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ABSTRACT

This project seeks to investigate and report on the performance of the South African
Virtual Reference Station (VRS) concept as an extension of the Global Positioning
System (GPS) Real-Time-Kinematic (RTK) survey technique. Using this investigation,
it is hoped to provide reliable and valid information on the accuracy, precision and

reliability of the VRS survey technique.

VRS addresses many of the limitations faced by the classic RTK technique. The past
few years has seen many countries install permanent reference station networks to
spatially model the biases for a given region. The Chief Directorate: Survey and
Mapping has developed two permanent reference station networks called the Gauteng
VRS network and Western Cape VRS network. Both these networks operate using

Trimble’s VRS hardware and software.

Classic RTK technique enables surveyors to carry out centimetre level positioning
activities. The accuracy of classic RTK has been well documented. However, the
accuracy, precision and reliability of the VRS network, here in South Africa, have yet to

be proven.

The reliability of the Gauteng VRS network is assessed by carrying out detailed testing
of determining the performance of the accuracy, precision, initialisation times and its
coverage extent. Several test sites located within, on, and outside of, the network are

selected and several measurements are collected, processed and collated at each test site.

The results indicate that the Gauteng VRS system is at least comparable to the classic
RTK technique in the areas of accuracy, precision and initialisation times, and
demonstrated greater robustness of the coverage extents of the system. The results of the
test will be of interest to existing and potential users of GPS for positioning activities

and will benefit them as an aid to making an informed decision.
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Chapter 1 — Introduction

CHAPTER 1

INTRODUCTION

1.1 Background

At first Global Positioning Systems (GPS) was developed and used only for military
purposes, for locating strategic points on the earth’s surface. It was not long before the
power and potential of the system was realized and it was introduced into different
civilian applications such as the measurement of time, geodetic and cartographic uses,

and in air, ship and car navigation (Razza 2005).

Surveyors who used GPS in the early 1980s endured long observation periods in the
field and time-intensive post-processing back in the office. As a result, GPS was really
only feasible for establishing survey control. To gain centimetre-level accuracy
positioning in the field, surveyors in 1993 began using RTK GPS technology which also
minimized data processing (Higgins 2001). For RTK positioning a reference receiver
(base station) transmits its raw measurements or observation corrections to a rover
(mobile) receiver via a data communications link, whether radio, modem or cell phone.
With the introduction of RTK, GPS became a valuable tool for applications other than
control work, including topographic mapping, cadastral surveys, high accuracy GIS and

construction stakeout.

The most recent advancement in GPS technology, however, is scaleable GPS reference
station infrastructure. GPS infrastructure consists of permanent or semi-permanent
receivers operating continuously. Users no longer need to set up a separate base station
to achieve RTK positioning; they simply use a GPS rover to connect to the established
infrastructure. GPS infrastructure can range from a single reference station to a wide-

area network.

Virtual Reference Station (VRS) in South Africa



Chapter 1 — Introduction

The Chief Directorate: Surveys and Mapping is responsible for all South African
networks and have therefore established this GPS Infrastructure and are making real-

time VRS corrections available to users in the field.

The accuracy of classic RTK has been well researched and documented by several GPS
manufacturers, for instance Trimble Navigation Limited. However, the accuracy,
precision and reliability of the VRS network, here in South Africa, have yet to be
proven. No published research papers with regards to the validation of the South African
VRS and CORS networks could be obtained. As such the reliability of the VRS system
must be assessed by carrying out detailed testing to determine the performance of its

accuracy, precisions, initialization times and its coverage extents.

1.2 Research Aim

The aim of this research project is to investigate and report on the accuracy, precision,
initialisation times and coverage extent of the South African (Gauteng) Virtual
Reference Station (VRS) concept as an extension of the Global Positioning System

(GPS) Real-Time-Kinematic (RTK) survey technique.

1.3 Justification

The use of the GPS technology by the surveying community has given rise to significant
productivity benefits. The adoption of the Real-Time-Kinematic (classic-RTK)
technique for centimeter level applications work has seen a revolution (Trimble VRS —

Technical Brochure, 2001).

Works that usually required an entire survey team days to complete, now only requires a
surveyor, with an additional crew member manning the base station and setting it up.
With the classic-RTK techniques, survey works are completed in a very shorter period

of time hence, increasing productivity.

Virtual Reference Station (VRS) in South Africa



Chapter 1 — Introduction

However, classic-RTK technique has a number of factors that needed to be addressed

and they are as follows:

e The requirement of having a local reference or base station, which in turn
contributes to security issues (who would look after the reference station once it
is set up), power supply (typically up to 8 hours per day), communications (radio
telemetry link range) and the loss of productivity. This would also equate to the
need of investing in a second unit of GPS receiver and the radio telemetry link
via a radio modem.

e The limitation on the power of the output allowed for a radio modem to operate,
limits the range of the base station’s radio modem that is sending out RTK
correction messages. The surveyor is able to work only within his radio
telemetry link range. From personal experience, this is in the region of up to a
range of between 5-10 kilometers, depending on environmental, weather and line
of sight of the roving GPS receiver and the elevation at which the base
broadcasting station was set-up.

® The propagation factor which arises when the distance between the rower and
reference (or base) receivers increases. In certain instances, it gives rise to
significant differences that exceeds tolerance levels set for a particular scope and
specifications for a project.

e The reliance of a single reference station and the lack of redundancy factor and

integrity monitoring (Ong 2003).

It was in the light of these limitations that the Virtual Reference Station (VRS) system
was developed. The VRS has overcome all the limitations listed above and offers more

for the potential user (Ong 2003).

Here are a few notable factors:

e Extended operating range that is supported under the VRS system network is
easily 5 times more (up to 35km or more) than that of the normal radio telemetry
means, via a radio modem.

¢ Increased productivity.

Virtual Reference Station (VRS) in South Africa
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¢ Eliminates need to establish reference station. Instantly, the initial cost of using
the GPS technology for survey works is halved. Thus, set-up, power, physical
security of the reference station becomes a non-issue.

¢ Provides integrity monitoring.

e All users are in a common, and established coordinate reference frame.

¢ Eliminates dependency on single reference station.

e Uses established communications infrastructure of the GSM / GPRS mobile
telecommunications network to support its telemetry links, because such
network does not have a range limitation.

e The VRS makes use of each GPS observation data resultant positions are being
corrected from a set of fixed reference stations. Part of the VRS system
algorithm looks into having the processor perform integrity checks, and remove
outliers from the solutions. Thus, having redundancy for all points surveyed.

e Effectively requires only one person to get the work done. Ideal in situations
where area to be surveyed is large, as there isn’t a need to change to another base

station, as in the case of classic RTK technique (Ong 2003).

Currently, the Gauteng VRS coverage area comprises of four GPS base stations (see
Figure 2.5 for map of existing Gauteng VRS coverage area). For legal traceability and
professional integrity, it is important to provide information to aid in providing reliable
predictions of the accuracy, precision, initialisation times and coverage of the VRS both

within and outside of what is considered the ‘normal’ coverage area.

1.4 Research Method

The focus of this research project is on the reliability of the Gauteng VRS RTK network

as a replacement for Single Base RTK and not on the influence of errors on the GPS.

To achieve the project aim, the following will be completed;

e Analyse the Virtual Reference Station concept as an extension of the Global

Positioning System.

Virtual Reference Station (VRS) in South Africa
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e (ritically analyse any relevant prior research and literature regarding Virtual

Reference Station networks.

e Develop and validate a method for testing the accuracy, precision, initialization

times and coverage extents of the South African VRS-RTK GPS network.

e Collect data to allow measurement accuracy, precision, initialization times and

coverage extents of the South African VRS-RTK GPS network.

e Analyse the collected data to quantify the accuracy, precision, initialization times

and coverage extents of the South African VRS-RTK GPS network.

Chapter one introduced the reader to the problem and motivation of the VRS being
implemented and the justification was listed. Chapter two will consist of the literature
review, providing the background and information of what the VRS concept is and how

it can benefit users in the positioning industry.

Chapter three will contain details of the testing plan and field execution. Chapter four
will cover the data processing and collation of information. In chapter five, the results

analysis and discussion will be carried out.

The project conclusion will be drawn in Chapter six and recommendations will be made

for future and further research.

Virtual Reference Station (VRS) in South Africa
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1.5 Summary: Chapter 1

The concept of Virtual Reference Stations dates back as far as 1999. Since then,
different countries have undertaken a vast amount of research in this regard. Looking at
results from various research papers, the VRS technique proved to be very reliable.
However, in order to establish the VRS technique as a reliable and accurate method
amongst professional GPS users, more research still needs to be carried out, especially
in South Africa. In order for this research to be of value the results obtained must be
compared with previous testing or standard industry specifications. This chapter will

look at some of the test results from various projects undertaken in different countries.

This research project aim to investigate and report on the South African (Gauteng)
Virtual Reference Station (VRS) concept vide detailed testing of the precision,
accuracy, initialisation time and coverage extents. The justification and research method

were also outlined.

In chapter two, the literature review will provide information of the VRS system as well

as past testing results and the current status of the system.

Virtual Reference Station (VRS) in South Africa
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

In order for this research to be of value the results obtained must be comparable with
previous testing or standard industry specifications. Designing a testing procedure
requires an in depth knowledge of the VRS concept and all issues surrounding previous
testing. This will help develop a reliable test procedure that will be utilized in the

completion of this project.

The aim of this chapter is to gather background information on CORS networks and
characteristics of the systems, as well as the analyses of previous VRS RTK testing of

networks in South Africa and overseas.

This chapter contains the background section that includes what the VRS concept is.
This will be presented through a review of literature to establish a sound understanding
of the VRS concept and provide an insight into various CORS networks and network

testing.

Virtual Reference Station (VRS) in South Africa
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2.2 Real-Time Kinematics (RTK) Surveying Technique

2.2.1 Overview

The RTK technique was first introduced during the mid 1990’s. It became one of the
preferred methods for surveying GPS control points. Users of this technique were able
to obtain centimeter accuracies in real time without the need for long occupation setups
and the need for the post processing of data. This technique makes use of carrier phase
measurements. Carrier phase measurements is a technique whereby one will try to solve
baselines between a base station (known control point) and a rover station by making
use of a double differencing kinematic technique. The user needs two duel frequency

instruments in order to carry out such a survey.

2.2.2 Real-Time Kinematics (RTK) Surveying

Investigations began in the mid 1990’s to find the optimal way of processing reference
receiver data, and then providing ‘“correction” information to users, in real time. This

practice is known as RTK Surveying (Rizos and Han 2003).

RTK positioning with GPS is a common survey technique used today. RTK GPS allows
the use of a static base station at a known point and mobile rover unit for real time data
collection. Computer processors within the roving receiver combine its measurements
with the data broadcast from the reference station. With modern equipment only a few
tens of seconds of data are typically required to fix the ambiguities associated with the
GPS phase data observable and compute a baseline; the difference in latitude, longitude

and height between the reference and rover positions (Higgins 2001).

2.2.3 Limitations of Real-Time Kinematics (RTK)

The limitations of RTK surveying will be summarized here to highlight the need to

progress to a system containing a network of reference stations.

Virtual Reference Station (VRS) in South Africa
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e Productivity, security and accuracy issues caused by establishing and running a

GPS receiver and radio from their own reference station on all survey projects.

¢ Increase in distance dependant errors caused when the roving receiver is working
farther than 10km from the reference station.

¢ Limitations caused from the range of telemetry communications.

2.2.4 Continuously Operating Reference Stations (CORS)

CORS is the general term given to an active network of GPS stations. Regional CORS
networks have been created to support geodesy, surveying, mapping and high-end
navigation. The use of a network of reference stations instead of a single reference
station allows the modeling of systematic errors in the region and thus provides the
possibility of error reduction (Landau et al. 2002). The reference stations transfer data
from GPS satellites within range to a control centre. This data is processed, corrected
and re-transmitted to the GPS stations in real time. The CORS sites are generally spaced
between 20 to 70 kilometers to achieve the best accuracy. Mobile receivers operating
within CORS network can receive corrections broadcast from the GPS reference
stations to compute their corrections in real time. CORS technology is changing rapidly,
with accuracy, reliability, station separation, atmospheric modeling and data processing
strategies all being investigated. Current research hopes to minimize state CORS
infrastructure duplication, maximize coverage and support a broader user base (Zhang et

al. 2000).

2.3 Virtual Reference Stations (VRS)

2.3.1 Virtual Reference Stations (VRS) Concept

The VRS concept from Trimble is an extension of the RTK technique developed for
GPS surveying and other forms of high precision positioning (Cislowski & Higgins
2006). The technique operates through CORS networks.

Virtual Reference Station (VRS) in South Africa
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The VRS concept involves permanently operating Global Navigational Satellite System

(GNSY) reference stations that are connected via data links such as modems to a control

centre. The control centre continuously gathers the GPS data from the reference stations

and a central processing computer models the spatial errors and produces a living

database of regional area corrections (Landau et al. 2002). At the rover end, the GPS

receiver makes a phone call giving its approximate location to the control centre. The

central computer then generates corrections as if there was a reference station at the

rover’s approximate position. Algorithms are completed within the rover and it is

positioned relative to this virtual reference station (Higgins 2001) Figure 2.1 display’s

the system architecture of the VRS concept.

Control center
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Figure 2.1: System Architecture of the VRS concept (Trimble 2003)
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The improved performance of the VRS concept is due to the relatively short baselines
between the virtual reference station and rover receiver, as opposed to the physical
reference stations. As such the positional accuracy is not degraded by being too far from
the physical reference stations. The fact that the corrections from the virtual reference
station are interpolated from the surrounding physical reference stations contributes to
the improved accuracy. Cislowski and Higgins (2006) state that even when the rover is
30 or 40 km from the nearest physical reference station it retains a positional accuracy of

+ 20mm (horizontal) (Fritsch 2006).

2.3.2 How the VRS System Works

The VRS concept follows the principals listed below;

At least 3 reference stations are normally connected to the network server through

communication links.

REFERENCE STATION

= I
7 i |
|

CONTROL CENTRE R &

Figure 2.2: Network Sketch (Landau et al. 2002)

The approximate position of the rover is sent to the control centre running the GPS
network. A mobile phone data link such as Global System for Mobile communication
(GSM) is used to send the standard National Marine Electronics Association (NMEA)
position called Global positioning system fixed data (GGA). GGA format is adopted

because it is available on most receivers (Landau et al. 2002).

Virtual Reference Station (VRS) in South Africa 11
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Figure 2.3: Rover transmits NMEA message to network server (Landau et al. 2002)

The control centre receives the approximate position and reacts by sending Radio
Technical Commission for Maritime Services (RTCM) correction data to the rover.
Once the rover obtains the data it computes a Differential GPS solution and updates its
position. The position which is accurate = 1 meter is sent to the control centre. New
RTCM corrections will be calculated and returned back to the rover via the mobile
phone data link. The corrections now appear to be coming from a station right next to
the rover. It is possible using this technique to perform highly improved positioning

within the GPS network (Landau et al. 2002).

i;;» S NMEA

Figure 2.4: Network server transmits RTCM correction stream for VRS position

(Landau et al. 2002)
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2.4 The South African CORS Network

2.4.1 Overview

The Chief Directorate: Surveys and Mapping (CDSM), of the Department of Land
Affairs of South Africa, established a network of active GPS base stations back in 1999.
Since then GPS receiver design, active network management, and processing software
have greatly improved. With this, and the age of current receivers and peripheral
equipment, in mind, funding was made available by the Department of Land Affairs in

the latter half of 2006 to upgrade and rebuild TrigNet.

The upgraded network uses Trimble’s RTKNet software and 80 Trimble NetRS
receivers to make network management and control more efficient and less complex, all
to the benefit of TrigNet data users. A country-wide VRS DGPS using Trimble GPSNet
software has also been implemented as well as two Trimble VRS RTK networks for

Gauteng and the Western Cape.

Gauteng VRS
Network

Western Cape
VRS Network

Red = Post Processing and Real Time data.
Yellow = Post Processing data only.

Figure 2.5: TrigNet Continues Operating Reference Stations.
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3.4.2 Western Cape VRS Network

There are currently 5 reference stations in and around Cape Town making up the
Western Cape VRS network. These reference stations are located in Mowbray,
Langebaan, Malmesbury, Stellenbosch and Hermanus with a continuous connection to

the control centre at the CDMS office in Mowbray.

[
l“M‘l

Worcester
L]

Figure 2.6: Western Cape VRS Network

In 2007 du Toit from Optron Geomatics investigated the Western Cape VRS network.
His testing was to get a general idea of;

e The repeatability of the VRS solution,

e The initialization times and

¢ A comparison of the VRS solution versus a single base solution.

The testing was not meant to be an extensive or rigorous scientific test of the system, as
that was past the scope of this investigation. It was structured more to give potential

users an idea of accuracies and productivity improvements that can be expected.

The rover was set up over existing Town Survey Marks and the time taken to initialise

was noted. The position of the point was then measured for 3 seconds and stored. After

Virtual Reference Station (VRS) in South Africa 14
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storing the point, the receiver was intentionally forced to loose the initialisation. This
was repeated 10 times using a VRS solution, ten times using a single base solution from
Cape Town, then Stellenbosch, and finally from Malmesbury. A Trimble R8 rover with

an internal SIM card was used for the testing.

It was found that the repeatability of the VRS solution, as well as the single base
solutions were excellent. All points fell within less than 1 cm of each another. The
initialisation times were also astounding, with an average initialisation tome of 28
seconds. It was noticeable however, that for baselines longer than 30 kilometres the

initialisation times were longer.

2.4.3 Gauteng VRS Network

The Gauteng VRS network consist of four reference stations in an around the
Johannesburg area. These reference stations are located in Pretoria, Krugersdorp,
Vereeniging and Benoni with a continuous connection to the control centre at the
CDMS office in Mowbray. As this network only became fully operational during the
end of 2007, no documented testing has been done on this network, hence the

undertaking of this research project.

Virtual Reference Station (VRS) in South Africa 15
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Figure 2.7: Gauteng VRS Network

2.5 Overseas RTK Networks

2.5.1 Overview

Over the last few years, the appealing nature of permanent reference stations has led to
network installations in many countries. This section aims to give a brief description of
two CORS networks in different countries and some VRS RTK testing completed

within each network.

Virtual Reference Station (VRS) in South Africa 16
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2.5.2 Singapore

Singapore Satellite Positioning Reference Network (SiReNT) is a new infrastructure
replacing the Singapore Integrated Multiple Reference Station Network (SIMRSN). The
VRS network, known as SiReNT is operated by the Singapore Land Authority (SLA).
The network as shown in Figure 3.8 consists of five Trimble NetRS reference stations
that are located at the extreme corners of the island and one in the middle to provide

island wide coverage (SLA 2006).
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Figure 2.8: Singapore Satellite Positioning Reference Network (SiReNT)
(SLA home 2006).

The former SIMRSN was a good test bed for network based positioning techniques as it
operated, both as a research facility and an operational Network RTK service for the
benefit of surveyors. In order to evaluate the above VRS RTK network infrastructure,
tests were completed at two stations code-named NTU and GLC during 2002.
Continuous data was recorded at NTU for a period of approximately 8.5 hours and 5.5
hours at GLC. The accuracy of VRS RTK positioning was examined by comparing a
ground truth position computed from logged raw data against the VRS RTK position.

The summary statistics for the two stations are listed in Table 3.1. The results indicate
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that the accuracy of VRS RTK positioning is generally better than 3cm in horizontal

position, with the height accuracy being in the range of 1-5cm (Hu et al. 2003).

Table 2.1: Statistical results for NTU and GCL stations (Hu et al. 2003)

STN STANDARD DEVIATION CONFIDENCE LEVEL 99STN %

NORTHING | EASTING | HEIGHT | NORTHING | EASTING | HEIGHT
NTU S5mm 9mm 15mm 18mm 27mm 37mm
GLC Smm Tmm 16mm 27mm 29mm 44mm
2.5.3 Finland

A VRS service has been available for surveyors in Finland since 2000. After a noticed

increase in GPS use, the Finnish Geodetic Institute (FGI) decided to study the service. In

the summer of 2003 FGI carried out testing on two existing and separate VRS networks

in the area of Southern Finland (see Figure 3.9). A total of 33 benchmarks with known

coordinates were selected as reference points in the study. Each of the test points where

measured 3 to 4 times under different satellite geometry, and 20 observations in each

session were collected (Hikli, P. 2004).
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Figure 2.9: VRS networks during summer 2003 (FGI 2006).
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Table 2.2 shows the results from the testing. The results indicate that centimeter-level

positioning is possible and reliable using the VRS RTK technique.

Table 2.2: Accuracy and initialization times of VRS in Finland (H#kli, P. 2004).

n=2152 NORTH EAST HEIGHT PLANE TTFF
AVERAGE | 23mm 14mm 35mm 27mm 29s

95% 39mm 28mm 67mm 43mm 132s
99% 59mm 37mm 100mm 66mm 396s
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2.5.4 Australia

The Department of Natural Resources and Water (NRW) of the Queensland
Government is responsible for the surveying and geodetic infrastructure in the
Australian state of Queensland (Higgins 2001). The NRW controls a CORS network
situated in the South-East region which has been operating for several years. The
network known as SunPOZ, (See Figure 2.10) uses a mixture of Trimble 4700, R7 and

NetRS receivers as well as Leica GXR 1200 Pro receivers.

Figure 2.10: SunPOZ CORS Network in South East Queensland (NRW 2006).
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The NRW completed initial testing of the network after its establishment as a pilot
project. The testing concentrated on matters such as confirming that the VRS solution
allowed the use of RTK positioning at all suitable locations within the network and
establishing how the quality of results degraded as rovers moved outside the network

coverage (Higgins 2001).

The project involved using Trimble’s 5700 and 4700 GPS receivers to occupy 6 survey
marks with known positions. Three of the survey marks were inside the network and
three outside. A total of 115 occupations were completed over a two week period. A
horizontal and vertical vector was calculated using the observed and known positions.
Occupations having residuals greater than three standard deviations were removed
during the analysis results. The removal of observations greater than three standard
deviations lead to producing higher accuracy results than actually achieved in the field.

Table 3.3 shows the results of the remaining 106 occupations.

Table 2.3: Results from Initial Testing with 6 Stations (Higgins 2001).

HORIZONTAL 2D ABSOLUTE HEIGHT
ACCURACY ACCURACY

MEAN 32mm 40mm

STD DEVIATION 14mm 29mm

The VRS initialisation testing was completed using controlled conditions. A reference
receiver was used in conjunction with special diagnostic software from Trimble to
record 5 seconds of data before reinitialising. The test was conducted over a 15 hour

period (See Higgins, 2001). The results were:

e For 510 initialisations with 5 or more satellites, the average initialisation time
was 1.7 minutes.
e From the 510 initialisations there were 426 with 7 or more satellites and the

average initialisation time of those was 1.3 minutes.
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Further research was conducted by the University of Southern Queensland (Ong 2003)
to test field applications. Ong’s research on the SunPOZ CORS was completed using
Trimble 5700 GPS receivers. The research and field testing compared the performance
of the traditional RTK system with the VRS RTK system. During these tests, Classic
RTK and VRS-RTK data were collected simultaneously to ensure that, as far was

possible, the same physical conditions were experienced at the same time.

The test method consisted of selecting 15 sites both inside and out of the reference
station network. The sites chosen were existing control stations with known coordinates

published by the NRM&W. These control stations were accepted as error free.

At each test site 35-50 individual measurements comprising three epochs of data were
recorded after an initialisation fix. The GPS data was received through a single antenna.
An antenna splitter was used to simultaneously record real time positions of the VRS
base station and traditional base station. The data recorders were triggered at the same
time to start initialisation. The simultaneous recording of the GPS receivers provided a

good method for reducing time bias errors.

A summary of the testing is listed below;

¢ An initialisation assessment consisting of comparisons between on-the-fly (OTF)
initialisation times for VRS RTK and classic RTK techniques. The receivers
were forced to lose lock and then re-initialise. The initialisation time or time to

first fix (TTFF) was calculated at each site.

e An accuracy assessment consisting of horizontal and vertical comparisons
against a known truth position. The residuals between the observed and known

coordinates for each point were calculated.

The results from the RTK horizontal testing indicate that similar accuracies are
obtainable. The average of all observations was 14mm for classic RTK mode and 13mm
for VRS RTK mode. The results from the RTK height testing suggest that the VRS
system achieves slightly better results than the classic RTK method. The VRS RTK
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mode performed consistently with the average of all points falling +5mm from the

adopted known value compared to the result for the classic RTK height analysis which

was -12mm form known value.

The accuracy and precision of the total results are listed in Table 2.4. The precision of

results was calculated at the 95 percent confidence level.

Table 2.4: Precision of RTK Results (Ong 2003).

HEIGHT HEIGHT HORIZONTAL | HORIZONTAL
AVERAGE 95% AVERAGE 95%

CLASSIC +30mm
-12mm +75mm +14mm

RTK

VRS RTK +5mm +56mm +13mm +20mm

The results from the TTFF for all observations indicate good initialisation time with the

classic RTK experiencing a fix within 112 seconds 95 percent of the time and an

average TTFF of 40 seconds. The VRS RTK had an average TTFF of 32 seconds and

initialised within 77 seconds 95 percent of the time.
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2.6 Conclusion: Chapter 2

The literature review has introduced the RTK technique and the progression to network
RTK through the establishment of CORS networks. The VRS concept was discussed
along with the South African Gauteng and Western Cape networks which utilises the

VRS technique.

This chapter has identified the increasing trend towards network RTK as an accurate
form of point positioning. The information of previous testing has aided in the design of
a testing regime for this project and has provided an indication of what values that can

be expected during testing.

The following chapter will cover the test methodology and test program that was

developed from the literature review.
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CHAPTER 3

RESEARCH DESIGN AND METHODOLOGY

3.1 Introduction.

Chapter two provided a background into the VRS RTK mode of GPS surveying and the
VRS networks in South Africa. Information was provided on some of the VRS system
installed throughout the world including Singapore, Finland and Australia. Information
was also provided on the limitations of various systems and why the VRS system was

developed.

This chapter will thoroughly discuss the research design and methods and its relevance
to this project. The proposed assessment of the reliability of the VRS system will take
into consideration the precision levels achievable, time taken to achieve the stated
precision levels, inclusive of the requirements associated with it and the coverage
extent. The conditions affecting the techniques adopted while the survey was carried out

were also important factors that were considered.

To meet the objectives of assessing the VRS system, the following aspects were
considered: the site location, the field test design, data processing and the results
analysis. In this chapter, the selection of feasible test sites, equipment selection and field
test design aspects will be detailed. In chapter four the data processing and manipulation

will be covered.
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3.2 Selection of Feasible Test Sites

One of the main objectives of this research project was to consider the performance of
the VRS system located in different geographical areas in relation to the network of
VRS base stations. Land surveying takes place in all types of diverse locations from
built up residential areas, rural farm land to mountainous regions. The sites selected for
this research included most of the localities and operating conditions, representing
situations found in everyday surveying. Some of the conditions included minimal to

severe multipath and minimal to no overhead obstructions.

Suitable sites were selected within, on the perimeter of and outside the Gauteng VRS
network. TrigNet and Trimble South Africa suggested during a telephonic interview that
coverage for centimetre accuracy includes a 40 kilometre buffer around the outside
perimeter of the VRS network. Therefore an additional site outside the 40 kilometre

buffer area was selected to test the range limit of the network.

The relationship between test site locations and the Gauteng VRS network is shown in
Figure 3.1. Table 3.1 also lists the distance from the individual test sites to the nearest
base station and the distance to the VRS network perimeter. This information will be
used when analysing the range limit of the network. The distance to the VRS network

perimeter is measured perpendicular to the straight line between two reference stations.
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Figure 3.1: Test Site Locations and the Gauteng VRS Network.
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Table 3.1: Test Site Locations in Relation to the VRS Network.

Outside Network

DISTANCE TO BASE
SITE BEACON | DISTANCE TO VRS NETWORK
STATIONS
Krugersdorp to Vereeniging = 11,29km Krugersdorp = 22,34km
SITE 1 Trig 135
Outside Network Vereeniging = 45,58km
Krugersdorp = 30,38km
Krugersdorp to Vereeniging = 15,85km
SITE 2 Trig 620 Vereeniging = 42,64km
Inside Network
Benoni = 37,77km
Krugersdorp to Vereeniging = 7,08km
SITE 3 Trig 416 Krugersdorp = 9,67km
Inside Network
Krugersdorp to Pretoria = 18,88km Krugersdorp = 37,13km
SITE 4 Trig 187 Pretoria to Benoni = 18,64km Pretoria = 37,81km
Inside Network Benoni = 26,45km
Krugersdorp to Pretoria = 4,27km Krugersdorp = 35,92km
SITE 5 Trig 148
Inside Network Pretoria = 29,37km
Krugersdorp to Pretoria = 3,69km Krugersdorp = 22,83km
SITE 6 Trig 103
Outside Network Pretoria = 42,35km
Krugersdorp to Pretoria = 0,6km
SITE 7 Trig 478 Krugersdorp = 8,0km
Inside Network
Krugersdorp to Pretoria = 12,93km
SITE 8 Trig 469 Krugersdorp = 13,1km
Outside Network
Krugersdorp to Vereeniging = 37,21km Krugersdorp = 39,37km
SITE 9 Trig 219
Outside Network Vereeniging = 64,45km
Krugersdorp to Vereeniging = 47,92km Krugersdorp = 53,43km
SITE 10 | Trig 242

Vereeniging = 63,63km

An important factor when considering possible test site locations was the availability of

Trigonometrical (Trig) Beacons.

The official coordinate reference system, used in South Africa as the foundation for
most surveying, engineering and geo-referenced projects and programs, is known as the
‘Hartebeesthoek94 Datum’. The Hartebeesthoek94 Datum was based on the World
Geodetic System 1984 ellipsoid, commonly known as WGS84, with the ITRF91 (epoch

1994.0) coordinates and with the Hartebeesthoek Radio Astronomy Telescope used as

the origin of this system
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The South African network of Trigonometrical Beacons is known as a passive network
and consists of nearly 29 000 Trigonometrical beacons, coordinated on the
Hartebeesthoek94 Datum. This network of passive beacons can be described as the

backbone of most survey projects in South Africa.

On the other hand, the current Gauteng VRS Network is based on the ITRF2005 (Epoch
2008.002) Datum and therefore coordinates obtained by means of the VRS network are

not comparable with the current published values of the Trigonometrical Beacons.

It was nevertheless decided to use trig beacons as test sites during this project to aid in
future VRS research and to make test site locations easily identifiable for the South

African Geomatics community.

REMOVABLE VAIN

TRIG BEACON

NUMBER & DESCRIPTION
ENGRAVED ON BEACON
FACE

CONCRETE PILLAR

Figure 3.2: Standard Trigonometrical Beacon
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3.3 Equipment Selection.

The following equipment was used during field data collection:

e Trimble R8 GNSS receiver (Firmware Version 3,64).

e Trimble TSC2 controller, data collector (Firmware Version 12,22).

¢ Enfora Compact Flash (CF) GSM/GPRS Modem Card — GSM/GPRS
connection utilising the ‘MTN’ mobile network.

e Trigonometrical (Trig) Plate.

e Tribrach.

® Measuring Tape.

TRIMBLE
R8_GNSS
RECEIVER

TRIBRACH

TRIG PLATE
CENTRED
OVER
CENTRE PIPE
OF TRIG
BEACON

TRIMBLE
TSC2
CONTROLLER

Figure 3.3: Typical Site Setup
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3.4 Test Design.

3.4.1 Test Design for Initialisation Time

The time required by an RTK GPS receiver to solve integer ambiguities and achieve a
‘fixed’ solution is called initialisation time or time to first fix (TTFF). The TTFF is an
important indication of RTK performance as the productivity of field crews in some
situations can depend mainly on the availability of fixed ambiguities (Richter and

Green, 2005).

The GPS receiver has to resolve or initialise the carrier phase ambiguities at power-up
and every time the satellite signals are interrupted. A widely used technique for gaining
automatic initialisation is termed ‘on-the-fly’ (OTF), which reflects that no restrictions
is placed on the motion of the rover receiver throughout the initialisation process

(Trimble 2001).

To time the initialisation time, it is thus necessary to loose lock or initialisation on the
receiver, and this is done via user intervened action. The data logger (TSC2) had the
ability to cause the fixed solution to be independent through the re-initialise hot key on
the keypad. After the forced re-initialisation, the receiver automatically resolved the
ambiguities OTF and provided a new fixed position. The position was logged for three
seconds and stored. This process was repeated continuously for 40 measurements per

control point.

It was possible to measure the TTFF using this method of losing and regaining
initialisation as every action or command in the data logger (TSC2), the corresponding
time is stamped. Therefore, with the time of every individual initialisation gained or lost
being time stamped, it would be a simple matter to subtract the time initialisation gained
from the preceding time of initialisation lost, to determine the TTFF. This information
will be extracted from the raw Trimble DC file format using the Excel’s file open

function. The process is detailed in chapter four.
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3.4.2 Test Design for Accuracy and Precision

Accuracy can be thought of as ‘the tendency of values of a point position to come close
to the quantity they are intending to represent’. It relates to the quality of the result. The
precision of measurements must also be considered when discussing accuracy, as the

ability to constantly reproduce similar results is equally important.

Accuracy and precision are essential issues in point positioning. Surveyors and
professionals involved in the spatial science industry are required to accurately measure

or position land boundaries, structures and various other features on a daily basis.

To test for the accuracy and precision level performance with the VRS system, a series
of points were selected. As seen from previous testing procedures investigated in
chapter two, at each of the selected points a classic post-processing coordinate would be
compared to the three dimensional position values obtained from using the VRS

technique.

A designed sample size of 40 measurements was taken at each site. This was also
sufficient for statistical analysis of the results. As the sample size increases to 30, the
distribution becomes normal (Stat Soft 2006). Therefore by collecting a sample size of
greater than 30 point positions, the sample mean was able to approximate the population
mean. When analysing normal distributions 95% of the observations fall within 2

standard deviations of the mean (Moore 1994).

The following test procedure was completed at each test site.

e A ‘“Trig Plate’ and tribrach was first set up and levelled over the centre pipe of
the Trigonometrical Beacon. This provided an accurate and reliable way of
centring the equipment over the Trigonometrical beacon.

e The Trimble R8 GNSS receiver was placed in the tribrach. The receiver and data
logger was switch on and the height of the antenna was measured. Any other

relevant site information was also recorded in the field notes.
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e The relevant post processing job was opened on the data logger. Specific site
information was recorded on the data logger and a static survey was stated. The
static survey was set to record at one epoch intervals for a total duration of one
hour.

e After the post processing data was collected, the receiver was switched of.

e The relevant VRS job was opened on the data logger and the network was
dialled into using the internal mobile modem.

e After the receiver had initialised and the ambiguities were solved the data
collection period began. Data was collected for three epochs and stored. The
receiver was forced to re-initialise and the process was repeated for 40 point

measurements.

3.4.3 Test Design for Coverage Extent

To test for coverage extent one must examine and record data at different locations
relevant to the VRS network. Some of the sites were incorporated into the test design to
assess the receiver at the limits of its operating ability. This includes five test sites

outside of the VRS network.

To assess the coverage area performance of the VRS system, test sites were selected:
¢ Inside the network.
¢ In areas near or on the boundary of the network.

e Qutside of the network.

Test sites located outside of the network was necessary as it was desired to see what

results could be achieved in these ‘out of coverage’ locations.
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3.5 Conclusion: Chapter 3

This chapter outlined the test regimes of the accuracy, precision, initialisation time and
coverage extent component. The associated field procedures to achieve the objective for

the assessment of the VRS system were detailed.

The next chapter will explain how the data in this chapter was processed and
manipulated. The various processing software used for the processing will be
introduced, along with the comparison of the three-dimensional positional values

derived from the measurement techniques.
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CHAPTER 4

DATA PROCESSING & COLLATION

4.1 Introduction

In chapter three, we discussed the selection criteria of each test site where the design test
regime and fieldwork aspects were carried out. With multiple measurements made to a
single test site, significant amounts of data were captured. As a result a processing
strategy is required to systematically process the captured data in order to facilitate the

results analysis.

This chapter details the methods adopted for the processing of both the classic and the
VRS technique for data captured in real-time mode and the post-processing mode. It

will be followed by a discussion on the collation of the processed data.

This chapter thus comprises of two sections, the processing and the collation of
collected data. The data processing has provided results relating to the accuracy,
precision, initialisation time and coverage extent of the VRS system. Microsoft Excel

was used to manipulate and present the processed data.

In chapter 5 the results from testing will been presented through the use of graphs and

tables.
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4.2 Data Processing

All data captured during field testing were downloaded to Trimble Geomatics Office
(TGO) processing software at the end of the fieldwork phase. As outlined in chapter
three, every control point was measured multiple times at each site. The point naming
convention was facilitated by the auto-point increment function on the Trimble Survey

Controller (TSC2).

Every downloaded file was in the Trimble DC file format, the proprietary file format for
the TSC2. This format could by viewed using the Trimble DC Editor utility software,
Microsoft Excel or any other text editor software. In order to extract the required strings

of information from the DC file, a text or spreadsheet editor would be required.

4.2.1 Processing Software

Trimble Geomatics Office (TGO) is a software suite fully developed by GPS and Survey
equipment manufacturers, Trimble Navigation Ltd. A particular helpful function was the
reporting capability of TGO. This function allows a user to output only the required
fields of information into a ‘HTML’ or Microsoft Excel ‘CSV’ format. This is useful for

reporting purposes since the report submissions for each customer varies.

Trimble Geomatics Office - USQ PPS Final_FULLY CONS - [Survey] EEX)
[ Fle Edit View Insert Select Survey Adjustment Reports Window Help =& %

s ||D@ 68 e »o08 9 &6 /Mm@ v e

ssssss

Figure 4.1: Trimble Geomatics Office Processing Software.
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4.2.2 Processing of Static Data

All post-processing files gathered during site visits were imported into TGO. It was
aimed to use all four VRS stations’ rinex (Receiver Independent Exchange Format) files
for post-processing purposes. The rinex files for each of the individual VRS stations

were downloaded from the TrigNet website.

The TGO baseline processor outputs statistical indicators indicating the quality of each

baseline. The criteria set for accepting a processed baseline are as follow:

e Reference Variance: = 1.0. — The reference variance is a unit-less number
that indicates how well the observed data fits the computer solution. Trimble
recommends this figure to be as close to 1.0.

e Ratio: 2.5 times or more — The TGO baseline processor compares the two (2)
solutions with the lowest variance. The ratio is the variance of the second
best solution divided by the variance of the best solution.

e RMS: < 20.0 — The RMS (Root Mean Square) indicates the quality of the
solution based solely on the measurement noise of the satellite ranging

observations. It is independent of satellite geometry.

The accepted baselines were then used in the adjustment stage. At first a minimally
constrained adjustment was employed. This adjustment serves to test the quality and
integrity of the VRS reference stations input coordinates. This was then followed by a
fully constrained adjustment, where all of the VRS reference station coordinates were

held fixed.

The fully constrained adjustment gives rise to a single point coordinate, with statistics
indicating its resultant quality, with respect to the VRS reference stations coordinates

used to derive (or adjust) the ‘new’ point.
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4.2.2 Processing of VRS RTK Data

The import utility of TGO brings the imported file into the TGO software. The
processor then automatically captures the status of these points during the import stage
and assesses (or interprets) the mode or technique of survey. As all RTK measured
points have already had their positions corrected on site (through the VRS RTK
technique) the TGO processor then display the points on the screen.

The multiple measurements made on a single point at each site, would number forty (40)
measurements. The unique point number of each measurement allowed individual

measurements to be exported as a single observed coordinate value.

All of the forty individual measurements at each control point were exported to
Microsoft Excel. This was done to facilitate the analysis of each point precision and

accuracy component.

4.3 Data Collation

4.3.1 Initialisation Time

A time stamp was inserted in the raw data every time the receiver lost or gained a fixed
solution. The time taken for each initialisation was simply calculated via the subtraction
of the GPS Time (measured in seconds) of the ‘User Cancelled’ or ‘Initialization Loss’
record in the DC file against that of the ‘Initialisation Gained’ record. No prior

processing was required as only the timing information was needed.
4.3.2 Precision
The precision, or repeatability, of a point measured is important information required to

ascertain the confidence that can be placed in the VRS system. The data set used for

these comparisons were presented in the format shown in Table 4.3.
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Precision describes the agreement of a set of results amongst themselves and is usually
in terms of the deviation of results from the mean of a data set. A common used measure

of precision is the standard deviation (Fritsch 2006).

For each set of results the standard deviation was calculated and recorded on the site
statistics. The 95% confident interval was also calculated for each data set by the

following formula:

95% CONFIDENCE INTERVAL =2x0¢

Where: o = Standard Deviation

2 is the value used when the distribution is normal.
For a meaningful comparison for the precision component to be carried out for the VRS
RTK technique of survey, it was decided to compare the observations for the total

number of points observed.

The following sub-section discusses the details of the manipulation and handling of the

precision aspect for the horizontal (2D) and vertical (Height) component.

4.3.2.1 Horizontal Precision

As shown in Table 4.1 the easting and northing from the test results were subtracted
from the mean value obtained from the whole data set. The resultant change in easting
and northing was used to calculate a 2 dimensional (2D) vector that would represent the
horizontal precision. The 2D vector is the distance between the observed point and the

mean value of the data set. It was calculated using the following formula:

HORIZONTAL ACCURACY (A 2D) =V (A E2) + (A N2).

The average change in easting and northing and 2D vector was calculated at each site

and is included in the Appendix C.
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4.3.2.2 Vertical Precision

The 0 HT column in Table 4.3 reflects the residuals of each measurement’s height

component against the mean height of the data set.

4.3.3 Accuracy

The test for accuracy involved comparing the results obtained during field trials against
coordinates derived from the processing of the classic post-processing technique. The

resulting residuals of coordinates for each control point are shown in Table 4.4.

The deviation for the horizontal and vertical component for the accuracy is simular to

that as stated in section 4.3.2.1 and 4.3.2.2 for the precision component.

4.3.4 Coverage Extent

Since the coverage extent component relies on information pertaining to the accuracy,
precision and initialisation times, the manipulation of this data had to be prepared.
Chapter five will discuss this aspect with regards to the location and proximity of the

roving receiver to the VRS network boundaries.
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4.3.1 Conclusion: Chapter 4

A huge amount of data was collected for this research. A strategy of collating the
processed data was in place. TGO software was utilized to process the individual data
sets. This was done to facilitate the collation and generation of graphs and to aid in the

analysis and appreciation of the results.

The coordinate accuracy was calculated through the mean of each sites repeated
measurements and subtracted from the classic post-processing value from residuals. The
coordinate precision was calculated by subtracting the mean coordinate from each

processed observation.

The initialisation time for each site were collated. No processing was required for the
coverage extent as they relied on the processed and collated information for accuracy,

precision and initialisation times.

In chapter five, the results will be analysed and discussed so that a conclusions can be
drawn on the accuracy, precision, initialisation tomes and coverage extent of the VRS

system.
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CHAPTER 5

RESULTS AND ANALYSIS

5.1 Introduction

Chapter four explained the processes that were adopted to calculate and obtain final
results of the field captured measurements. TGO was used to process the data and

subsequently each of the processed files was exported to Microsoft Excel.

In this chapter, the results of those processed data will be presented and analysed.
Through the analysis of the graphs generated for the accuracy, precision and
initialisation time components, it would then give an indication of how good the
reliability performance of the VRS system is. This will then lead into the final chapter

where the conclusion and any recommendations will be made.

Virtual Reference Station (VRS) in South Africa 42



Chapter 5 — Results and Analysis

5.2 Results and Analysis

5.2.1 Initialisation Times

The results of points collected, with the exclusion of test site ten (10), as no VRS
solution could be obtained, indicate fast and consistent initialisation times across all
sites, as shown in Table 5.1 and Figure 5.1. The average initialisation time was under
eight (8) seconds at all test sites. With several of the test sites being on the border or a
considerable distance outside of the VRS network; it appears as if the distance to the
VRS network had no influence on the fixing of ambiguities and the recorded

initialisation times.

Table 5.1: Individual Site Initialisation Times Information.

GPS INITIALISATION TIME
Name Initialisation STD Dev 95% Conf

Time (s) Interval
SITE 1 7.2 1.8 3.6
SITE 2 71 21 41
SITE 3 6.8 1.5 3.0
SITE 4 71 1.7 3.4
SITES 6.9 25 5.0
SITE 6 7.0 25 4.9
SITE7 7.9 41 8.2
SITE 8 6.9 1.8 3.7
SITE9 7.5 2.0 41

Mean 7.1 2.2 4.4
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Figure 5.1: Initialisation Times.

The results obtained in this research indicate quicker initialisation times than previous
research. Fritsch in 2006 reported an average initialisation time of 23, 24, 5 and 25, 5
seconds respectively, using a Leica, Thales and Topcon receiver. (Ong 2003; Ong &
Gibbings 2005) reported an average initialisation time of 32 seconds using the VRS
RTK mode of surveying. Higgins in 2001 recorded an average initialisation time of 1, 3
minutes.

Fritsch in 2006 suggest that improvements in the initialisation times when using the

VRS RTK survey method may be due to the following:

e Updates to the VRS software that have improved modelling.

e Use of precise ephemeris.

¢ Improvements in the relative VRS reference station coordinates.

Perhaps the greatest factor responsible for improved initialisation times might be the

constant upgrading of Trimble’s receiver technology.
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5.2.2 Precision

The precision component of this project yield excellent results, as shown in Table 5.2,

Figure 5.2 and Figure 5.3. It was however noticed that there were height discrepancies

on test site two, six and nine in relation to the rest of the test sites. After an in-depth

investigation and several discussions with GPS experts at Optron Geomatics and

TrigNet, no meaningful explanation could be found for these discrepancies.

An average horizontal precision of 6mm and a vertical precision of 13mm were

obtained at a 95% confidence level. It was however expected that the precision levels

for the height component to be between 2,0 and 2,5 times that of the corresponding

horizontal component.

Table 5.2: Individual Site Precision Component Summary.

N Mean Values STD Dev 95% Confidence Int
ame 22D d Ht 22D d Ht 22D 0 Ht
SITE 1 0.005 0.007 0.002 0.006 0.004 0.012
SITE 2 0.009 0.017 0.006 0.016 0.011 0.032
SITE 3 0.004 0.005 0.002 0.004 0.003 0.009
SITE 4 0.005 0.005 0.002 0.004 0.005 0.007
SITE5 0.004 0.006 0.002 0.004 0.004 0.008
SITE 6 0.010 0.016 0.005 0.013 0.010 0.025
SITE7 0.003 0.004 0.001 0.003 0.003 0.006
SITE 8 0.003 0.004 0.002 0.003 0.004 0.007
SITE9 0.011 0.011 0.005 0.007 0.010 0.014
Mean 0.006 0.008 0.003 0.007 0.006 0.013
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Figure 5.2: VRS Horizontal (2D) Precisions.
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Figure 5.3: VRS Vertical (Height) Precisions.
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These results showed an improvement over the horizontal precision of previous VRS
testing. (Ong 2003; Ong & Gibbings 2005) reported a 22mm horizontal precision at a
95% confidence level. Fritsch in 2006 reported a horizontal precision of 20mm, 18mm

and 16mm respectively, using a Leica, Thales and Topcon receiver.

The height precision obtained during this project also showed an improvement over
previous VRS testing. (Ong 2003; Ong & Gibbings 2005) reported a 36mm vertical

precision at a 95% confidence level.

5.2.3 Accuracy

The accuracy component of this research project also produced very good results as
shown in Table 5.3, Figure 5.4 and Figure 5.5. As with the precision component of this
project, several height discrepancies were noticed when comparing test sites two, six
and nine with the rest of the test sites. Once again an in-depth investigation and several
discussions with GPS experts at Optron Geomatics and TrigNet could not produce any

meaningful explanation for these discrepancies.

An average horizontal accuracy of 8mm and a vertical accuracy of 22mm were obtained
at a 95% confidence level. As with the precision component, it was expected that the
accuracy levels for the height component would be 2,0 to 2,5 times that of the

corresponding horizontal component.

The mean horizontal accuracy component was found to be 1lmm with a standard
deviation of 4mm and the mean vertical accuracy was found to be 22mm with a standard
deviation of 11mm. The results showed a slight improvement over the horizontal

accuracy of previous VRS testing.

Higgins in 2001 reported a mean horizontal accuracy of 32mm with a standard deviation
of 14mm. Fritsch in 2006 reported a horizontal accuracy between 16mm and 33mm,
16mm and 34mm and 16mm and 43mm respectively using a Thales and Topcon and
Leica receiver. Ong in 2003 obtained a mean horizontal accuracy of 17mm and

individual point accuracies of between Omm and 36mm.
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The height accuracy obtained during this project showed a simular to slight

improvement over previous VRS testing. Higgins in 2001 reported a mean vertical

accuracy of 40mm with a standard deviation of 29mm.

Table 5.3: Individual Site Accuracy Component Summary.

ACCURACY
95% Confidence
Mean Values STD Dev
Name Int
dY (Easting) | 8 X (Northing) | 82D 9 Ht 92D | oHt | 82D 8 Ht
SITE 1 -0.007 0.000 0.008 | 0.009 | 0.003 | 0.009 | 0.006 | 0.018
SITE 2 -0.010 -0.015 0.020 | 0.040 | 0.006 | 0.024 | 0.013 | 0.048
SITE 3 -0.004 -0.011 0.013 | 0.025 | 0.003 | 0.007 | 0.007 | 0.014
SITE 4 -0.010 -0.002 0.011 | 0.012 | 0.003 | 0.006 | 0.007 | 0.012
SITE 5 -0.002 -0.001 0.004 | 0.012 | 0.002 | 0.007 | 0.005 | 0.014
SITE 6 -0.002 -0.001 0.010 | 0.051 | 0.005 | 0.021 | 0.010 | 0.042
SITE7 -0.001 -0.005 0.005 | 0.013 | 0.002 | 0.005 | 0.004 | 0.010
SITE 8 -0.003 -0.008 0.009 | -0.006 | 0.003 | 0.005 | 0.005 | 0.011
SITE 9 0.012 0.009 0.017 | 0.039 | 0.009 | 0.014 | 0.019 | 0.027
Mean -0.003 -0.004 ‘ 0.011 | 0.022 ‘ 0.004 | 0.011 ‘ 0.008 | 0.022
STD Dev 0.007 0.007 ‘
HORISONTAL (2D) ACCURACY
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Figure 5.5: VRS Vertical (Height) Accuracy.

5.2.4 Coverage Extents

Of the ten (10) control sites identified and used during this research project, five (5)
sites were located inside and five (5) site outside the VRS coverage network. As
previously mentioned, Optron Geomatics and TrigNet suggested that there is a buffer
area of 40km around the current VRS network and that good VRS results can be
expected within the network and the 40km buffer area. For this reason test sites nine (9)
and ten (10) were strategically chosen to “push-the-system” to its limits. It was also

aimed to ascertain the reliable “extended” working range of the VRS network.

Test site nine and ten was located 37,21km and 47,92km, respectively outside the
network. The closest base stations to test site nine being Krugersdorp at 39,37km and
Vereeniging at 64,45km. For test site ten the closest base stations were Krugersdorp at
53,43km and Vereeniging at 63,63km. As expected test site ten rejected the VRS RTK
survey method and no VRS initialisation or data collection could be done. Surprisingly,
test site nine display results from the initialisation time, precision and accuracy simular

to that of test sites one to eight.
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Results from the initialisation time, precision and accuracy of test sites one to nine
seems to indicate that the VRS system is able to perform to simular standards
irrespectively if the points is located within or without the VRS network (keeping the

40km buffer area in mind).

We can see that by using the GSM mobile network for data transmission with VRS, the
constraints of being within 10km of a base station, and radio communication as required
by the conventional RTK survey technique are eliminated. All that is required for the
VRS is to be within a GSM mobile coverage area. The algorithm and techniques
employed by the VRS system to model the errors inflicted by atmospheric effects, and
the process of providing a synthesized base station to the roving receiver at the remote

end, seems to provide reliable results.
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5.3 Conclusion — Chapter 5

This chapter has analysed and discussed the results obtained during comprehensive field
testing of the Gauteng VRS network. The results indicate excellent results with regards

to the performance of the VRS survey technique.

The average initialisation time was found to be less than eight seconds, even when

venturing outside the VRS network by up to 37km.

The precision component of this project yield excellent results at all test sites. An
average horizontal precision of 6mm and a vertical precision of 13mm were obtained at

a 95% confidence level.

For the accuracy component this research project also produced very good results. An
average horizontal accuracy of 8mm and a vertical accuracy of 22mm were obtained at a
95% confidence level. The average horizontal accuracy component was found to be
11mm with a standard deviation of 4mm and the mean vertical accuracy was found to be

22mm with a standard deviation of 11mm.

The coverage extent for the VRS network went beyond expectation. There were no
indications that suggested any degradation to the performance of the system, within and
outside of the coverage area (keeping the 40km buffer area around the network into

consideration).

In chapter six, the conclusion and recommendations will be presented.
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CHAPTER 6

CONCLUSION AND RECOMMENDATIONS

6.1 Introduction

The processed and manipulated results for the initialisation times, precision, accuracy
and coverage extents of the Gauteng VRS system were analysed and discussed in

chapter four and five.

From the information gathered in these chapters, final conclusions and

recommendations will be drawn.

The aim and objectives as stated in the first chapter will be addressed in the conclusions

and will be followed by the recommendations section.
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6.2 Conclusions

Chapter one established the aim of this research project to assess the reliability and
performance of the new Gauteng Virtual Reference Station (VRS) System of GPS Base
Stations. To achieve this aim, the detailed testing and analysis of the initialisation times,

accuracy, precision and coverage extents would be carried out.

6.2.1 Initialisation Times

The average initialisation time was under eight (8) seconds at all test sites, exclusive of
test site ten (10) where no VRS data could be gathered. With several of the test sites
being on the border and a considerable distance outside of the network, it appears as if
the distance to the VRS network had no influence on the fixing of ambiguities and the

recorded initialisation times.

6.2.2 Precision

Out of a sample size of 360 measurements utilising the VRS survey technique, an
average horizontal precision of 6mm and a vertical precision of 13mm were obtained at
a 95% confidence level. It was however expected that the precision levels for the height
component to be between 2,0 and 2,5 times that of the corresponding horizontal

component.

6.2.3 Accuracy

Simular results with regards to the accuracy testing were obtained as that of the
previously mentioned precision results. An average horizontal accuracy of 8mm and a
vertical accuracy of 22mm were obtained at a 95% confidence level. It was one again
expected that the accuracy levels for the height component to be between 2,0 and 2,5

times that of the corresponding horizontal component.
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6.2.4 Coverage Extents

The consistency of the VRS RTK techniques’ results seen from the initialisation times,
precision and accuracy of the four usable points outside the network suggests that it is
able to perform to simular standards up to 37km outside of the network as points located
within the VRS network. This factor may allow users to work outside the network
coverage area of up to 37 km. Using the GSM mobile network for data transmission has

rendered the working range factor as a ‘non-issue’ inside the existing test network.

6.3 Recommendations

As this was the first documented testing done on the Gauteng VRS network, further
testing with regards to the current and future Gauteng network will be highly
recommended. It is also recommended that extensive research and testing be undertaken

with regards to the Wester Cape VRS Network.
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6.4 Close

Through the detailed testing of the initialisation times, accuracy, precision and coverage
extents, it was possible to give an assessment of the VRS system. The VRS system
performed better than initially expected for the initialisation times, precision, accuracy

as well as the coverage extents.

This project has therefore, achieved its aim of investigating and reporting on the South
African (Gauteng) Virtual Reference Station (VRS) concept as an extension of the

Global Positioning System (GPS) Real-Time-Kinematic (RTK) survey technique.
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(a)

(b)

()

(d)

(e)

Monument Specifications

TYPES 1 AND 2: STANDARD CONCRETE PILLARS WITH 1.26M AND 1.89M SIGNAL [8]:

A cylindrical concrete pillar that is 1.22 metre high and 38 centimetres in diameter, encased in a
sheet-iron mould on a concrete foundation and surmounted by a removable iron signal that is
either 1.22m or 1,89m high. The casing is painted white and the signal a dull black. The name
and number of the beacon is impressed in the top of the concrete.

TYPE 3: STANDARD BEACON ON PLATFORM [8]:

A concrete platform with a height of between 31 centimetres and 2.83 metres (up to 3.78 metres
in exceptional cases) and 1.26 metres in diameter. Refer to paragraph B 4.2 (a) for pillar
specification.

TYPE 4: STANDARD UP-STATION [8]:

An iron pipe, that is 4.41 metre in length and 5 centimetres in diameter, is placed 63 centimetres
into a ground excavation and concreted. The ground excavation has dimensions of 63
centimetres in depth and 79 centimetres in diameter and is concreted to 5 centimetres above the
ground. The top of the pipe is fitted with a sleeve in which a standard 1.26 metre signal is
inserted. The overall height of the vane, from ground to top, is 5 metres. The name and number
of the beacon is impressed in the top of the concrete.

TYPE 5: PIPE BEACON [8]:
An iron pipe that is 6.6 metres in length and 11 centimetres in diameter, is placed 1 metre into a
ground excavation abd concreted.

TYPE 6: 10-11 metre BLOCK BEACON [8]:

The block beacon consists of a platform built on a square concrete foundation. For hard ground
conditions the concrete foundation dimensions are square in the horizontal, with sides of 3
metres, and 50 centimetres in the vertical. For soft ground the foundation dimensions remain the
same but the entire foundation is sunk into the ground to a depth of at least 1 metre.

The concrete platform takes the form of a hollow tower, square in the horizontal, with sides of
1.44 metres, and walls that are 21 centimetres thick. The tower is constructed using concrete
bricks with dimensions of 16 centimetres in the vertical, 21 centimetres wide and 47 centimetres
long. The platform is built in sections of 3.06 metres (being 18 courses of brickwork), where each
section is completed by the construction of a reinforced concrete slab, 16 centimetres thick. The
total section height, including the reinforced concrete slab, is then 3.23 metres. The mortared
spacing between the concrete bricks and courses of concrete bricks is 1 centimetre.

The completed platform may not exceed a height of 9.69 metres (3 sections). The construction
of a standard 1.26 metre pillar on the platform will realise a maximum total height of 10.95
metres for the beacon.

Permanent steps, consisting of 20 millimetre round iron, are built into one side of the tower at 34
centimetre intervals (after every second course of concrete blocks), the lowest rung being no
more than 63 centimetres above ground level. A railing, 95 centimetres high, constructed from 20
millimetre round iron or 16 millimetre square iron, is placed around the top of the platform.
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(9)

(h)

)

TYPE 7: BLOCK BEACON HIGHER THAN 10-11 metres [8]:

The block beacon consists of a platform built on a square concrete foundation. For hard ground
conditions the concrete foundation dimensions are square in the horizontal, with sides of 4
metres, and 50 centimetres in the vertical. For soft ground the foundation dimensions remain the
same but the entire foundation is sunk into the ground to a depth of at least 1 metre.

A foundation extension is required for platforms higher than 10 metres. A hollow tower is built
with a wall of double thickness, square in the horizontal, with sides of 1.66 metres, and walls that
are 43 centimetres thick (2 brick widths). The tower is constructed using concrete bricks with
dimensions of 16 centimetres in the vertical, 21 centimetres wide and 47 centimetres long. The
foundation extension is built in two sections of 2.38 metres (being 14 courses of brickwork),
where each section is completed by the construction of a reinforced concrete slab, 16
centimetres thick. The total section height, including the reinforced concrete slab, is then 2.55
metres. The mortared spacing between the concrete bricks and courses of concrete bricks is 1
centimetre. The foundation extension may not exceed 5.10 metres.

The concrete platform is built on top of the foundation extension in the form of a hollow tower,
square in the horizontal, with sides of 1.44 metres, and walls that are 21 centimetres thick. The
tower is constructed using concrete bricks with dimensions of 16 centimetres in the vertical, 21
centimetres wide and 47 centimetres long. The platform is built in sections of 3.06 metres (being
18 courses of brickwork), where each section is completed by the construction of a reinforced
concrete slab, 16 centimetres thick. The total section height, including the reinforced concrete
slab, is then 3.23 metres. The mortared spacing between the concrete bricks and courses of
concrete bricks is 1 centimetre.

The completed platform may not exceed a height of 9.69 metres (3 sections) above the
foundation extension and 14.79 metres above ground level. The construction of a standard 1.26
metre pillar on the platform will realise a total height of 16.05 metres for the beacon.

Permanent steps, consisting of 20 millimetre round iron, are built into one side of the tower at 34
centimetre intervals (after every second course of concrete blocks), the lowest rung being no
more than 63 centimetres above ground level. A railing, 95 centimetres high, constructed from 20
millimetre round iron or 16 millimetre square iron, is placed around the top of the platform.

TYPE 8: 15 metre WINDMILL TOWER BEACON [8]:

A windmill tower beacon consists of two separate towers, an inner tower 12.59 metres in height
which carries an 2.52 metre by 11 centimetre pipe extension at the top of the “beacon”, and an
outer tower 14.48 metres in height which carries an observer’s platform.

TYPE 9: 6.3 metre OR 8.82 metre WINDMILL TOWER BEACON [8]:

A standard 6.3 metre windmill tower is provided either with (A type) a tower cap and flange or (B
type) a 11 centimetre by 2.52 metres pipe and flange. In both cases a pipe outer tower is
erected round the windmill tower — in the case of the A type, 5.04 metres high and for the B type,
7.56 metres high. The outer tower is placed square to the diagonal of the inner windmill tower.

TYPE 10: METAL TRIPOD BEACON [8]:

In built-up areas or where reservoirs, silos or water towers occupy the most suitable positions for
a Trigonometrical beacon, a metal tripod beacon is used. The metal tripod beacon has a light
structure, which can be erected with ease with minimum defacement to the building, or structure.
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APPENDIX C

TEST SITE DATA
SUMMARY

Virtual Reference Station (VRS) in South Africa
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PUBLISHED VRS REFERENCE STATION CO-ORDINATES
TrigNet ITRF2005 EPOCH 20080109
CLASSIC POST-PROCESSING COORDINATES
Site Marme W (Easting) . (Morthing Ellipsoidal HT Code
SITE1 T135PPS -E9533.131 2907417.163 1609.388 KRUG B2
SITE 2 TE20PPS -97449.184 | 2909395795 1825872 MEREDALE RES
SITE 3 T416PPS -54932.814 | 2891247.233 1802.921 KRUG 113
SITE 4 T187PPS -113592.277 | 2882429187 1600.070 FRE 11
SITES T148PPS -107885.977 | 2868476778 1584.580 OL-GH
SITE R T103PPS 92585 501 2869853.001 1401.876 FRE 95
SITET T4T8PPS 53417825 | 2881947.338 1511.344 FRE 3
SITE 8 T4B9PPS -E3620.542 | 2887013450 1607.869 KRUG 13
SITE® T219PPS -42847 674 | 2006410763 1675222 KRUG 50
MEAN ADOPTED VRS RTK COORDINATES
Site Marme ¥ (Easting) # (Morthing Ellipsoidal HT Code
SITE 1 T135WRS -EB533.124 | 2907417163 1608.357 KRUG B2
SITE 2 TE20VRS -97449.173 | 2908395810 1825832 MEREDALE RES
SITE 3 T41EVRS -34932.808 | 2891247.244 1802896 KRUG 113
SITE 4 T187VRE -113592.267 | 2882429188 1600.058 FRE 11
SITES T148VRS -107885.975 | 2868476774 1584.568 OL-CH
SITE R T103WRS -92585.498 | 28698583.092 1401.825 FRE 95
SITET T4TBVRS -B3417.824 | 2881947.343 1511.331 FRE 93
SITE 8 T4BAVRS -E3620.538 | 2887013.458 1607.875 KRUG 13
SITE® THIVRS -42847 686 | 2006410.754 1575.183 KRUG 50
ACCURACY RESULTS
HEmE Mean Yalues STD Deyv 95% Confidence It
8% (Easting) [ & (Northing) EFls] aHt ) aHt s aHt
SITE1 -0.007 0.000 0.00g 0.009 0.003 0.00g9 0.006 0018
SITE 2 -0.010 -0.015 0.020 0.040 0.006 0.024 0.013 0.048
SITE 3 -0.004 -0.011 0.013 0.025 0.003 0.007 0.007 0.014
SITE 4 -0.010 -0.002 0.011 0012 0.003 0.006 0.007 0012
SITES -0.002 -0.001 0.004 0.012 0.002 0.007 0.005 0.014
SITE R -0.002 -0.001 0.010 0.051 0.005 0.021 0.010 0.042
SITET -0.001 -0.005 0.005 0.013 0.002 0.005 0.004 0.010
SITE 8 -0.003 -0.008 0.009 -0.008 0.003 0.005 0.005 0.011
SITES 0.012 0.009 0.017 0.039 0.009 0.014 0.019 0.027
Mean [ -0.003 [ 0004 ] 0.011 | 0.022 Mean [ 0.004 [ o011 | o008 ] 0.022
STD Dev | 0.007 | 0.007 |
HORISONTAL {2D)p ACCURACY HEIGHT ACCURACY
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PRECISION RESULTS

Mt Mean “alues STD Dev 35% Confidence Int
220 2Ht EJ] 3 Ht EJ] 3 Ht
SITE 1 0.005 007 0.00z 0.00 0.004 0012
SITE 2 0.009 07 0.006 0.016 0011 0.032
SITE 3 0.004 0.008 0.002 0.004 0.003 0.009
SITE 4 0.005 0.005 0.002 0.004 0.005 0.007
SITE & 0.004 0.008 .00z 0.004 0.004 0.008
SITE f 0.010 0016 0.005 0.013 0.010 0.025
SITE 7 0.003 0.004 0.001 0.003 0.003 0.006
SITE & 0.003 0.004 .00z 0.003 0.004 0.007
SITE 4 0.011 0.011 0.005 0.007 0.010 0.014
Mean [ 0.006 [ 0.008 | Mean [ 0.003 [ 0007 | 0006 | 0.013
HORISONTAL (2D) PRECISION HEIGHT PRECISION
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[ Mean Site Value ~ SITES | STD Deviation [ mean site value SITES | STD Devation
GPS INITIALISATION TIME | [ TRIMBLE QUALITY CONTROL
Initialisation 94% Conf Accuracy HOOP WDOP s
Mame STD Dev :
Time g Interval HOR WERT UEES] (Max) in)
SITE 1 7.2 18 36 0.008 0012 nsa 1.3 12
SITE 2 71 21 41 0011 0.020 n.g 17 10
SITE 3 fi.3 15 a0 0011 0.016 0.6 1.3 110
SITE 4 7.1 17 34 0.009 0.014 0.z 1.3 11
SITE & 6.0 25 5.0 0.008 0.015 1.0 1.9 10
SITE f 7.0 245 449 0.012 0.020 nsa 1.4 10
SITE 7 74 41 8.2 0.006 0.010 0.6 11 11
SITE & f.9 18 a7 0.006 0011 0.z 1.4 110
SITE D 7.5 2.0 4.1 0.013 0.022 0.9 1.5 ]
Mean [ 7.1 2.2 1.4 | Mean [ 0.009 [ 0.016 [ 0.8 [ 1.4 | 10
MEAN GPS INITIALISATION TIME MEAN GPS ACCURACY (HOR & VERT)
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MEAN NUMBER. OF S\V'S MEAN DILUTION OF PRECISION (HOR & VERT)
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