrial Laser Scanners.   
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2.5.1  Survey Total Station  (STS) 

 

The two STS instruments used are shown in Figure 2.6.  On the left (a) The Leica TS15 

and on the right (b) TS30.  The manufacture specification can be found in Appendix C.   

 

    (a)    (b) 

 
Figure 2.6 Leica Survey Total Stations 

 

 

The main reason for using two is, for having and independent check on all the STS data 

as verification.  A STS combines Electronic Distance Measurement (EDM) to 

determine the horizontal angle,  vertical angle and distance measurement to a point and 

record it in a digital format.   There are three distance measurement modes: 

 Inferred Red (IR) -  The Total Station with its built in EDM measure to a single 

point by emitting a laser beam from the instrument to a glass prism.  The prism 

reflects this beam back to the instrument , a portion of the wavelength that 

leaves the instrument and returns, is calculated and results in a distance 

measurement from the instrument to the prism 

 Reflectorless Red Laser (RL)  - A distance measure without a reflector,  directly 

to any surface to a single point. 

 WFD technology has already been explained in this chapter.  It is important to 

note the LeicaTS30 uses the WFD based technology when measuring.  The 

literature review did not uncover to many papers on this measurement mode.  

This technology needs to be investigated  further especially now that 

manufactures are introducing it in the Survey Total Stations.   

 2.5.2  Leica Nova MultiStation MS50 

 

This instrument in Figure 2.7 uses  new Electronic-Optical Distance Measurement 

system (EODM) based on Wave Form Digitizing (WFD) technology.   

 

http://www.google.com.au/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCKPh8aeD6scCFQM2pgodYEEBcg&url=http://survey.crkennedy.com.au/products/total-stations/leica-viva/leica-viva-ts15&psig=AFQjCNGieelXASxws9XNhhU8dyNijS9UjA&ust=1441890629074600
http://www.google.com.au/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCKmrx5KD6scCFSMdpgodFG8D7Q&url=http://www.surveyingformining.com/Check_Survey_Instruments.html&psig=AFQjCNG2-hLiRrFryz4lUrlgUbgxjaqJ9g&ust=1441890444033187
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Figure 2.7 Leica MS50 

C R Kennedy (2014) 

 

WFD combines the advantages of TOF and phase-shift measurement.  It is important to 

note WFD measurement is not a single measurement , it is short pulses with a frequency 

of up to 2MHz.  The MS50's 3D laser scanner functionality uses standard Total Station 

workflows for setting up the instrument over a mark and which in turn allows easily for 

point clouds to be registered   in the local coordinate system in the field.  Manufacture 

specification are in Appendix D. 

2.5.3  Leica ScanStation P20  

 

The P20 is a TOF instrument using WFD technology.  The P20 has a rotating scan-head 

and a rotating mirror that covers a 360° x 270° field of view (FOV) this is shown in 

figure 2.8.  Manufacture specification in Appendix E. 

 

 

Figure 2.8 Leica P20 and Field of view 

(sourced Leica Geosystems P20 manual)  
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2.5.4  Faro focus 3D X 330  

 

The Faro shown in figure 2.9 is the smallest laser scanner ever manufactured and 

available in the market.  It is a Phase measurement scanner. It was very difficult to find 

literature on this Faro TLS.  Manufacture specification in Appendix F. 

 

 
Figure 2.9 The Faro Focus 3DX330 and laser deflection 

(source Faro ) 
 

2.6  Research on Terrestrial Laser Scanners 

 

In just under two decades  there has been three peak periods of a high volume of 

academic research papers in the field of Terrestrial Laser Scanners.  The year 2007,  

2013 and 2014 as highlighted in Figure 2.10.  This finding is based on a sample size of 

137 papers between the years 1998 to 2015, within the time frame restraints in 

undertaking and completing this dissertation.  

 

 

 
Figure 2.10 TLS research paper timeline. 
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The four main focus areas identified during this finding are shown in figure 2.11 and 

are: 

 Accuracy with 38 papers and a 28% share of the research review 

 Calibration with 26 papers and a 19% share  

 Applications with 17 papers  and a 12% share and General with 13 papers and 

only 9% share. 

 

As it can be seen in Figure 2.11 there are four focus areas that stand out as explained 

above.  

It is interesting to mention the most common applications for TLS has been 

shipbuilding Biskup & Arias & Lorenzo & Armesto (2007), open cut mining Wall 

(2009), road construction earthworks volume Slattery (2012), as-built surveys in tunnels 

using real time Tunnel Boring Machine (TBM) data Wu (2013), laser scanning 

integration with Building Information modelling (BIM), mapping and monitoring of 

historical artefacts and caves Coso (2014) and various monitoring deformation surveys  

Gordon ( 2007), Monserrat (2007), Nixon (2012) and Beshr (2013) and geology Alba & 

Longoni & Papini & Roncoroni & Scaioni (2005).The general category included papers 

that focused on TLS as an overall technology and explanation of scanning terminology 

and principals.  

 

 
Figure 2.11 TLS research papers focus areas 

 

 

Overall Terrestrial Laser Scanning needs  more research and investigation from 

academics to help the end user understand the technology.   
 

2.6.1  Verification Tests 

 

Wooden spheres were used for verification testing in the early days of TLS Frohlich  & 

Mettenleiter (2004).  The centre of the spheres were coordinated and comparison of 
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known distance and the calculated distance between two centres were made.  Another 

verification test used  32 vertically placed cylinders, arranged in a square at the 

University of  Essen.   The accuracy of a number of scanners was checked by 

determining the radius of each cylinder Frohlich  & Mettenleiter (2004).   

2.6.2  Accuracy 

 

The quality of the scanner measurement cannot be defined by looking at individual 

single measurements as you would with a Survey Total Station.  Lichti (2000) 

completed the work of assessing the accuracy and resolution of a the I-Site pulsed Laser 

Scanner using an EDM calibration baseline.  Due to Lichti et.al (2000) the uncertainty 

of the location of the instruments electronic centre, this method was not followed in this 

project.  Another factor of not using a pillar baseline was resources. Time restrains on 

the availability of the scanners was also a factor. To design and set up a baseline for this 

project  would not have been feasible . 

Boehler  in 2003 conducted a series of accuracy tests to determine systematic errors on 

various laser scanners, his methods are documented in detail in his paper. What is 

interesting to note is ranging scanners produce a variety of wrong points near edges.  

Using spheres as targets, the range between the targets can be measured.  This 

measurement assuming the targets are at the same distance from the scanner is derived 

after the centre points have been modelled from the point cloud, this will generally 

indicate the angular accuracy of the scanner. With Terrestrial Laser Scanners accuracy 

depends on the following Frohlich (2004):  

 the intensity of the reflected laser light 

 reflectivity of the object surface 

 angle of incidence 

 surface properties 

The angle of incidence effects an individual's point Signal to Noise Ratio  (SNR).  

Litchti (2005) investigated the conformance of  two scanners accuracy to Western 

Australia's Main Roads standard 67/08/436 Digital Ground Survey (DGS).  Assessment 

of positional accuracies were made.  The scanners used were a Riegal LMS-Z210 and 

then Cyrax2500.  The positional accuracy of scanned features relative to the total station 

survey were made.  Accuracy specifications were not meet.  The scanner had no axis 

compensator.  The features in the point cloud used for comparison had to be extracted 

manually, automation of this process would certainly have been more accurate. TLS 

point clouds can highlight the angular positional uncertainty due to beam width  Lichti 

(2006).  This can also manifest in edges, curved objects such as cylindrical pipes.  

Lichti in this research discovered a fine angular sampling interval does produce a high-

resolution point cloud if the beamwidth is significant. Kersten & Thomas & Mechelke 

& Harald ( 2009) University based groups primarily carry out investigations on laser 

scanning systems.  Abbas (2013) Defined the terms precision and accuracy.  Precision is 

determined by referring to the manufactures specifications but accuracy has to be 

evaluated through deviation of nominal and real value Abbas et al. (2013).  3D accuracy 
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is determined by a least square adjustment Wunderlich & Wasmeier & Ohlmann-Lauber 

& Schäfer & Reidl et al. (2013) and is an indicator of the quality of the measurement. 

2.6.3  Calibration 

 

They are two types of calibration that can be performed for the TLS, component and 

system calibration.  Component calibration requires special laboratory equipment 

therefore can't be done by an individual.  System calibration can be done as you only 

need a room with targets which is known as self calibration.  The I-Site pulsed laser 

scanner was tested on an EDM baseline, located at Curtin university in Western 

Australia Litchti et al. (2000) .  Reflectors were used as targets on each pillar.  Due to 

the reflector being glass, the scanning of the prism created a halo effect, multi laser 

responses of the scanned target.  This made it hard to determine an accurate centre for 

that target. For the calibration of laser scanner for this project this methodology was not 

adopted.  Litchti & Harvey (2002) also discovered using surveying reflectors was no 

good.  Most laser returns saturated the scanners photo detector.  Harvey for his 

investigation used a Cyrax scanner. 

 Gordon (2004) discussed the two methods for georeferencing scan data.   

 The direct method - scanner positioned over a known mark 

 The indirect method - relies on locating the scanner in space using coordinated 

targets identifiable in the scanners Field Of View FOV. 

Reshetyk (2006) performed a scanner self calibration. Targets were surveyed by a STS a 

very labour intensive task and the standard deviation of adjusted target coordinates were 

calculated.  This method will be adopted as an independent check of the target centres 

from the TS15 and TS30 instruments in this research . 

Garcia (2013) completed a geometric calibration of a TLS.  LASEGIFLE software used 

for additional parameters (AP) modelling.  The Methodology Garcia used was a 

reference network of point targets and spheres.  Redundant measurements of these 

targets were collected with the TLS setup at different positions. This was a very good 

paper, with a good explanation of the calculation process.  Hanke & Grussenmeyer & 

Grimm-Pitzinger & Weinold (2008) calibrated the Trimble GX  which superseded the 

Mensi, using direct georefrencing. The GX had an active dual-axis compensator that 

corrects the horizontal and vertical angles during the scanning.  Some of the findings 

were two scanners can have different additive constants.  All the data measured by the 

scanner was not available , only distances.  Abbas (2013) completed a self calibration 

on the Faro Photon 120 scanner.  Abbas used seven scan stations, statistical analysis (t-

test) showed all error models, the constant , collimation axis, the trunnion axis and the 

vertical circle index error in his findings. 

2.6.4  Scanning Targets 

 

Dold  (2005) used Gaussian images for representing spheres for registration of  a scan 

during his research.  Registration by features was not available and artificial targets - 

spheres had to be used.  The registration of artificial target such as spheres are detected 
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automatically by a scanner algorithms  Dold et al.(2005).  Reshetyuk (2005) used retro 

reflective targets during a calibration of the Calidus laser scanner.  When Reshetyuk  

tested targets made of retro reflective material,  the high reflectivity of these  targets 

during scanning caused a significant offset errors.  They were actually pressed out of the 

wall in the point cloud. 

Reshetyuk  (2005) research undertook  establishing a calibration field consisting of 20-

25 coordinated targets placed on the walls , floor and ceiling and within the scanners 

FOV.  Spherical targets were used as they are omnidirectional and are automatically 

recognised by scanning software.  Reshetyuk in his paper determined the optimal 

diameter, that produced the most accurate sphere centre.  The optimal diameter was 

determined to be 14cm . All the experiments were done at the Swiss Federal Institute of 

Technology in Zurich using the Imager 5003 and HDS3000.  A calibration track line 

was also used. Reshetyuks approach could be applied when designing calibration 

procedures for scanners. 

Kersten & Thomas & Mechelke & Harald (2009) used spheres as reference points 

during his research.  The diameters were 76.2,145, and 199 millimetres.  The material of 

the small ones was solid plastic and for the larger one hollow plastic with special 

surface coating.  The centre position of spheres were determined from algorithms 

programmed in software such as 3Dipsos and then run through MATLAB software 

using an independent algorithm to check the centre coordinates of the same spheres.  In 

Kersetns investigations accuracy evaluation was the measurement  to an independent 

reference. 

2.6.5  Standards 

 

Lam (2006) was the first to state in his paper the ISO9001 all survey instruments 

including laser scanners must be calibrated before use and ISO1101.  Gottwald (2008) 

refers to the ISO 17123 which is also referenced in the ST SPC211-Survey 

specifications.  The VDI/VDE 2634 part III guidelines has used in Kersten( 2009) 

2.7  TLS Applications in a railway environment. 

 

This research is focused on Terrestrial Laser Scanners, scanners that are static and scan 

from fixed scan position.  Although this research is investigating TLS in the railway 

environment it is important to note, the first scanner for railway application was the 

PROFILER 6000-300  released in 1994 from Zoller + Frohlich (Z+F) in Germany.  This 

scanner was specially designed for kinematic data capture for railway surveying 

vehicles (Frohlich 2004)   .  
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In Figure 2.12 image (a) on the left was the first model, image (b) on the right is the 

current model of profiler scanners used for  kinematic laser scanning (Z+F 2014).    

 

(a)   (b) 

 
Figure 2.12 PROFILER 6000-300 & 9012 (Fröhlich & Mettenleiter 2004) 

 
 

The profiler scanner changes its position as it acquires data, the measuring methodology 

is completely different to Terrestrial Laser Scanning.  A kinematic (moving platform) 

profiler scanner, scans the surrounding environment from a moving position.   

Milev (2007) discussed the extension of an existing kinematic measurement system to 

include a combine technology of  GPS and TLS Figure 2.13(a), on the German rail 

corridor, for track alignment recording, maintenance and clearances.  

 

   (a)      (b) 

 
Figure 2.13 3D Multi sensor for rail maintenance 

(source Milev (2007) 
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The system was made up of an Z+F Imager 5003 and GPS.  The data required was track 

gauge and superelevation but the GPS/laser scanner captured the whole scene.  This 

paper did not indicate any accuracy requirement.  An image of the point cloud in figure 

2.13 (b).  Grafe (2008) investigated the combination of mobile laser scanning setup on a 

vehicle with a faro focus TLS together.  The mapping of rail and road corridors was 

done but further researcher and the requirement for the calibration of the TLS was 

discussed. 

Izvoltova (2013) highlighted the point that there has not been great experience with 

scanning rail track construction .  The site location for this project was Slovak Republic 

on a ballastless section of track.  A Leica C10 ScanStaion was used to scan rail track 

near a tunnel.  A point cloud of the track is shown in Figure 2.14 (a) and the CAD 

extraction of rails in (b)   

(a)       (b) 

 
Figure 2.14 Point cloud at 102.360km 

 

3D data was collected processed but not connected to survey control.  The data's 

conformance to track specifications was unknown. This is the first paper in the literature 

review that has highlighted the aim of my research work  which is conformance. 

Soni (2014) researched the extraction of rail track for  monitoring deformation during 

track works at London Bridge Station.  A point cloud was captured and fitted over a rail 

track profile for comparison.  Monitoring surveys were existing but there was a 

requirement for a backup system for quick checks.  The web and foot of the track will 

need to be captured and extracted accurately.  Mobile scanning has been used in the rail 

corridor Yang (2014) and the use to asbuilt  sections of track in a tunnels.  This was 

done by Pejic (2013) which demonstrated high noise error of the rail tracks in figure 

2.15 

 

 
Figure 2.15 Distorted geometry of scanned track 

Pejic (2013) 
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2.8  Data processing and analysis 

 

A rigid body transformation of points from object space to scanner space is adopted in 

this research .  Laser scanner resection geometry is explained Litchi( 2000).  The 

transformation of scans into one coordinate system Lindenbergh ( 2005) used the 

Interactive Closest Point (ICP) method.  Gordon et al. (2004) used 3D resection to 

locate a scanner in object space.  The raw points were transformed (georefrenced) into 

object space using a six parameter, rigid-body transformation.  Rashetyk ( 2006) self 

calibration of each scanner was done in MATLAB.  He estimated the Helmet 

transformation parameters between scanner and external coordinates systems for all 

scans.  The calibration parameters assumed were the same as STS which was zero error 

additive constant, collimation, horizontal axis error and vertical index error,  in a 

parametric least square adjustments.  Calibration parameters estimated in the self 

calibration, used the error model of a total station.  Additional parameters were 

modelled empirically. 

Bae & Litchi( 2007) on site calibration using planar targets.  A point based self-

calibration method . He used the FARO880 .  The Newton-Raphson solution method 

can be successfully utilised for point -based calibration.  (Gottwald 2008) states the 

target error can be determined out of Helmert transformation (reference data versus 

scanning data).  Kersten (2009) calculated a standard deviation of the station 

coordinates.  A standards deviation of the reference points was also calculated.  The 

final measurement precision is really governed by algorithms for the fitting of the 

targets and extracting the centres.  Scanners also show significant deviations if the angle 

of incidence is more than 45°.  The spot size in relation to the angle of incident is also 

has an effect of measurement accuracy.  Soudarissanane (2009) has coordinate 

conversions listed in his study.  Abbas (2013) has all the equations.  Dos Santos (2013) 

calculated the rotations first and then translations and scale factor. instead of using 

targets he used the vertical line of internal walls.  Garcia( 2013) investigated calibration 

modelling. 

2.9  Conclusion 

 

The engineering skills necessary to design laser scanners is very demanding and 

impressive.  This chapter explained the technology in terms of measurement for all the 

instrumentation used in this research.  A literature review was also conducted starting 

from 1998 and focusing in areas that have an impact in the calibration of TLS.  Within 

the railway environment  a small number of research work had been done which further 

justifies the need and funding of this research project. 
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Chapter Three - Methodology 
 

3.1  Introduction 

 

The project design, field work, data collection and analysis procedures for calibrating a 

Terrestrial Laser Scanner, will now be discussed. These procedures have been 

developed from the literature review in Chapter 2.  The complexity of the project work, 

and limited availability of critical resources meant that the project transitioned through 

twenty two phases, these phases are mapped on a work flowchart Figure 3.1.  This 

chapter will now explain each one. 

 

Figure 3.1 The project work flow 
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3.2  Project Design Stage 1 

3.2.1  Start Up  

 

Involved the initiation of consultation and meetings with Supervisor, USQ Library,  

Scanner Companies and Sydney Trains management to introduce my research project 

ideas.  This was the most critical phase of this research project.   

3.2.2  Scanner Target Research 

 

This phase developed the concept of replicating the rail corridor environment, tones and 

material onto custom targets to test if indeed the rail environment can be scanned.  

During the Association of Public Authority Surveyors NSW (APAS) 2014 Conference, 

a paper on a method  for Testing  Reflectorless  EDM (Evans 2014) was presented.  

This method used a Grey Kodak Card.  After reading this paper the idea of constructing 

my own targets using Kodak cards of different tones was initiated to test the reflective 

energy of certain material Berenyi (2010) & Harvey (2002)   in the rail corridor.  These 

targets would then be used to calibrate the instrument .  Sourcing Kodak cards was not 

easy as they are no longer manufactured in Australia.  The optimal dimension of a 

scanning target had been determined by Reshetyk (2005) and was 14cm  (Reshetyk  et. 

al 2005).  Photographic stores could supply grey, white and black photographic cards 

but they were not Kodak and were very expensive.  The cards used for this research 

were sourced in America and were custom made from Camera Trax.  This company 

produced the tones required and printed the reflectance percentage in the back of each 

card Figure 3.2.  This would be important  when it came time for measurements.  The 

final dimension of the custom cards  was 100mm x 150mm,  which was  governed by 

the price.   

 

 

 
Figure 3.2 Custom reflectance cards 

 

 

During this phase it is important to remember some of these cards will need to be setup 

on a Survey tripod and centred  over  existing ground control marks during scanning to 

connect to Sydney Trains coordinate system.  For this research I wanted to use 

equipment that I had access too, hence the Leica prisms and holders.  They were also 

chosen because they are fitted with target plates Figure 3.3, that can be used for locating 

the centre of a planar target when signalising and scanning them.   Signalising targets 

means measuring to them directly using a STS.  Using target plates is essential so when 
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the instrument is setup in different positions and sighting to fixed planar targets you are 

confident you are measuring at exactly the same spot.   

 

 
Figure 3.3 Leica Target Plate GZT4 

(Sourced from Leica geosystems) 

 

Accuracy specification for the two STS to be used is shown in Table  3.1. 

 

Table 3.1 Leica Survey Total Specification 

(Source Leica Geosystems) 

 

 
 

Surveyors in general have access to prism holders from there traversing equipment.  By 

constructing scanning targets able to be easily fitted in existing prism holders is very 

efficient.  The problem was the manufactures design distance from face of glass to the 

centre mark was unknown.   Leica have only ever supplied the end user with the 

distance from centre to the back of the prism as shown in the image on the left (a) in 

figure 3.4.  The image on the right (b) shows the characteristics of the prism constant 

being zero. 

  (a)     (b) 

 
 

Figure 3.4 Leica prism assembly 

(Sourced from Leica geosystesm) 
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An electric drill was used to drill holes along the existing curved zero centre line of the 

Leica GPH1 prim holder.  The housing was extremely strong, drilling was not easy.  For 

this research the decision was made to simple mark up the zero centre Figure 3.5 on the 

plastic housing and cut through to allow the cards to be installed on the face of the 

cutting edge. 

   

 

 
Figure 3.5 Deconstructed Leica GPH1 prism holder assembly to find the centre zero 

 

 

Once the centre was marked a Proxxon draemel Figure 3.6 was used to cut through the 

prism holder housing. 

 

 

 
Figure 3.6 Proxxon Draemel  
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The plastic was so hard, one cutting disk had to used per holder.  At this point in time 

the total number of targets to be used was not clear Abbas (2014).  For one prototype 

the excersie was justified.  For many this was a very expensive exercise not feasible .  

The cost for only  one modified assembly would be $275.  Figure 3.7 shows the holder 

in its original form (a) and after cutting (b). 

 

 
(a)       (b) 

 
Figure 3.7 Leica GPH1 prism holder 

 

 

C R Kennedy the Leica distributor in  Australia was approached and contacted Leica 

Geosystems  to obtain the design distance required for this research. It was given and 

shown  in Figure 3.8.   

 

 
Figure 3.8 Leica distance from the glass front of prism to the prism centre. 

(Sourced from Leica geosystesm) 

 

 

You will need to point to the centre of the prism to avoid any tilt error from the prism 

holder when measuring to the position of the face of the glass prism and this is why 

target plates were a good idea.  The option to purchase precise prisms, that can be 

locked into to certain tilt angles was not feasible for this research. 
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Due to the fact the accuracy of the laser scanner measurement is depended on the 

energy return of the surface being measured, three different material prisms were made 

for testing, that represented rail corridor material.  A  3D printer was used to produce 

three glass prism shapes made of sandstone, metal and plastic.  Figure 3.9 shows the 

transition of the Leica glass form prism (a), to the 3D model generated by the 3D printer 

(b).  The images (c) & (d) represent the final products, a sandstone and a metal prism. 

 

     (a)   (b)   (c)   (d) 

 
Figure 3.9 The transformation of a glass prism. 

 

3.3  Field Work 1 Stage 2 

3.3.1  Site A establishment 

 

Visits to prospect sites for assessment of suitability for Scanner calibration were done.  

The prerequisites for this site were: 

 a large size that will allow set up of many targets to allow a  large 

number of redundancies during analysis to get good results and various 

horizontal and vertical angles and range (distance). 

 An indoor site that has solid internal walls or framework with good 

indoor lighting 

 Stable floor to assist with the measuring 

 Access to all internal walls, floor and possible ceiling (if safe and easy to 

access). 
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Sydney Trains warehouse Figure 3.10 available to use with access times restriction but 

at no cost was chosen. 

 

 
Figure 3.10 Sydney Trains warehouse in Auburn NSW (site A) 

 

3.4  Project Design Stage 3 

3.4.1  Target Construction 

 

All the items sourced during the research will now be used to construct more targets.  

The first task was to install the tone cards in the prism holders.  This process involved 

cutting the shape of the glass prism out of the cards as shown in Figure 3.11 

 

 
Figure 3.11 Cutting out prism shapes from custom cards 
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The next task was to install the cut outs in the holder  Figure 3.12 .  Foam was the key 

element that would hold the card in place once the prism holder was assembled . 

 

 

 
Figure 3.12 Installation of prism card 

 

 

In Figure 3.13 you can see all the individual elements and the final product 

 

 

 
Figure 3.13 Close up of the card placement and final product. 

 
 

Once all the cards were installed , the reflectivity and prism constant must be tested to 

check the accuracy of the assembly.  This was done on a small baseline due to time 

constraints.  The Leica TS15 STS was setup, constant set to zero (circular Prim) and a 

distance was measure to a glass prism being 6.055m.   Then the prism mode changed to 

(reflectorless) prism constant 34.4mm and  all the cards and material prisms were 

measured.  The results are shown in Table 3.2. 

 

Table 3.2 Reflective card testing results 
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The metal, galvanised painted plastic and sandstone prisms were all measured.  the 

results are shown in Table 3.3 

Table 3.3 Reflective material testing results 

 

One of the aims of this research is to test if existing survey marks - Track Control 

Marks (TCM's) located in the rail corridor Figure 3.14 (a), can be scanned.  So the next 

step was to design another series of custom cards fitted with a Steel Survey Pin (SSP).  

The steel pin is very small, only 5mm in diameter as shown in Figure  3.14 (b).   

 

(a)       (b) 

 
Figure 3.14 A TCM and SSP 
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The centre was measured and marked on a template.  A hole was drilled through the 

template and an SSP was fitted Figure 3.15. 

 

 
Figure 3.15 Cards fitted with SSP 

 

 

The next task was to construct posts for the prism holders to be fitted into.  The posts 

would be installed in the scanner calibration space Site A,  and the target plates fitted on 

them.  This would make a very sturdy target to sight too for calibration measurements.   

At this stage of the research an indoor calibration space had been found.  It was a large 

size  (11m x 10m x 5m) with solid floor and walls and a good variance of angle and 

distance to establish a network of targets figure 3.16. 

 

 
Figure 3.16 Site A 
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The design of the posts had to take into consideration the form of the steel frame in Site 

A.  Timber was used for the base and aluminium rods cut to required length for the 

prism holder to slide into figure 3.17.   

 

 
Figure 3.17 Post construction 

 

Once the prism holder was fitted it had to clear the frame as shown in Figure 3.18. 

 

 
Figure 3.18 Complete target in posts. 

 

 

19 prism holder targets were installed in Site A.  The posts and wooden block apparatus 

had to be thought of  on the spot as it was not acceptable to install any items that would 

abstract a forklift getting pallets in and out of the frames.  Araldite was used to fix the 

posts on the steel frames inside Site A.   
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More targets  were continually being constructed  to fill Site A and still keep within 

project objectives of trying to replicate materials, tones and colours found in the rail 

corridor see Figure 3.19.   

 

 
Figure 3.19 Custom card with sights  

 

 

Scanner manufacturer targets were also replicated Figure 3.20 (a),  custom cards were 

also installed on the actually zero centre of the prism yoke (b) & (c). 

(a)   (b)   (c) 

 
Figure 3.20 Scanner Targets constructed 
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3.4.2  Site A Target Approval 

 

Completed a site A induction refer to Appendix B.  Temporary paper targets had to be 

installed at desired location in the warehouse for safety inspection and approval from 

warehouse manager.  The purpose of the approval was to demonstrate the targets will 

not obstruct forklift traffic in the warehouse refer to figure 3.21. 

 
Figure 3.21 Approved Temporary photocopy Target  

3.5  Field Work Stage 4 

3.5.1  Ground control 

 

Ground control was placed inside the warehouse, on the concrete floor as demonstrated 

in Figure 3.22. 

 

(a)      (b) 

 
Figure 3.22 Establishing ground control 

 

Once the four traverse stations were marked on the ground, they were measured.  The 

final coordinates of the ground control were determined by the following process: 
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 Six round of angles were measured to each station 

 The raw GSI file was reduced using  CompRail / CompNet Least square 

software which produced final coordinates   

 All stations were levelled using the Leica DNA3000 digital level  

3.6  Project Design Stage 5 

3.6.1  Target Installation 

 

Prior to installation   a target layout configuration had to be designed.  This research is 

to calibrate a TLS.  To do this the targets had to cover a wide range of vertical and 

horizontal angles, to really test the instrument capabilities.  A network of targets was 

designed Reshetyuk (2005) by drawing the layout of the warehouse shelving bays and 

placing miniature paper targets in various location until a reasonable even spread of all 

the various targets achieved optimal configuration. Refer to Figure 3.23. 

 

 
Figure 3.23 Target configuration 
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19 complete Leica prism holders Figure 3.24 (a) with target plates were installed in the 

warehouse.  This amount of targets required a coordinated effort from three survey 

regional office  within Sydney Trains.  The image on the right (b) is a complete prism 

assembly fitted with a tone card and SSP and inserted on the post. 

 
   (a)     (b) 

 
Figure 3.24 more targets 

3.7  Data Collection & Analysis Stage 6 

 

3.7.1  Rail corridor scan MS50 

 

The Leica MS50 was sourced from Sydney Trains Hornsby regional office.  The 

location for the rail corridor scan was the Sydney end of  Penrith station at kilometrage  

54+691 Figure 3.25.  After a worksite protection plan was in place, three backsights 

were setup on existing ground control.  The MS 50 was setup in a safe place  and its 

position was coordinated via resection from the three known backsights.  The MS50 

was now ready to scan.     

 

 
Figure 3.25 Section of Rail track (Main West) 

 

The area of track selected was within a 70m range from the scanner position, having 

dimension (100m x 120m x 8m) refer to Figure 3.26 
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Figure 3.26 Map of Rail track (Main West) 

(Sourced from RailSafe) 

 

The instrument specified scanning range is 300m with range noise 1.0mm at 50m  Leica 

Geosystems (2013).  This research aims to test the scanning response to SSP's, having a 

diameter of 5mm.  This diameter set the required spacing resolution for the MS50.  This 

instrument was unable to scan the pre determined section of Railway track in the field to 

the point spacing required .  One good feature of this instrument was that once the area 

limits of the proposed scan were calculated, the instrument displayed the scan time 

required to measure the scene in the chosen resolution.   

Unfortunately the time  required to scan this scene was not productive and the decision 

was made in the field not to proceed.  The scan times in relation to the point cloud 

spacing options are shown in Table 3.4 

 

Table 3.4: Scan time for a scan area of Rail Portal Spacing 
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3.7.2  MS50 calibration site A 

 

The Leica MS50 was also taken to the calibration warehouse facility to scan the targets 

as seen in Figure 3.27.  

 
Figure 3.27 Western targets wall of warehouse 

 

Figure 3.28 Shows a close up of one of the targets from a ground station position (a) 

and (b) is the same target imaged on the leica MS50. 

 
   (a)     (b) 

 
Figure 3.28 Top left corner target 

Once again the time to scan just one wall with dimension (5m x 3.5m) was too long  and 

the file produced would not be manageable.   The scan times in relation to the point 

cloud spacing options are shown in Table 3.5.  Sixteen photos were taken by the 

instrument in approx 1 min to cover this scene.   Even though the testing was 

unsuccessful it was good that this was discovered in the early stages of the project.  This 

instrument will no longer be used in the project 
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Table 3.5 Scan time for a scan area of approx 5m x 5m. 

 
 

3.8  Project Design Stage 7 

3.8.1  Target construction 

 

This phase  involved solving a resource issue.  The complete prism sets being used are  

no longer available.  The problem was solved by constructing similar type targets for 

replacement.  Figure 3.29 shows the new targets.  The custom cards in the prism holders 

were take out and stuck on a 10mm thick foam board.  The target plates were printed on 

cardboard and also stuck on the foam board aligned with the prism shape card (a). These 

targets were then simply velkroed onto the existing timber blocks.  Image (b) shows the 

cardboard target plates attached to the zero offset card fitted on the center of the yoke 

assembly and supported by a  paddle pop stick for flatness support. 

  (a)         (b) 

 
Figure 3.29 Foam targets and cardboard target plates 

 

To minimise waste of  costly resources, all the custom card cut-offs were resized and 

made into various shape targets with SSP's.  This was a good idea as it would test how 

the SSP's would be scanned with various tones and size reflective surface background 

Figure 3.30. 
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Figure 3.30 Off cut targets 

3.8.2  Target configuration 

 

The miniature target strategy adopted previously in this work was used again Figure 

3.31.  There was a total of  206 targets to be installed for Site A.  The mapping of all 

miniature targets on a pin board prior to installation resulted to a balanced testing of all 

the targets.  The type of targets and there tones determine their position as this layout is 

still representing a Rail corridor environment.  For example the targets fitted with SSP's 

are positioned the same height above ground as they would be found in the Rail 

corridor, 300mm above the low rail  Sydney Trains TMC 202 (2012)  .   

 

Figure 3.31 Miniature targets 
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The mini targets were glued on pins and placed at a specific location on A3 size photos 

of Site A's four walls, on a cork board as in Figure 3.32.  Retro targets also installed. 

 

 
Figure 3.32 Target pins 

 

3.8.3  Target installation 

 

All targets were installed.  To easily identify each target during data analysis of the 

scan, each target will be given a unique number in the form of a label next to the target.   

In Figure 3.33 (a) you can see the targets installed on the Northern wall of  Site A, and 

(b) is the top right corner of this wall, showing target and numbering install.   

 

   (a)      (b) 

 
Figure 3.33 Target install 
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3.9  Data Collection & Analysis Stage 8 

 

3.9.1  Faro Focus 3D X330 calibration 

 

Scanning of all targets from a minimum of five scan positions with the Faro was 

completed in 15minutes , set at its highest resolution with mid range quality delivering a 

point distance of 3.068mm at 10m.  The height of the scanner above ground was 

changed from each position as recommended in Soudarissanane & Lindenbergh & 

Menenti & Teunissen (2009) , and five scan positions  provided a good number of 

redundancies Garcia (2013).  The point cloud captured by this scanner is shown in 

Figure 3.34. 

 

 
Figure 3.34 Northern wall of Site A point cloud form faro Scene 

 

On the same day measurements of  all targets with the TS15 was done from  two ground 

control marks to allow for comparison of STS and TLS target X, Y, Z positions.  This 

was an extremely time consuming exercise which took approximately four hours.  

At this point in time of the Project work the indoor warehouse site for calibration had to 

be vacated without notice, and all targets and posts removed permanently due to 

management unforeseen activities that required the indoor facility to be vacated 

unexpectedly.   

All of the phases of the project work in terms of the field work and data collected so far 

satisfy 80% of the  research.   A great deal has been learnt and constructed up to now 

and a great deal of interest from the Scanner manufactures has been generated.  To end 

the project field work at this time, reporting the findings of only one scanner would not 

be acceptable.  Due to the enormous amount of time invested to come so close to the 

phase of using a second scanner and be asked to relocate is disappointing.   

 

A new calibration site is sourced and targets will be re-installed.  The analysis will have 

better results and value in the Surveying profession if two different brand of Scanners 
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were compared.  For this comparison to be done both scanners need to be tested exactly 

the same way.  It is important to note the second facility is a much smaller space but 

still an acceptable size (9m x 4m x 3m) to complete this work, as recommended by 

Litchi (2013) & Banson (2014). 

3.10   Field Work Stage 9 

3.10.1  Site B establishment 

 

Site B Figure 3.35 has been located at a cost, this will provide exclusive access for one 

month.  Refer to Appendix H for the Project Costings. 

 

 
Figure 3.35 Site B 

 

There were two restriction on the walls of Site B.  In figure 3.36 (a) the wall panels had 

grooves of approximately 120mm in width, in (b) some of the panelling stepped in by 

10mm which could cause a shadowing effect on some of the targets.  This will require a 

backboard of certain size to be installed on the panels with the pattern targets glued on 

the boards. 

   (a)      (b) 

 
Figure 3.36 Site B indoor panelling issues 
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3.11  Project Design Stage 10 

 

3.11.1  Target construction 

 

The scans taken with the Faro at Site A, were processed to view the  point cloud to test 

if there were any  issues with the targets Figure 3.37.  Unfortunately at this point in time 

it was discovered that scanners do not recognise end user self made targets.  This was a 

significant discovery to this research.   

           

 
Figure 3.37 Scanned custom targets point cloud from FARO Scene 

 

This means the Faro scanning software Scene 5.50, is not able to automatically extract 

the centre of all the targets that were scanned.  If the centre of targets is needed for this 

research it will have to be extracted manually by zooming right into the image .  This is 

unacceptable, as the aim of this research is defining accuracy.  The Leica P20 scanning 

software Cyclone 9.0 is also unable to extract the centres of all my targets, for the same 

reason.   

The reason for this issue provided by both manufactures was algorithms.  Scanning 

software can only automatically extract for the end user, the centres of manufacture 

supplied Black & White checker pattern targets shown in figure 3.38 only.  The scanner 

scans the targets pattern and the algorithm is recognised by the software to extract its 

centre.   
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Figure 3.38 The Leica  (round)  and faro Scanning Targets. 

(Sourced from Leica Geosystems and Faro Technology) 

 
 

To overcome this issue the solution was to print the manufactures targets on a laser 

printer, construct a solid backboard to glue the targets onto and install them in Site B 

see Figure 3.39.   

 

 

 

Figure3.39 Sticking the paper targets on MDF boards. 

This will not allow me to test the reflectivity responses of rail corridor material during 

calibration.  The only issue left was the testing of the SSP's.  The solution was to install 

the SSP through the centre of the manufacture's pattern target.  The methodology will be 

the SSP is too small to effect the patterns algorithmic recognition.   The manufactures 

could not guarantee this would work and had to be tested as part of this research project.  

The SSP installation process was as follows: 
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 Cut to size a piece of timber of  25mm thickness ( the length of the SSP is 

19mm).  

  The boards had to take into account the panel non flat irregularity and the size 

of the targets.   

 Drill a hole of 5mm diameter in the centre of the board and tap the SSP through 

the hole  as shown in figure 3.40, with a bit of araldite on it to fit in place and 

flash on the board. 

  A hole was punched through the centre of the paper pattern targets and carefully 

centred on the nail and glued as seen in Figure 3.41. 

 

 
Figure 3.40 Installation of SSP on timber board 

 

 

 
 

Figure 3.41 Target over SSP 

 

 

At this stage of the project the literature review had not discovered any research 

indicating a flash surface will scan best without any objects protruding from its surface.  

The scanning of edges were not desirable but looking at the size of the SSP  having it 

flash will eliminate noise around the pin edge - this means more accurate measurement 

without shadowing effects from the pin protruding from the board.   All that was 

required now was the amount of targets that were needed to establish an optimal 

network for the self calibration of a TLS. 
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3.11.2  Target configuration 

 

In Site B the targets can be placed anywhere, this means placement configuration needs 

to be decided prior to target installation.  Two scanners were going to be calibrated in 

Site B,  this means there were two scanning target types  that had to be used,  a Leica 

and a Faro.  Of  course there were no guarantees that one brand scanner would 

recognise the algorithmic pattern of the other as the size of the targets were slightly 

different in there dimensions and shape- this had to be tested.  With this in mind and  

tight time frames, I decided to mix the patterns in my target network equally.  By this I 

mean the installation would have a pair of the same targets at various locations and 

aligned in the horizontal and vertical direction using a line laser, the BOSCH Quigo 

figure 3.42.   

 

  
Figure 3.42 - The BOSCH Quigo in use 

 
 

The following target network configuration was designed and shown in Figure 3.43. All 

the targets on the bottom of each wall have been fitted with an SSP.  They are 

simulating approximately the 300 millimetres above ground scenario, which would 

occur in the rail corridor.  Instead of ground it would be of the low rail of the track in 

the rail corriodr. 
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Figure3.43  A sketch of the target network configuration 

 

The idea of having the pattern targets paired was to allow for a direct measurement with 

a tape, between them.  I wanted to do a comparison of direct measured joins and the 

calculated joins from the coordinates of the targets after point cloud registration.   
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3.11.3 Target installation 

 

Target installation was based on the target network layout .  In Figure 3.44 the target 

installation process is seen.  At first (a) white dot stickers were used for the marking of 

the approximate positions of each target.  The next step used the Quigo laser to align the 

dots.  Verkro strips were used to attach the boards on the wall panels (c) shows the 

strips being placed around the dots.  To maintain costs low and provide a very sturdy 

solution only three velkro strips were needed for each target.  In (d) the paper targets 

were glued on the boards and numbered in the back of the boards.  It is important to 

make it as is as possible to place the targets in the correct position the first time - this 

was a concept used at Site A and worked well.  (e) shows the targets now installed on 

the wall in the correction positions all that is left now is to re-align the targets 

horizontally and vertically with the Quigo laser for the last time. 

 

  (a)      (b) 

 
  (c)      (d) 

 

 
  (e)        (f) 

Figure 3.44 Target Installation 
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It is important to mention at this point the orientation of the patterns was critical, the 

algorithms in the  TLS software could introduce errors in the automatic target centring 

extraction process, if orientation was incorrect.  The manufactures could not confirm if 

that would be the case but this chance could not be taken in this work  so extra care was 

taken to make sure all 70 targets were orientated correctly as previously indicated.  

Figure 3.45 shows the incorrect orientation. 

 

 
Figure 3.45 Incorrect orientation of scanner targets 

 

3.12  Field Work Stage 11 

3.12.1 Ground control 

 

Three ground control marks were placed  as shown in Figure 3.46.  Site B is a smaller 

size so for this research it was decided a second total station  the Leica TS30 is to be 

used to measure the ground control as an independent check.      

 
Figure 3.46 Site B ground control stations 
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3.13  Data Collection & Analysis Stage 12 

3.13.1 P20 calibration 

 

In this phase the scanning of the targets was done from three scan positions.  Figure 

3.47 shows the P20 at scan position 1 (near STN100). 

 

 
Figure 3.47 P20 at scan position 1 

The scanner height was varied from the ground at each scanner location.  The spatial 

resolution was at 1mm at 30m.  The point cloud from Station (STN) 100 with target 

centres already numbered and centres extracted and  is shown in Figure 3.48.  This point 

cloud has been zoomed in to highlight the enormous fine detail captured. 

 
Figure 3.48 Point cloud from Cyclone 9.0 at STN100. 
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3.13.2 Rail corridor scan P20 

 

The location of the rail corridor scan was at the country end of Redfern Station on the 

upside shown in Figure 3.49. 

 
Figure 3.49 P20 rail corridor scan site 

(sourced from Rail Safe) 

 

The P20 was setup on a survey tripod levelled up, a new project was created , settings 

were set and the scanning began Figure 3.50. 

 
Figure 3.50 P20 in the rail corridor 
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Within this area  three SSP's figure 3.51 were chosen to scan and use for registration.  

The image on the bottom was fitted with the incorrect orientation due to safety concerns 

and trains running approaching peak time this target could not be re-orientated.  It will 

be interesting if this will cause an issue with the data during analysis. 

 
Figure 3.51 The three SSP's - survey control with Leica Targets 

 
The P20 has the ability to scan the control targets at a distance on site, in a super fine 

spatial resolution (1mm) and then scan the scene of the rail corridor at a different point 

resolution (10mm) accuracy.  For this particular job foam backboards were used to glue 

the Leica scanner paper targets through the SSP, in a flash position.  In this particular 

case, the back boards had to be modified to get around the metal TCM plaques that are 

fixed onto the face of the mast above the SSP.  This situation highlighted the issue of 

the plaques Figure 3.52. 

 
 

 
Figure 3.52 Plaque positions near the SSP's. 
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The TCM plaques are metal and permanently attached above all SSP's.  The plaques 

show critical design data related the track Figure 3.53. They cannot be removed. 

 

 
 

Figure 3.53 Specification for TCM 
(source Sydney Trains TMC 212 Survey 2009) 

 
 

A possible solution to working around the plaque obstruction, is to  paint the pattern 

targets at a higher position along the face of the mast structure and along the rail 

corridor.  You would not need to paint a target at every mast.  Additional field work 

would be required to survey all the targets using STS and coordinate them to the Sydney 

Trains coordinate system.  This idea would setup the rail corridor permanently for 

scanning.  It would be time consuming but an efficient long term strategy to assist the 

implementation of new technology in the future.  This work is outside the aims of this 

research paper but is worth further investigation in the future. 
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3.13.3 Faro Focus 3D X 330 calibration 

 

The scanning of all the targets were also done from the same three scanner positions, 

with the Faro Focus 3D X 330 figure 3.54.   

 

 
Figure 3.54 Focus 3DX at scan position 1 

 

 

The scanner height was varied from the ground at each scanner location just like the 

Leica P20.  The spatial resolution was at 1mm at 30m.  The point cloud from Station 

(STN) 100 is shown in Figure 3.55 

 
Figure 3.55 Point cloud from Faro Scene5.5 at STN100. 
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3.13.4 Rail corridor scan Faro Focus 3D X330 

 

The Faro was also taken to Redfern and was step in the same position as the P20 figure 

3.56 

 
Figure 3.56 The Faro track scan at Redfern 

 

The exact SSP's figure 3.57 were used with the Faro  scanner as well, for registration 

and coordination of the scan point could.  . 

 
Figure 3.57 The three SSP's - survey control with Faro Targets 

 

The Faro targets a slightly larger then the Leica in size but still experienced the same 

issue of obstruction of the plaques with the ssp's figure 3.58.  Faro targets were used 

with the faro scanner and the same happened with the Leica this was only fair to the 

manufactures for accuracy. 

 
 

 
Figure 3.58 Plaque positions near the SSP's. 
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3.14  Conclusion 

 

All of project phases outlined in this chapter have been completed.  A detailed analysis 

of the data will be discussed in the next chapter together with the results. The scanning 

within the rail corridor was limited to only one scan position for each scanner due to 

time constrains and safety restrictions in that area at that particular time that could not 

have been foreseen. 
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Chapter Four - Results and Discussion 

4.1  Introduction 

 

In this chapter all the calculations have been completed, to determine the final X,Y,Z 

values of each target in the calibration room.  The software used for the least square 

calculations is Comprail / Compnet 2.8 railway custom software.  Least square 

methodology is used to calculate error components and precisions.   Civilcad 7 survey 

software was used to calculate the least square Transformations and the joins between 

targets for an independent check.  The final results will conform if the scanners meet 

Sydney Train requirements. 

4.2  STS Reductions 

 

Seventy targets were installed in the calibration room.  Each target was signalised by 

radiating it in two faces from threes stations.  The stations were established  by 

measuring six full arcs, from each station.  To maintain independent checks Two 

different STS's were used to establish the survey control.  Both STS instruments were 

tested over a certified baseline prior to being used in this project,  refer to Appendix I 

for the results of the calibrations. A summary of the manufactures specifications for the 

STS's are shown below in Table 4.1 

 

Table 4.1 Leica STS specifications 

 
 

It is very important to note the specifications assume that the Target is perfectly aligned 

to the instrument.  The Sydney Trains Specification SPC211 - Survey states the 

requirements for Survey control and survey of TCM's measurements is for the standard 

deviation of distance to be < +- 2mm + 3ppm. The standard deviation of horizontal 

angles is < 1.5 ". 
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4.2.1  Survey Control 

 

The precision of the survey ground control established and measured in the calibration 

room was within 3seconds in the horizontal and 4seconds in the vertical.  Refer to 

Appendix J for the GSI data files. 

 

4.2.2  Targets 

 

All of the targets installed in the calibration room were measured in two faces, from 

three stations, using two different Survey Total  Stations. This process provided  

confidence in the data sets measured in terms of their accuracy, reliability and 

independence. 

The following steps had to be completed in order to calculate the final X,Y,Z values for 

each target.  The first stage was the reductions from the Leica TS15 and the second 

stage was the Leica TS30.  A final comparison will be made and a table of final 

coordinates and heights for each Target will be shown. 

4.2.3  Stage 1 Leica TS15 

 

Step 1 - The coordinates of each target from each set up had to be compared. By using a 

different point ID for each target from each setup the Software was able to produce a 

comparison file showing the difference in X,Y,Z values for each target measured from a 

different station.  During the field work in the calibration I decided to use Point ID's 1-

70 for the measurements from Station 100.  From Station 200 the point ID's were 201-

270 and from Station 300 the point ID's were 301-370.  This logical approach assisted 

during comparison.   This process also ensured the software would not combine and 

average values with the same ID point numbers. 

 

Step 2 - A tolerance of  greater then +-2mm was set for the comparison,  to maintain 

conformance with specification, for each target in the X,Y and Z values. 
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Step 3 - Targets outside the tolerance are shown in table 4.2 .   

Table 4.2 Comparison of Target from TS15 data set. 

 

 

The mark  ()  indicates which station the target was measured from.  Target 16, 61, 

and 63 have been automatically discarded as they have produced error from all stations. 

Step 4 - If a photograph of the laser dot was available for that target, it was used as 

evidence to decide if a target shown in Table 4.3 would be discarded.  Due to time 

constrains in the project not every reflectorless laser dot measurement at each target 

from each setup was photographed.  The targets to investigate are 14, 15, 26, 30, 59, 60, 

64 and 65. 

 

From Station 100 Target 26 (a), 64 (b), and 65 have been photographed.  As it can be 

seen from the photos in Figure 4.1 Target 64 has an error due to the blow out of the 

reflectorless measurement and will be discarded. 

 

(a)   (b)    (c) 

   
Figure  4.1 Laser dot photos from station 100 
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From Station 200 Target 26 and 65 have been photographed.  From Figure 4.2 it can be 

clearly seen that the laser dot for both targets has been blown causing an error so these 

two targets will also be discarded. 

 

(a)     (b) 

  
Figure  4.2 Laser dot photos from station 200 

 

From station 300 Target 14, 15, 59 and 60 were not photographed. 

 

Step 5 - In this step the remaining Targets that still carry an error are 14, 15, 30, 59 and 

60.  Looking at the coordinates of each target from each setup it can be seen that the  

coordinates that are outside the +-2mm acceptable tolerance, will not be used.  In Table 

4.3 - 4.7 this is shown. 

 

 

Table 4.3 Analysis of Target 14 Table 4.5 Analysis of Target 30 

 
 

Table 4.4 Analysis of Target 15  

 
 

 
 

Table 4.6 Analysis of Target 59  

 

Table 4.7 Analysis of Target 60 

 
 

Step 6 - The remaining targets will now be averaged to determine the final coordinates.  

From 70 targets 10 had to be discarded, this is a good results considering 4 targets were 

disturbed and had  fallen to the ground prior to scanning so could not be used.  

 

Step 7 - The horizontal and vertical distances between centre of targets, were also 

measured in the field.  These joins were calculated and compared. Civicad 7 was used to 
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calculate the joins.  All the joins have been compared and fallen within the +-2mm 

tolerance except for target 11 and 14.  The measurement between these targets is out of 

tolerance so the targets will be discarded.  This results to 58 signalled final targets.  This 

is a very good independent check on the results shown in Table 4.8.  The grey areas in  

the table indicate one of the targets measured has been already discarded and can't be 

used any more.  The yellow area indicates target 11 & 14 is suspect because it has fallen 

outside the +-2mm tolerance and will be discarded for this work. 

Table 4.8 Join measurements comparison TS15 data 
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Step 8 - The final coordinated targets measured from the TS15, have now been 

tabulated.  Table 4.9 

 

Table 4.9 Final Coordinates of Targets from TS15 

 
 
 

4.2.4  Stage 2 Leica TS30 

 

Steps 1 to 8 will now be repeated using the data from the Leica TS30.  Step 1 and 2 is 

exactly the same for both instruments so we can go straight into step 3. 

 

Step 3 - Targets outside the tolerance are shown in Table 4.10 

 

Table 4.10 Comparison of Target from TS30 data set. 

 
 

The mark  () indicates which station the target was measured from.  As the table 

shows no target will be automatically discarded as they have not produced errors from 
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all three stations.  That said the fact that targets 14, 15, 16 and 26 have been flagged 

again being outside the +-2mm tolerance so they will be automatically discarded. 

Step 4 - The Targets that have been photographed are 4, 11, 25, 32.  The photos will be 

examined to decide if any of these targets can be discarded. 

From station 100 Targets  4 (a), 25 (b)  and 32 (c) have been photographed and shown 

in figure 4.3.  Examining the photos from this station the laser dot is not abnormal. 

  (a)    (b)   (c) 

   
Figure 4.3 Laser dot photos from station 100 

From station 200 targets 25 (a) and 32 (b) have been photographed Figure 4.4 and it can 

be clearly seen that the laser dot has blown out and these two targets will be discarded. 

                 (a)                                      (b) 

  
Figure 4.4 Laser dot photos from station 200 

From station 300 target 4 (a) was photographed as shown in figure 4.5.As it can be seen 

from the photo the laser dot has blown out and this target will be discarded. 

(a) 

 
Figure 4.5 Laser dot from station 300 



 76 
 

It is interesting to note the least square adjustment from the rail software confirmed 

target 4 has a 3D residual of  -0.015mm. 

Step 5 - In this step the remaining Target 11 is still carrying an error.  Looking at the 

coordinates of the target from each setup it can be seen that the  coordinates that are 

outside the +-2mm acceptable tolerance, will not be used Table 4.11. 

 

Table 4.11 Analysis of Target 11 

 
Step 6 - The remaining targets will now be averaged to determine the final coordinates 

for each target. From 70 targets 7 had to be discarded again a great results. 

 

Step 7 - The joins will now be calculated and compared and shoen in Table 4.12.  The 

grey areas in  the table indicate one of the targets measured has been already discarded 

and can't be used any more.  The yellow area indicates target 61 & 62 is suspect because 

it has fallen outside the 2mm tolerance and will be discarded for this work 

Table 4.12 Join measurements comparison TS30 data 
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Step 8 - The final signalised coordinated targets measured from the TS30, have now 

been tabulated refer to table 4.13. 

 

Table 4.13 Final Coordinates of signalized Targets from TS30 

 
 

Now that the final error free coordinates have been finalized from the two STS's  a 

comparison was done and a final data set of coordinated signalized targets has been 

produced in Table 4.14.  Targets showing two values within tolerance were averaged.  

During the comparison   Targets 23, 24, 37, 38, 40, 41, 44-48, 53 and 69 were outside 

the +-2mm tolerance. 

Table 4.14 Final Combined Coordinates of signalized Targets from TS15 & 30 
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4.3  Scanner Reductions 

 

The reduction of the scanner data were completed in two stages.  The two scanners used 

in this research project was the Faro Focus 3D X330 and the Leica P20. 

This scanner project work is point based.  This means using targets whose centroids can 

be extracted using the scanner software.  The scanner was setup in three different 

positions in the calibration room and at different heights.  The scanners were not setup 

over a known mark meaning indirect georefrencing was done.  The literature review 

showed to self calibrate a scanner, various methods had been determined in the past. 

None provide a process that was similar to a Survey Total Station for a Surveyor to pick 

up on and determine systematic errors of a TLS. In the literature review MATLAB 

software were used for the calibration by designing an appropriate model.  Due to time 

constraints and loss of time due to the relocation of the indoor calibration room, 

MATLAB was not used in this work.    The 3D positional coordinate accuracy will be 

determined for each scanner and then compared to the 3D coordinates of the signalised 

targets. 

 It was very important that the calibration targets are signalized independently by a STS.  

This allows for the comparison of STS data and TLS data to determine accuracy.  If the 

accuracy from both instruments is within the acceptable range of +-2mm then we can 

use the TLS in the rail corridor. 

The scanner data sets had to converted from scanners space to ground based 

coordinates.  the Six parameter Helmert transformation could be used.  Within the 

scanner software Cyclone and Scene a transformation is called a registration, this 

function could also be used.  In this research Civilcad7 will be used for the 

transformation of the scanner data sets to the indoor calibration room local ground 

coordinate system. It is important to note the scanner software from both manufactures 

is not that easy to learn within a very small time frame,  this is why Civilcad was chosen 

for the transformations. When all the three scanner data sets have been transformed a 

coordinate comparison will be done.   

4.3.1  Stage 1 Leica P20 

 

Step 1 - Transformation of the three scanner data sets using three points.  Target 20, 29, 

and 43 were used for the transformation.  The incident angles, height above ground and 

general placement position within the calibration space of these three targets aided in 

their selection as transformation base points. 

The raw target centroids were exported from the Leica Cyclone 9.0 software as a SVY 

file which is a simple tab delimited text file.  This data was put in order of Point 

Number, easting, Northing and Elevation and imported into CivilCad 7.0 individually 

and not as a bundle, for transformation.  This was done for all three scanner data sets.  

During the transformation the residuals were zero.  Once transformed the scanner data 

was exported as a txt file and imported into an excel spreadsheet for comparison.   
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Step 2 - Table 4.15 shows the XYZ values for each target .  

Table 4.15 Leica P20 Transformed scanner target centroids  
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Targets that were scanned but not extracted in the point cloud, are noted in the table.  

Figure 4.6 shows an example of why a target could not be extracted, in this case the 

shadow line of person standing near the target 70 at setup 100 (a) and target 13 extreme 

incident angle from setup 300 (b). 

 

    (a)     (b) 

 
Figure 4.6 Targets not extracted 

 
 

 

Step 3 - The Z values have not been transformed to ground values.  This will be done 

by calculating the difference between the true target elevation and the scanner target 

elevation.  This should be  the same value for all the targets from that setup.  If there is a 

variation in the difference of +- 2mm then the average will be calculated and adopted. 

For setup 100,the value of 11.433 need to be added to all the Z values to have ground 

elevations. 

Signalised Target RL - Scanner Target RL = Difference in RL (Constant) 

 10.635 0.798 11.433    

For setup 200,the value of 11.680 need to be added to all the Z values to have ground 

elevations. 

Signalised Target RL - Scanner Target RL = Difference in RL (Constant) 

 10.635 1.045 11.680    

 

For setup 300 it is 11.501. 

Signalised Target RL - Scanner Target RL = Difference in RL (Constant) 

 11.236 0.265 11.501    
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Table 4.16 shows the final scanner target centroids with the adjusted heights as well.  

Also note at the bottom of this table the true coordinates of the scanner. 

Table 4.16 P20 Final Scanner target centroids coordinated to the indoor calibration System 
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Step 4 - In this step the final table will be produced.  Using Table 4.16, the average of 

all the Targets from each setup will be done.  These coordinates will be compared to the 

signalized values and then any targets that have not fallen within the +-2mm tolerance 

will not be used further in the calibration.  Refer to table 4.17 

Table 4.17 Comparison of Final P20 scanner and signalized Target values 
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From Table 4.17 target 7 and 25 have fallen extremely out of tolerance (24mm), this 

cannot be explained but will be analysed further when the reductions of the faro Scanner 

are done.  These two targets will not be used further in the calibration calculations.  97% 

of all targets scanned from three different setups have fallen within the +- 2mm 

tolerance this is an excellent result.  Scanned Targets 14, 16, 26, 49-52 and 61 will also 

not be used as these targets were not signalised by the STS's.  This leaves a Total of 60 

targets to use in the calibration.  Further to this there is one more independent check 

remaining to compare the measured joins with the new coordinates shown Table 4.17.  

This final calculation discovered the join between target 10 and 15 was out of tolerance 

(3mm) so these two targets were discarded.  This gives  a new Total of 58 Targets for 

calibration. 

Now Table 4.18 is the final table showing the Scanned targets to used in the calibration. 

Table 4.18 Final P20 Scanned Target Coordinates 

 

4.3.2  Stage 2 Faro Focus 3D X330 

 

Step 1 - Transformation of the three scanner data sets using three points.  The 

transformation of the Leica P20 scanner data used targets 20, 29 and 43. Unfortunately 

target 43 could not be extracted from the point cloud hence 42 was used. The incident 

angles, height above ground and general placement position within the calibration space 

of these three targets aided in their selection.   It is important to note the P20 scanner 

data were re-transformed using base point target 20, 29, and 42 and exactly the same 

results were produced.  The original transformation using base points 20, 29, and 43 

will be used in the project as changing from Target 42 to 43 in the transformation had 

no impact to the results. 
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The raw target centroids were exported from the Faro SCENE 5.5 software as a text file.  

This data was put in order of Point Number, Easting, Northing and Elevation and 

imported into CivilCad 7.0 individually and not as a bundle, for transformation.  This 

was done for all three scanner data sets.  During the transformation the residuals were 

zero.  Once transformed the scanner data was exported as a txt file and imported into an 

excel spreadsheet for comparison.   

Step 2 - Table 4.19 shows the XYZ values for each target 

Table 4.19 The Faro transformed scanner target centroids  
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Targets that were scanned but not extracted in the point cloud, are noted in the table.  

Figure 4.7 shows an example of why a target could not be extracted, in this case the 

brightness of the light diminished the black and white checker pattern Target 43 at setup 

200 (a) and from setup 200 the horizontal angel from the scanner to targets 57, 58 and 

60 were no good(b). 

      (a)      

  

(b) 

 

Figure 4.7 Targets not extracted from point cloud 

Step 2 - Table 4.19 showed the XYZ values for each target .  The Z values have not 

been transformed to ground values.  This will be done by calculating the difference 

between the true target elevation and the scanner target elevation.  This should be  the 

same value for all the targets from that setup.  If there is a variation in the difference of 

+- 2mm then the average will be calculated and adopted.   
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For setup 100,the value of 39.844 need to be added to all the Z values to have ground 

elevations.   

 

Signalised Target RL - Scanner Target RL = Difference in RL (Constant) 

 10.635 29.209 39.844    

For setup 200,the value of 37.191 need to be added to all the Z values to have ground 

elevations.   

Signalised Target RL - Scanner Target RL = Difference in RL (Constant) 

 10.635 26.556 37.191    

For setup 300 it is 38.967. 

Signalised Target RL - Scanner Target RL = Difference in RL (Constant) 

 10.635 28.332 38.967    

The constants from each setup have been checked by reversing the calculation to be : 

(the scanner target RL - calculated Z value of that target = constant) 
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Table 4.20 shows the final scanner target centroids with the adjusted heights as well.   

 

Table 4.20 Final Scanner target centroids coordinated to the indoor calibration System. 
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Step 3 - In this step the final table will be produced.  Using Table 4.20, the average of 

all the Targets from each setup will be done.  These coordinates will be compared to the 

signalized values and then any targets that have not fallen within the +-2mm tolerance, 

will not be used further in the calibration.  Refer to table 4.21 

Table 4.21 Comparison of Final scanner and signalized Target values 
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Step 4 - From Table 4.21 target's 4, 25, 28, 48, 53-60, 62, 65, 68 and 69 have fallen out 

of tolerance, this cannot be explained but will be analysed further.  These targets will 

not be used further in the calibration calculations.  77% of all targets scanned from three 

different setups have fallen within the +- 2mm tolerance this is an excellent result.  

Scanned Targets 14, 16, 26, 49-52 and 61 will also not be used as these targets were not 

signalised by the STS's.  This leaves a Total of 46 targets to use in the calibration.  

Further to this there is one more independent check remaining to compare the measured 

joins with the new coordinates from Table 4.121.  This final calculation discovered the 

join between targets 58-59, 9-16, 61-62, 25-28 and 51-50 are out of tolerance so these 

targets will be discarded.  This gives  a new Total of  45 Targets for calibration.  Now 

Table 4.22 the final reductions Table will be produced showing Scanned targets to used 

in the calibration. 

Table 4.22 Final Faro Focus 3D X330 Scanned Target Coordinates 

 
 

Now that all the reductions have been completed we can compare the data from the two 

scanners.  42 Target's have been compared on the X,Y and Z values from both 

Scanners.   4 targets out of the 42 are outside the +-2mm tolerance.  38 targets are 

within -1 to 2mm , this is a very good result.  Overall 54% of the total targets installed 

were used for the final scanner to scanner comparison Table 4.23.  In the reductions 

section of this chapter targets that were not used have been explained.   
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Table 4.23 Faro Focus 3D X330 & P20 Comparisons 
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4.4  Scan and Track Survey Comparison 

 

One of the objectives for this research was if the TLS conformed with Sydney Trains 

Specifications, a section of rail track in the rail corridor will be scanned from two 

positions.  Due to safety constraints only one position was used. Figure 4.8 (a) shows 

the registered point cloud overlayed with independently measured survey points using a 

Leica TS15.  The  same Survey control was used for this comparison as described in 

detail in Chapter 3.  Point 810 was one of the survey radiation on the catenary overhead 

wire attached to a mast.  The figure clearly shows this point has fallen on the invert of 

the wire as it was radiated.  Point 925 and 926 were survey points of the centre of two 

bolts exactly as they have been scanned.  These were very good results .   

 
Figure 4.8 Survey Points overlayed onto point cloud capture in Cyclone 9.0. 

The scan time for this scene capture was 6 minutes and survey time was 45 minutes.  A 

significant difference.  Accuracy is certainly not an issue but the coordination of safety 

personnel and survey crew combined with gaining access to the danger zone had a 

tremendous impact on the time taken to complete the task.  Scanning allows 

measurements in the form of a scene capture remotely from a safe place by a single 

individual.  This is assuming scan targets have been permanently installed within rail 

corridor for resection purposes.  Current survey methods require most times the direct 

measurement to a circular prism to define a feature in 3D. 

The Faro focus 3D X330 scanner was also used for this scene capture.  The scanner was 

setup on a carbon fibre camera tripod and during the scan there was a change in weather 

conditions in the wind.  These two unfortunate factors had an impact to the final point 

cloud.  The point cloud was warped and the comparison to the survey points done with 

the Leica P20 was not able to be completed with the Faro. 
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4.5  Discussion 

 

All the ground work done to construct solid, strong targets, assisted in the accuracy of 

the results.  In previous research the improvement of a scanner from before and after 

calibration was expressed as a percentage of improvement.  This research using current 

model scanners has shown results that are so good, the before and after accuracy 

improvement method might no longer be required based on the results from this work 

on certain scanners. 

 

Disappointing outcomes with reflectorless mode on the Survey Total Stations.  This 

functionality is not pin point accuracy, as the size of the laser dot varies in distortion 

due to incident angles it effects the accuracy of the measurement.  It is noted that 

manufactures recommend measurements are not made when the incident angles are 

tight but in real word Survey situations you need to make measurements everywhere.  

You cannot be restricted by instruments that do not maintain accuracy in difficult 

scenarios.   

 

During the signalisation process of Targets in Site A, from certain ground station 

positions, pointing to the centre of targets and the SSP's was difficult - the vertical 

sighting angle was very steep to sight through the telescope.  In consultation with CR 

Kennedy during the second calibration facility target installation, the laser of the TS15 

STS was tested to confirm the pin point cross hairs when sighting to a target coincide 

with the laser dot being located in the centre of the target as well.  If it was off centre 

the instrument will be adjusted in the CR Kennedy service department.  From the 

disturbed shape of the laser dot on some of the photographs of the targets, the laser will 

need to be tested over 50m.  The laser pointer and the reflectorless laser is one and the 

same and it was correct no adjustment was required. 

 

The comparison of the Faro Focus 3D X330 and the P20 was excellent. 90% of the 

targets used to compare scanner to scanner were well within the tolerance range of +-

2mm.  It is interesting comparing the Leica P20 to the Signalised targets the two targets 

that did not agree were Faro scanner targets.  With the Faro there was a great amount of 

targets that did not agree with the Signalised targets and the majority were Leica targets.  

 

The results show that the STS data compared to the Scanner data are within +-2mm in 

3D positional coordinates.  This result shows that the Terrestrial Laser Scanners Leica 

P20 and Faro Focus 3D X330 are as accurate as the Survey Total Stations therefore 

conforms with Sydney Trains Specifications and can be used in the rail corridor.  Of 

course scans taken in the rail corridor and a point cloud in the deliverable it will need to 

submit an accuracy verification conformance.  A comparisons of signalised versus 

scanned targets installed in an indoor room, to show the scanner being used for the 

measurements conforms with Specifications this research has shown could be 

acceptable. 
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Chapter Five - Conclusion and Recommendation 
 

5.1 Conclusion 

 

In conclusion the aims of the project were achieved.  Documented working accuracies 

have been provided for the Leica P20 and faro Focus 3D X330 and shows conformance 

with Sydney Trains Specifications.  The Track Control marks (TCM's) have been 

scanned accurately indicating no interference by the installed SSP's in the centre of the 

scanner targets (both Leica and Faro) during the centroid extraction process.  The scan 

time and mainstream survey methods to capture measurements of a section of rail track 

has also been documented. 

The objectives of the research work have also been achieved: 

 A literature review on TLS and current application within a Railway 

environment were completed and documented 

 A calibration indoor target network was designed and established at site A and 

then Site B 

 Various custom and manufactured targets were constructed, modified and 

installed for scanning 

 An indoor self calibration of two scanners was completed using all the installed 

targets. The Leica P20 and the Faro Focus 3D X330 

 All calibration room indoor targets were signalised by two Survey Total 

Stations.  The Leica TS15 and TS30 prior to scanning. 

 A section of track was scanned by both scanners and a comparison of the point 

clouds and surveyed features have been illustrated. 

 One of the findings in the research was that the manufactured scan Targets can 

have survey marks, in this case SSP's installed in the centre. The centroid of the 

target can still be automatically extracted even if a steel pin is installed in the 

centre of the algorithmic pattern.  This was a great discovery which impacts the 

method of installation of Sydney Trains Survey Control Marks and Track 

control Marks in the future so they can be used for scanning.   

 This research also verified that different brand scanners can recognise the 

checker scan targets of other manufactures and extract there centres. 

 All other findings have been documented. 

The ppm accuracy has not been checked due to the short lengths of the baselines, in the 

indoor calibration room.  The lines being less than 10 meters.  Sydney Trains 

specifications state the acceptable angular accuracy is < 1.5".  The TLS measures the 

3D spatial position and exported the raw data as coordinates only so the angular 

accuracy for this work was not determined.  This was the case for both scanners used in 

this work.  The results do indicate there is no zero error in the scanner instruments. 
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5.2 Recommendation 

 

On completed this research the following recommendations can be made: 

 

 TLS must be aligned with a formal calibration test so it can be used on Survey 

Projects to produce and maintain accurate deliverables. In NSW, it is 

recommended that the Land Property Information (LPI)  further investigate the 

design, construction and maintenance of a self calibration facility for Terrestrial 

Laser Scanners. 

 Development of documented calibration standard procedures working together 

with the LPI is also research work that can further investigated.   

 It would be interesting to have used another brand Survey Total Station for the 

reflectorless signalisation of the Targets.  Topcon the manufacture of Survey 

Total Stations, claim that the laser beam in there instrument is a fixed diameter, 

pin point dot.  The size of the laser dot does not change depending on the 

distance being measured.  It is recommended that this should be tested. 

 An investigation of the design of rail specific scan targets and permanent 

installation within the rail corridor is recommended.  It will require measuring 

these new targets with a STS to establish control values first. 

 The construct of new targets integrating checker board targets with a glass prism 

to make it easier to signalise targets in a calibration room would certainly speed 

the process of signalisation.   

 During the construction phase of this project colour tone cards were fitted to 

Leica GPH1 prism holder.  This concept could be tested on an EDM baseline as 

a check on STS Reflectorless measurements.   

 Waveform Digitising (WFD) measuring technology could be investigated.  The 

testing and analysis of WFD was outside the scope of this research but needs to 

researched especially now that manufactures are introducing it in the new 

Survey Total Station and scanners. 
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