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Abstract

The primary aim of this research is to develop and assess the innovative methods and 
techniques which are used to augment GPS using a variety of digital spatial data. It is 
well known that the use of GPS can be severely compromised by various error 
sources such as signal obstructions, multipath and poor satellite geometry etc., 
especially in highly built-up areas. In order to improve the accuracy and reliability of 
GPS, complementary data is often combined with GPS data for enhancing the 
performance of a standalone GPS receiver. Spatial data is one type of complementary 
data that can be used to augment GPS. However, the potential of using various types 
of existing and newly acquired spatial data for enhancing GPS performance has not 
been fully realised. This is particularly true due to the fact that higher accuracy digital 
surface models (DSMs), which include buildings and vegetation, and digital maps, 
have only been made widely available in recent years.

This thesis will report on a number of experiments that used spatial data of various 
complexity and accuracy for enhancing GPS performance. These experiments include 
height aiding with different scale digital terrain models (DTMs); map-matching using 
odometer data, DTM and road centrelines; modelling and prediction of GPS satellite 
visibility using DSMs; and prediction of GPS multipath effect using DSMs and 
building footprints. These experiments are closely related to each other in the sense 
that GPS and spatial data are combined to provide value-added information for 
improved modelling and prediction of GPS positioning accuracy and reliability, for 
applications such as transport navigation and tracking...

Extensive fieldwork has been carried out to verify the developed techniques and 
methods. The results show that the accuracy of a standalone GPS receiver can be 
improved by height aiding using a higher resolution DTM and map-matching 
especially when the satellite geometry is poor. The mean error of single receiver GPS 
positioning for one particular dataset, on which the described map-matching 
algorithm was developed, is 8.8m compared with 53.7m for GPS alone. This work 
was carried out in collaboration with London Transport. In terms of satellite visibility 
analysis, the results obtained from the fieldwork indicate that greater modelling 
accuracy has been achieved when using higher resolution DSMs. Furthermore, a ray 
tracing model was implemented in a 3D GIS environment in order to model reflected 
and diffracted GPS signals. The Double Differencing (DD) residuals were used to 
give an indication of the magnitude of the possible pseudorange multipath error 
caused by diffraction. A single-knife diffraction model was first implemented on 1m 
Light Detection And Ranging (LiDAR) DSMs, and verified by post-processing (i.e. 
large DD residuals occurred when the satellites are partially masked and unmasked by 
buildings), which indicate that GPS multipath prediction with LiDAR data and 
building footprints is feasible, and has the potential to offer greater modelling 
accuracy.
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Chapter 1 Project Introduction

Chapter 1 Project Introduction

The primary aim of this research is to improve the accuracy and reliability of Global 

Navigation Satellite System (GNSS) such as the United States' Global Positioning 

System (GPS) by the development of innovative techniques and methods which use a 

variety of spatial data.

1.1 Introduction

To date, the use of spatial data has been an integral part in Geographical Information 

Systems (GIS). A GIS may be briefly defined as an assemblage of hardware, software, 

data and organisational structure for collecting, storing, manipulating, and analysing 

"spatially referenced" data (Wolf and Dewitt, 2000). In recent years, due to the rapid 

technological advances in spatial data acquisition and distribution, the increased 

availability and accuracy of spatial data may provide a performance improvement to 

both traditional and emerging applications of GIS. In particular, spatial data can be 

integrated with the Global Positioning System (GPS) in a GIS environment in order to 

test and improve its accuracy and reliability especially in highly built-up areas where 

signal reception and satellite geometry are poor. In the UK, many mapping agencies 

now provide various types of highly accurate height data and digital maps which are 

collected and updated using the latest surveying techniques. It is inevitable that spatial 

data of various complexity and accuracy will have a bearing on the performance of the 

application at hand. Therefore, the primary aim of this research is to develop and assess 

the methods and techniques which are used to augment GPS with the existing and 

newly acquired spatial data in a GIS context so as to advance the current level of 

scientific knowledge within the general field of GIS and GPS for navigation and 

positioning. This aim will be achieved by examining four research themes which 

include height aiding with Digital Terrain Models (DTMs) at two different scales 

(i.e. 10m and 50m), map-matching, satellite visibility analysis using Digital 

Photogrammetry and LiDAR (i.e. Light Detection And Ranging), and finally the
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prediction of GPS multipath effect using LiDAR Digital Surface Models (DSMs) and 

building footprints. The first two themes mainly concern the accuracy and reliability of 

GPS. The last two themes are for testing and planning purposes. The four themes are 

closely related to each other in a sense that GPS and GIS data are combined to provide 

value-added information for modelling and prediction. The developed methods and 

techniques will be tested with extensive fieldwork throughout the course of this 

research. As such, issues on data quality can also be qualified and quantified.

1.2 Project Background

The use of Global Navigation Satellite System (GNSS) such as the United States' 

Global Positioning System (GPS), GLONASS the Russian equivalent and the proposed 

European Galileo system, can be severely comprised by (a) satellite visibility and (b) 

unwanted diffractions and reflections of the signals (multipath). If insufficient satellites 

(normally fewer than four) are visible, a 3D location can not be computed. In general, 

the higher the number of visible satellites, the more reliably positioning and navigation 

can be achieved. The geometric arrangement of satellites, and the accuracy with which 

their ranges can be measured, are further considerations. Example applications that use 

GPS include; land surveying, mobile phone positioning, deformation monitoring, 

vehicle navigation, fleet management, route tracking, road toll zoning, speed limitation, 

vehicle arrival/schedule information systems (bus/train), mobile particulate and 

pollutant point sampling, synchronization of multi-modal travel, on demand travel 

information, mobile high precision survey of road surfaces and personal navigation 

systems for the blind. A requirement to test for continuity, reliability and accuracy of 

GPS to provide positioning information, at various times and places; in almost any of 

these applications can be costly and complex. Questions such as the following are 

presently very expensive and difficult if not impossible to answer:

  Is a position/velocity available at every point on the proposed route at every 

time on the planned schedule?

  Can proven integrity of position/velocity be attainable at all intended locations 

and times?



Chapter 1 Project Introduction

  What locations or times need to be avoided because of potential system outage?

  What are the optimum times to conduct a road surface survey that will meet 

fixed accuracy requirements?

  What level of positional accuracy can be achieved by combing GPS and GIS

data?

During the course of this research, test bed software will be developed, which will 

demonstrate if these types of questions can be quickly and accurately answered. This 

software will locate vehicle positions onto digital road networks known as 

map-matching, and also compute corrections to the positional data collected by a 

standalone GPS receiver using height data and road centrelines. It will predict the 

intervisibility between satellites and a particular location on the ground at all times, and 

the effects of multipath from local features. For example, a specific bus route at 

specific times of the day can quickly be analysed to determine if GPS is a feasible 

option for an arrival/schedule information system.

A primary beneficiary of this test bed software will be the transport community, where 

GNSS are used. Furthermore, any system using GPS may profit (satellite visibility 

and multipathing is a particular barrier to GPS positioning of mobile phones.). 

Examples of specific beneficiaries are:-

  Developers and users of real-time GPS application, e.g. traffic control for buses 

and emergency vehicles, road tolling schemes.

  Location Based Service (LBS) providers to 3G telephone cellular networks 

using GPS for handset positioning

  Users of GPS for geodetic applications, where accuracy, continuity and 

reliability are crucial elements, e.g. deformation monitoring, large-scale 

engineering or geological surveys.

1.3 Project aims

There are a number of potential error sources which contribute to the inaccuracies of a 

standalone GPS receiver. Among them are multipath effect, poor satellite geometry 

due to frequent loss of satellites in cities, atmospheric delays, satellite orbit errors,
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receiver and satellite clock errors and receiver noise. Often, the combined effect of 

these error sources hinders the use of GPS for transportation applications. Although, 

the use of spatial data can compensate for some of these errors to some extent, the 

inherent errors in spatial data can propagate through to large application errors and 

further complicate the outcomes of the research. The aim of this research is to develop 

and assess the methods and techniques which make effective use of spatial data of 

various complexity and accuracy with an aim to enhance the performance of GPS. In 

order to achieve this, the thesis addresses the following questions.

1. What is the accuracy of GPS stand alone single point positioning for tracking a 

moving vehicle when using various interpolation algorithms to determine heights 

from two different scale Ordnance Survey (OS) Digital Terrain Models (DTMs) 

for height aiding?

Height aiding is used to reduce the number of satellites required for a 3D position fix. It 

is used as an extra equation in single point GPS positioning. As such, the heights 

interpolated from a DTM will affect the accuracy of GPS. Height aiding can strengthen 

the satellite geometry and therefore improve the reliability of GPS especially when 

there is an insufficient number of satellites in view. One of the aims of this research is to 

investigate how different scale DTMs and various interpolation algorithms affect the 

positioning accuracy of a single GPS receiver in terms of plan and height accuracy. In 

the UK, Ordnance Survey supplies DTMs at 1:50,000 and 1:10,000 scale, the accuracy 

of height aiding using larger scale DTM will be quantified, and compared with the 

results from the smaller scale counterparts.

2. What is the accuracy of map-matching GPS when combined with odometer 

data?

It is well known that the use of GPS in cities is limited due to the urban canyon effect. 

If the number of satellites visible to a receiver is less than four, a 3D position can not
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be obtained. In this situation, data from other sensors such as Dead Reckoning (DR) 

instrument are often combined with onboard GPS receiver to provide a seamless 

positioning solution. That is, when GPS goes offline, the receiver positions can be 

estimated from odometer and road centerline data. This part of the thesis is carried out 

in collaboration with London Transport and PA consulting group, which aims to 

evaluate the feasibility of using GPS in London for bus positioning. The specific 

technical requirements for the project were:

Accuracy: 2 - 10m for bus priority requirement and 30m for Service Control, Bus 

Lane Enforcement etc.

Availability: to be at least 95% availability of bus positions using an observation rate 

of 1 second GPS epochs.

The project developed a methodology to compute the location of a bus, using position 

data, recorded on the bus. GPS and odometer observations were recorded on two 

buses travelling a number of trips, on two London Transport Bus routes. A benchmark 

data set, consisting of "true" bus position and time, at individual beacons, was also 

supplied for each bus trip. The developed method was integrated with existing GPS 

map-matching/tracking software (MMGPS), fully described in (Taylor and Blewitt, 

2006), to create an innovative system that combines map matching with GPS and 

odometer observations, for vehicle positioning (OMMGPS). In OMMGPS, height 

information obtained from digital terrain models is used to obtain 3D GPS point 

positions, when only three GPS satellites are visible to the receiver. All data was 

post-processed, using methods that simulated real-time processing. The results are 

presented in detail in Chapter 6.

3. What is the accuracy of Line of Sight (LOS) prediction between GPS satellites 

and receiver positions using different scale Digital Surface Models (DSM)?

This ability to predict satellite availability in all kinds of terrain will help transport 

service providers to modify existing systems to accommodate this knowledge and plan 

new services that will operate more effectively. The proposed system will provide a
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significant advance over existing project-planning software that is not designed to 

utilise terrain data. The GIS will input and process broadcast or predicted satellite 

orbit parameters to predict GPS satellite positions at any specified time. These 

positions will be integrated with digital terrain and 3D feature model data to compute 

the visible satellites from a particular location on the ground.

Another aim of this thesis is to identify the accuracy and complexity of 3D digital 

feature and terrain models required for a reliable LOS prediction. A number of 

remotely sensed data sets, such as laser altimetry or LIDAR are now available to the 

research community. Such data sets allow for the creation of high-resolution digital 

surface models by supplementing the bare-earth DTM with 3D surface features (i.e. 

vegetations and buildings). A variety of such models, with different resolution and 

accuracy, will be used for field tests over the same geographical area. The developed 

software system itself will require testing. Available precision, critical regions, and 

times will all be tested in the field using high precision (cm accuracy) GPS techniques 

as truth. Predicted visible satellites will be compared with actual visible satellites.

4. How can LiDAR DSM and building footprints be integrated with GPS for 

multipath prediction and simulation?

Despite continuing improvements in GPS receivers, multipath signal propagation has 

remained a dominant cause of error in differential positioning. Multipath refers to the 

existence of signals reflected and diffracted from objects in the vicinity of a receiver's 

antenna that corrupt the direct line-of-sight signals from the GPS satellites, thus 

degrading the accuracy of both code-based and carrier phase-based measurements. It 

should be noted that it is not the intention of this thesis to carry out detailed model 

validation and verification due to the fact that multipath modelling is a highly complex 

subject, and has not been accomplished successfully. Rather, this thesis aims to develop 

a planning software system in a 3D GIS environment which can help to enhance the 

understanding of how multipath can occur in urban areas. 

The proposed software will predict the effects of one single multipath ray, and assess
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the possible degradation in accuracy arising from it, relative to the direct line of sight 

signals. Further to the previous question, a reliable LOS analysis is the basis for GPS 

multipath prediction. This is because thousands of LOS tests have to be performed in 

order to identify reflected and diffracted rays. Thus, LiDAR data is well suited for 

multipath prediction due to its high accuracy and point density. The developed 

methods and techniques will be fully described in Chapter 8.

1.4 Thesis outline

This chapter has served as an introduction to this thesis. It has briefly outlined the 

justifications for this research. The project aims have been described in the form of 

questions which will be addressed in the following chapters. Chapter 2 presents the 

concepts of digital terrain modelling, and two higher order interpolation algorithms 

which can be considered as alternatives to the traditional bilinear interpolant. A variety 

of terrain data acquisition techniques are also described with a view to providing 

necessary background for Chapter 7 and 8. Chapter 3 contains a review of 

fundamentals of GPS and map-matching, and how multipath can cause errors within 

GPS receivers. Chapter 4 addresses the issues on software development which is an 

essential part of this research. A significant amount of programming was carried out in 

order to produce the results presented in Chapter 5, 6, 7 and 8. Chapter 5 details the 

field study carried out around the University of Glamorgan highlighting the changes in 

height and plan accuracy when using two different scale DTMs and the three 

interpolation algorithms. Chapter 6 explains the methodologies for incorporating 

odometer data into the existing Map-Matching GPS software (MMGPS), and presents 

the results from the experiments conducted on several London Bus Routes. Chapter 7 

investigates the methods for performing LOS analysis on a variety of DSMs, and 

compares the results obtained from LiDAR with those from Digital Photogrammetry 

and Radar. A Logistic regression model is applied to the field data in order to deal with 

the uncertainty in LOS analysis. Chapter 8 examines the methodologies for GPS 

multipath modelling and identification, and provide a detailed description of the 

implementation of a 3D ray tracing algorithm in a 3D visualisation package. Finally,
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Chapter 9 presents the conclusions of this research, together with recommendations for 

future work.
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Chapter 2 Digital Terrain Modelling

The purpose of this chapter is to review the concepts of Digital Terrain Modelling, 

which focuses on three main themes: the definition and accuracy of Digital Terrain 

Models (DTMs); the choice of interpolation algorithms on regular grid DTMs and a 

variety of data acquisition methods. These three themes are closely related to the 

following chapters so as to provide background information for the rationale of this 

study. Section 2.1 outlines the definition and accuracy of Digital Terrain Models. 

Section 2.2 justifies the choice of the interpolation algorithms that are used in Chapter 5 

for height aiding in single point GPS positioning. Section 2.3 describes a variety of 

surveying method for terrain data acquisition, the emphasis is on the two surveying 

methods, LiDAR and Photogrammetry, as they are extensively used in Chapter 7 and 8.

2.1 Digital Terrain Models

Digital terrain models (DTMs) are an important data source for geographical 

information processing. They are used to represent, analyse and visualise phenomena 

related to topography or other surfaces. A DTM may be understood as a digital 

representation of a portion of the earth's surface (Weibel et al., 1991). Applications of 

digital terrain modelling abound in civil engineering, landscape planning, military 

planning, aircraft simulation, radio communications planning, visibility analysis, 

hydrological modelling, and more traditional cartographic applications, such as the 

production of contour, hill-shaded, slope and aspect maps. There are various definitions 

of DTMs, and some authors argue that the term 'Digital Elevation Model' (DEM) 

should be used instead of 'Digital Terrain Model', where merely relief is represented. 

The term terrain often implies attributes of a landscape other than the altitude of the 

land surface (Burrough, 1986). In contrast, Ordnance Survey name their products as 

'DTM', (which includes contours, break lines, etc.). They provide a definition which 

is specific only to their own products. However, in recent years, due to the development 

of Light Detection And Ranging (LiDAR) technology, the term 'Digital Surface
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Models (DSMs)' appears to be used more frequently in literature to represent highly 

accurate height data that contains both buildings and vegetation (more often at 

sub-meter level). In order to avoid confusion, each specific height data set used in this 

study will be given a name that suits the way they are collected.

The accuracy of a DTM is an important issue, which is an essential factor for many GIS 

applications, for example intervisibility and hydrological modelling. Often, existing 

topographic maps have formed the main data source for generating DTMs. Any 

DTM/DEM derived from digitising a topographic map is an approximation of an 

approximation of the real world (Carter, 1988). Dorey (2002) suggests that small 

source errors can propagate through to large errors in such terrain models and 

inevitably in the final application itself. Since O.S. DTMs are used as the 

experimental dataset in Chapter 5 and 6, it is necessary to evaluate the accuracy and 

suitability of such data. The O.S. has produced two DTMs at different grid resolutions 

(50m and 10m). The following three statements are made by the Ordnance Survey 

(2001) in terms of their DTMs' accuracies:

1. The height accuracy of any point in the DTM is equal to or better than half the 

contour interval, i.e. +/-2.5m for areas with 5m vertical intervals and +/-5m for areas 

with 10m vertical intervals.

2. The process of creating DTMs utilises all the height information contained in the 

contour file to generate the height for the point in the DTM. The results achieved 

depend on the density of the height data contained in the contour file.

3. In some flat areas where there is little height information, contours and spot heights 

may be a great distance apart, this can cause irregularities in the DTM, which appear as 

slight terracing of the terrain.

These three statements have been thoroughly analysed by Dorey (2002). The

10
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conclusion drawn in Dorey's work is that error in O.S. DTMs can often exceed 

specified tolerances of half the contour interval. Furthermore, the O.S. method of 

deriving DTMs using digitised contours, although relatively economic in terms of other 

available data sources, is intrinsically flawed and the quality of derived DTMs are not 

of an exceptionally high standard.

In the context of this study, elevation accuracy is one critical factor that will affect the 

accuracy of GPS positions obtained in a moving vehicle. There are other factors, e.g. 

satellite constellation geometry, number of satellites, etc. A variation in the error of a 

vehicle position, related to interpolated heights from O.S. DTMs, will be identified in 

the developed map matching software in Chapter 5.

2.2 Spatial interpolation of elevation data 

2.2.1 Point Interpolation Algorithms

In digital terrain modelling, interpolation serves the purpose of estimating elevations in 

regions where no data exist (Weibel et al., 1991). Throughout the literature, there are a 

variety of interpolation procedures, which are widely used in different applications of 

GIS. For example, interpolation from contour lines or survey coordinates to generate a 

grid DTM. A study has been made by Kidner (2003), which demonstrates that whether 

interpolating on mathematical surfaces or DTMs, irrespective of terrain complexity, the 

higher order algorithms consistently out perform the simpler linear variant. For this 

study, two representative high order interpolation algorithms, bicubic and biquintic are 

implemented, as well as the more popular bilinear algorithm, often incorporated in 

desktop GIS packages.

The most commonly used interpolation method for a regular grid is patchwise

polynomial interpolation. The general form of this equation for surface representation

is:

hi =a0o + aiox + a0iy + a2ox2 + anxy + a02y2 + a30x3 + a2ix2y
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a3]x3y + a22X2y2 + a!3xy3 + a32x3y2 + a23x2y3 + a33x3y3 + ... + amnxmy" 

where /z, is the height of an individual point i, x and y are the rectangular coordinates of 

i, and aoo, GIO, QOI, •••, amn are the coefficients of the polynomial. . (1)

Bilinear Interpolation

The bilinear polynomial can be represented as follows (local unit square coordinate 

system whose origin is (0,0):

hi =a00 + aiox + aoiy + anxy (2)

h3
(0,1)

Figure 2.1 Unit Square Grid Cell Layout for Bilinear Interpolation 

The coefficients can be solved such that:

(h2 - h,)x+ (h3 - hi)y + (h! -h2 -h3 + h4)xy (3)

where ht is the height of the point to be interpolated. H\,h2 ,h3 , h4 are the heights of the

four vertices of the grid cell. Bilinear interpolation is widely used in DTM interpolation 

because it is simple, intuitive, and reliable. But the resulting surface is not smooth (Li et 

al., 2005)

Bicubic Interpolation

Bicubic interpolation maintains the continuity of the function and its first derivatives 

across cell boundaries, which result in a smooth surface.

Bicubic interpolation makes use of the 16-term function:
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= a0o + a]0x + a0iy + a2ox2 + auxy + a02y2 + a30x3 + a2ix2y + ai2xy2 + a03y3 

+ a22x2y2 + a13xy3 + a32x3y2 + a23x2y3 + a33x3y3 (4)

The values of the first derivative in each direction (i.Q.fx and^,), the cross-derivative 

(fxy), and the elevations at each of the four grid vertices amount to sixteen known values. 

Since there is sixteen unknown coefficients (i.e. amn), these can be solved 

simultaneously (i.e. a 16x16 system of equations). However, there are a variety of 

methods for estimating the various derivatives at the grid vertices, with some being 

better than others (Kidner, 2003). The methods of estimating derivatives are presented 

in the next section.

Biquintic interpolation

Biquintic interpolation makes use of the 36-term patchwise polynomial:

w » (5) 

In order to solve the 36 unknown coefficients, the derivatives^, fy, fxx, fxy, fyy, f^y, fxyy, 

andfxxyy and the elevations at each of the four grid vertices are required to generate a 

36x36 system of equations. For the bicubic and biquintic interpolation algorithms, 

finite difference approximations are used for the purpose of calculating the partial 

derivatives (Kidner, 2003).

2.2.2 Methods of estimating partial derivatives

For some of the interpolation algorithms outlined in the previous section (i.e. 

Bicubic and Biquintic interpolation), partial derivatives need to be calculated at each 

of the four grid vertices. It is important to understand that nothing in the equations of 

bicubic interpolation requires extra derivatives correctly, the more accurate the 

interpolation will be relative to the better derivative approximations (Press, et 

all 998). 

So, finite difference approximations are applied for the purpose of calculating partial
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derivatives. However, less accurate finite difference approximations of O(h) , which 

represents errors called first order in h , may not meet requirements of this study. 

More complicated approximations of O(h" )(n > 2) are generally more accurate but

more often that not complicated and awkward to implement, especially close to the 

boundary of the computational domain (Russell, 1995).

In this study, DTMs are considered as a uniform square grid, which fairly simplifies 

calculations of the finite difference approximations for the various derivatives of four 

vertices, where Ax = Ay = A/?,. The methods of more accurate finite difference

approximations for the derivatives f^fyf^f^fyf^f^y and /^, are presented by

Russell (1995), which requires the use of additional DTM vertices. For example, for 

biquintic interpolation, the 40 vertices in Figure 2.2 are used to estimate the 

derivatives.

File Edit View Theme Analysis Surface Graphics Network Window 

Help

GPS point

Figure 2.2 DTM vertices required to estimate the derivatives for a biquintic interpolation. 

The formulas of more accurate finite difference approximations used in this study are 

listed in appendix 3.
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2.3 Data acquisition for terrain models

To date, there are various methods for creating DTMs. For instance, traditional 

methods such as ground surveys using a total station, GPS instruments (Global 

Positioning System) and photogrammetric data capture based on stereoscopic aerial 

photography and satellite imagery. The more recent techniques include LiDAR (Light 

Detection And Ranging) and IFSAR-derived DTMs. (The Shuttle Radar Topography 

Mission (SRTM) ) is based on the use of interferometric synthetic aperture radar 

(IFSAR). It should be noted that each method has strengths and weaknesses and 

produces DTMs of varying accuracy (Raber, 2002). To effectively choose a method for 

the application at hand requires consideration of how the DTM is made.

2.3.1 Ground Surveys

Ground surveys are generally concerned with the acquisition of accurate 

three-dimensional coordinates for adequately representing the character of the terrain 

observed in the field using a range of field instruments. For example, one of the most 

popular field instruments is known as total station. This device may be composed of an 

electronic distance measurement device (EDM), an electronic theodolite and a data 

recorder for measuring both distances and angles as well as performing some 

computational tasks based on measurements (Jones, 1997).

In recent years, the GPS has become popular in the field of surveying. However, there 

are various error sources (e.g. satellites ephemeris error, satellite clock bias and 

atmospheric error) that affect the signal and instrumentation used by the GPS, the 

accuracy and costs of an autonomous GPS receiver cannot satisfy the need of high 

precision geodetic surveys (e.g. land deformation monitoring). Many of the errors can 

be eliminated or at least reduced by the use of dual frequency carrier phase receivers 

and Differential GPS (DGPS). In DGPS, a receiver placed at a known location 

calculates the combined error in the satellite range data and then sends the corrections 

to all other receivers in its vicinity via a radio link or post-processing, to achieve
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position accuracy's at the metre level. Higher accuracy, at the sub-centimetre level, can 

be achieved by two traditional GPS surveying methods, Kinematic and Static 

positioning, which require two or more geodetic GPS receivers (more often dual 

frequency carrier phase measurements, one reference receiver at a known position, one 

or more rover receivers).

The data downloaded from both rover receiver and reference receiver is processed by 

various post-processing software (e.g. Leica Ski-Pro and GridlnQuest) for phase 

ambiguity resolution and coordinate transformation (e.g. latitude, longitude and height 

coordinates are transformed from WGS84 to OSGB36 National Grid using OSTN97 or 

OSTN02). As a result, accurate 3D coordinates produced by GPS can be interpolated 

into a regular grid DTM or used to construct a Triangulated Irregular Networks (TIN) 

based on Delaunay triangulation. However, it should be noted that it is a surveyors' 

responsibility to select the critical points along ridgeline, stream courses, valleys, and at 

breaks in slope for adequately representing the surface observed first hand (Carter, 

1998). As a consequence, the reliability and accuracy of DTMs derived from fieldwork 

may be limited by the subjectivity of the surveyor. Also, although ground survey data 

tend to be very accurate, this technique is relatively time consuming, its use is limited to 

small areas (Weibel and Heller, 1991).

2.3.2 Photogrammetry

Photogrammetry is the science, art, and technology of obtaining reliable measurements, 

maps, digital elevation models and other derived products from photographs (Lillesand 

and Kiefer, 1994). Due to the fact that the ground survey may be prohibitive in large 

areas, and also the accuracy of contour lines may be insufficient for terrain modelling 

purposes, photogrammetry is the dominant method of data acquisition in either 

situation (Petrie and Kennie, 1990). At present, vertical aerial photographs have formed 

the main source for most applications of photogrammetry. To date, the most widely 

used and accurate method for height determination is to make measurements on
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stereopairs of photographs and use the principle of parallax (Lillesand and Kiefer, 

1994). Parallax measurements can be done by various stereoscopic instruments (e.g. 

parallax wedge and parallax bar). For the purpose of producing DTMs of large regions 

and topographic maps, analytical plotters, which reconstruct the relative position and 

orientation of the aerial photographs to create an exact 3D parallax-free stereomodel of 

the terrain, are used to measure the height accurately and precisely. Moreover, 

analytical plotters also have flexibility to implement various sampling techniques of 

DTMs (e.g. progressive sampling, systematic sampling and composite sampling), and 

may be equipped with a correlator for automated DTM generation.

It should be noted that the photogrammetric activities mentioned above require ground 

control points (e.g. determining flying height and air base), one particular use of 

Ground Control Points (GCPs) is to establish the exact spatial position and orientation 

of a photograph relative to the ground at the instant of exposure (Lillesand and Kiefer, 

1994). However, GCPs may be difficult to identify in some areas such as coastlines. 

Since photogrammetrically generated DTMs have long relied on the use of GCPs to 

give them scale and orientation, and the use of GPS and INS (Inertial Navigation 

System) increases the cost and calibration difficulties of surveys, Mills (2003) 

developed a surface matching algorithm, which is based on the 3D conformal 

transformation (i.e. three translation, three rotations and a scale parameter), by 

minimising the sum of the squares of vertical differences between two DTMs. In their 

work, an independently collected DTMs derived from Kinematic GPS is used to orient 

DTMs produced by aerial photogrammetric methods using the developed surface 

matching algorithm. The experimental results indicated that the use of surface 

matching and existing DTM can be an alterative to GCPs in this case. 

In recent years, satellite images are increasingly becoming another data source for 

creating stereocorrelated DTMs. Giles and Franklin (1996) characterised the errors in a 

raw DTM generated from stereoscopic SPOT images and subsequently applied various 

filters to smooth the noise existing in the raw DTM. After making a comparison with 

the field measurements, they further concluded that extreme caution must be exercised
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before using a satellite-derived DTM to estimate derivative topographic variables (i.e. 

slope gradient, incidence value, and profile curvature), and a filter that can smooth the 

pit and hummock pattern in the DTM, while preserving sharp breaks in slope, needs to 

be further investigated. Moreover, tests conducted in France led to the generation of 

1:100,000 DTM from SPOT data of the Marseilles region, the results (height error of 

only ±5 metres) give great confidence to the DTM production using SPOT data (Barrett 

and Curtis OBE, 1999). In terms of the current development of photogrammetric 

techniques, the soft copy system or digital photogrammetry, which not only 

incorporates the functionality of analytical stereoplotters, but also generally affords the 

integration of numerous photogrammetric tasks into one computer environment 

(Lillesand and Kiefer, 1994), has become more popular.

2.3.3 Laser scanning

In the last decade, LiDAR has been increasingly used for large-scale topographic 

mapping all over the world. This relatively new technology has especially been used to 

generate DTMs due to its high accuracy in height (10-15cm) and fast turnaround time. 

It has turned out to be both more time and cost effective for terrain data collection than 

traditional photogrammetric techniques. Numerous LiDAR surveys have been carried 

out in America and Europe for various purposes such as highway maintenance, beach 

monitoring, climate research, flood plain studies, terrain navigation and radio network 

planning.

A typical LiDAR system is composed of a laser scanning system, global positioning 

system (GPS), and an inertial measuring unit (IMU). The laser instrument measures the 

distance to the earth surface. The IMU and GPS provide the attitude (i.e. roll, pitch and 

yaw) and the position of the airplane. The laser return pulses are then instantly 

georeferenced to produce clouds of points in x, y and z space where the laser light pulse 

was reflected back to the aircraft from the earth's surface, and features (e.g. buildings 

and vegetation). See Figure 2.3.
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Figure 2.3 A typical LiDAR system for DTM generation

The majority of current LiDAR instruments receive multiple returns from a single 

transmitted laser pulse (Raber, 2002) such that various filtering techniques based on 

mathematical morphology, slope and robust surface estimation have been applied for 

automatic generation of a bare-earth DTM. (e.g. vegetation and buildings removal).

According to commonly accepted product definitions and guidelines in the current

market, Flood (2003) divided the LiDAR deliverables into five levels.

[1] Basic or "All-Points" (All of the post-processed LiDAR data properly

geo-referenced but with no additional filtering or analysis.)

[2] Low Fidelity or "First-Pass" (Points on the ground, the "bare earth", and points are

not ground.)

[3] High Fidelity or "Cleaned" (The low fidelity data are analysed and classified by an

experienced data analyst.)
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[4] Feature Layers (features are identified such as power lines or building footprints.) 

[5] Fused (The fusion of the LiDAR-derived elevation data set with information from 

other sensors such as digital imagery.)

In fact, there are various techniques involved in the production of the five deliverables 

listed above. First of all, the random and systematic errors, which could be induced by 

laser scanner, GPS and IMU in the raw LiDAR data, need to be identified and 

minimised. One approach to this problem is known as strip adjustment based on the 

data in the overlapping area of neighbouring LiDAR strips. For example, Huising 

(1998) identified major error sources encountered in LiDAR surveying and further 

suggested that the different overlapping strips of data should be adjusted, to 

compensate for system errors mainly due to the GPS and IMU. Filtering techniques (e.g. 

statistical analysis of the height values, morphologic filters) for the exclusion of 

unwanted objects (e.g. vegetation and buildings) is also diverse, and their performance 

may vary depending on the point density and varied terrain (e.g. cars, birds, dikes, 

dense vegetation and larger buildings). For example, steep slopes in the terrain 

deteriorate the results produced by the slope-based filter that only accepts the points not 

much above neighbouring points. Since the automatic filtering may not meet the 

requirement of bare DTM generation, it is necessary to use manual filtering to improve 

the reliability and accuracy of information contained in LiDAR-derived DTM. 

Furthermore, more recent research has shown that the integration of digital imagery and 

LiDAR DSM has the potential to produce a more accurate surface model (e.g. edge 

matching and 3D segmentation reconstruction) than using either techniques alone 

(Mcintosh and Krupnik, 2002).

2.3.4 Comparison of photogrammetry and LiDAR

Throughout literature, a number of researchers stated that LiDAR appears to be an 

excellent alternative to traditional photogrammetric techniques with more flexibility, 

high accuracy potential and savings in both time and money in terrain mapping (Maas,
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2003, Burtch, 2002, and Rottensteiner et al., 2003). Maas (2003) further stressed that 

the major reasons for this fact are the efficiency of the technique, the high precision and 

the reliability potential, and the capability of partly penetrating vegetation and thus 

delivering elevation data also in forest areas. Indeed, LiDAR is well suited for large 

scale DTM generation, and has demonstrated its high potential and advantages over 

photogrammetry during the past few years. However, it should be noted that 

photogrammetry is a well-established and mature science that is still undergoing 

technological advances. Thus, getting an insight into the current advantages and 

disadvantages of LiDAR compared with photogrammetry would be of great help to 

making an informed decision for a particular project like highway development (See 

Crve, 2001 for an example of highway evaluation corridor in Utah). In particular, 

when combining photogrammetry with LiDAR, it is possible that the accuracy and 

reliability of the resulting DTM can be better enhanced than either technique alone 

(Brinkman and Neill. 2000). Several advantages and disadvantages of LiDAR 

compared with photogrammetry have been identified and evaluated by a large number 

of researchers. Some of them are summarised as follows:

Advantages:

In coastal zones and forest areas, LiDAR is considered as a superior data collection tool 

over conventional photogrammetric techniques where it is extremely difficult to locate 

terrain points in the imagery (Burtch, 2002). This is because traditional 

photogrammetric techniques require multiple identifiable control points visible across 

the areas of interest to carry out aerial triangulation. LiDAR can be particularly 

helpful when permission is not granted for survey access, terrain is too rough, or the 

area is heavily wooded (Crye, 2001).

LiDAR only needs a single near-vertical laser pulse to penetrate through the trees to 

measure the ground beneath which minimises the area obscured by trees that often 

occur in photogrammetry (Thompson and Maune, 2001).
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LiDAR surveying is less time-consuming and labourious in contrast to the amount of 

work a photogrammetrist has to face. Also, the post-processing of LiDAR data can be 

fully, or at least, partially automated to produce both DSM and bare-earth DIM data.

Disadvantages:

A number of researchers have pointed out that LiDAR data is sometimes not dense 

enough to accurately model sharp surface discontinuities like break-lines (Thompson 

and Maune, 2001). In this case, supplementary information from other sources such as 

3D break-lines compiled photogrammetrically has to be incorporated into the LiDAR 

data.

LiDAR pulses are routinely absorbed by water, and water returns are unreliable In 

addition, there are also concerns about eye safety and other aspects of laser safety (e.g. 

burn and fire hazards), as laser wavelengths shorter than 1400 mm can cause damage to 

the retina of the eye. These effects may be mitigated or reduced by a proper choice of 

laser frequencies to so-called eye-safe frequencies, and power limitations

As described above, it can be seen that the integration of LiDAR with photogrammetry 

may produce more rigorous DTMs, since these two technologies can compensate each 

other in terms of quality control, additional accuracies, and savings in time and cost.

2.3.5 3D GIS and LiDAR

In 3D city modelling, airborne laser scanning is often referred to as a tool for adding the 

third dimension to GIS data . A great number of 3D object modelling techniques have 

been developed for reconstructing 3D buildings from LiDAR-derived DSMs due to its 

high accuracy and intrinsic 2.5D nature (i.e. different elevation values cannot occur at 

the same x, y position). Vosselman and Suveg (2001) split the laser data set according to 

a segmented ground plan (from existing map) and applied the Hough transform to the 

points within each segment to detect roof faces (the detected faces are merged if they
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belong to the same plane), then the intersection lines and height jump edges, derived 

from LiDAR data and the ground plan, are used to further refine the building segments 

which are subsequently combined with planes to construct the 3D model of buildings. 

This approach has demonstrated the great value of the usage of ground plans for 

constructing 3D building models.

Recent research has shown that there is a trend in 3D object modelling towards data 

fusion of a large variety of remotely sensed imagery. This research topic has been of 

great interest to many researchers due to the increasing demand in the applications of 

virtual reality such as town and city planning, environmental impact assessment. It is 

anticipated that LiDAR will play an important role in this context, and is regarded as an 

enabling technology with the high potential to create highly accurate and realistic 3D 

city models.
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Chapter 3 GPS and GIS for navigation and positioning

This chapter reviews the fundamental principals of GPS positioning and multipath 

effect with a view to providing the theoretical underpinning and justifications for the 

rationale of this study. Section 3.1 serves as an introduction to GPS and explains the 

relevant mathematical models for single point positioning. More emphasis is given to 

the concept of Dilution Of Precision (DOP) which will be used throughout this thesis. 

Section 3.2 outlines the current GPS signal structure and the principle of carrier phase 

positioning. Some relevant GPS augmentation techniques are briefly discussed in 

Section 3.3. Section 3.4 reviews the current map-matching techniques in the literature. 

Section 3.5 briefs the existing map-matching algorithm which will be adopted and 

extended to produce the results presented in Chapter 5 and 6. Finally, the concepts of 

GPS multipath effect are detailed in Section 3.6.

3.1 Background to GPS

NAVSTAR (NAVigation System with Time And Ranging), which was developed by 

the U.S. Department of Defense, is a constellation of from 24 to 32 satellites orbiting 

the earth, broadcasting data that allows users on or near the earth to determine their 

spatial positions. The more general term in the United States for such an entity is 

"Global Positioning System" or "GPS"(Kennedy, 2002). Currently, the NAVSTAR 

GPS satellites are at a 'nominal' altitude of 20,200 kilometres with a 55 degree 

inclination with respect to the equatorial plane, all satellites are placed into six orbital 

planes equally spaced 60 degree with four satellites in each plane. This constellation 

provides the user with between five and eight satellites visible from any point on the 

earth (Dana, 2000).

The mathematical models of GPS have evolved into maturity. In general, all GPS 

positions are based on measuring the distance from the satellites to the GPS receiver on 

the earth. Blewitt (1997) presents simplified pseudorange observation equations from 4
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satellites in view of the receiver.

A =((*! -*) 2 +O, -y)2 +(z, -z)2 )" 2

- y)2 + (z3 - z) 2 ) 1/2 + cr -

p4 = ((x4 - x) 2 + (y, - y) 2 + (z4 - z) 2 )" 2 +CT- cr4

(1)

(2)

(3)

(4)

where: p\, p2 , p3 and /?4 are the pseudoranges to each satellites, which are measured

by the receiver. Since these ranges include all the range biases (e.g. clock errors, 

atmospheric effect), they are called pseudoranges.

T! , T2 , r3 and r4 are the clock bias of each satellites.

(xl ,yl ,z1 ),( x2 , y2 , z2 ),( x3 , y3 , z3 ) and (*4 , y^, z4 ) are the position of each satellites.

T is the receiver clock bias.

c is the speed of light. See Figure 3.1.

Global Positioning System
(GPS)

Satellite

GPS Signal

Road

Figure 3.1 Position and time from Four GPS Satellite Signals
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In fact, the satellite positions and clock biases can be computed from the navigation 

message transmitted by the satellites, the pseudoranges are measured by the receiver, 

thus there are four remaining unknowns (i.e. the receiver position (x, y, z) and the

receiver clock bias T ). In order to solve the pseudorange observation equations, they

are first linearised by performing Taylor expansion about the four unknowns, and then 

using the methods of least squares which can account for more than four satellites. The 

resultant solution is depicted in Equation (5)

x = (A T A)~l A T b (5)

Where:

x are the corrections to priori estimates of the four unknowns (typically a few

kilometres away from the truth)

The matrix A contains the line of sight unit vectors and Is.

b is the difference between the measured pseudoranges and calculated ones.

Given priori estimates of the receiver position and clock error, the above least squares 

solution is iterated until the change in x is below a predetermined threshold. The final

solution can be considered as the desired receiver position and clock bias (i.e. x, y,z,r)

In general, the more satellites the receiver can see, the more accurate and reliable the 

least squares solution would be except that one or two satellites introduce large errors 

more often caused by multipath. In this study, the single point least squares solution 

described above is implemented in (C++) which provides more control over which 

satellites should be used to estimate the final position. For example, the distance to the 

centre of the earth can be treated as an extra satellite, and added to equation (5) for the 

purpose of height aiding in order to improve the accuracy of the final position estimate.

In addition, special attention should be paid to the covariance matrix which is defined 

as (A T A Y , as the diagonal elements of the covariance matrix are often used to 

estimate the expected errors in the position estimates, given an expected value for the
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error in the pseudorange data. This is because the 'design matrix' A is purely a 

function of the satellite-receiver geometry at the times of observations. The covariance 

matrix can therefore be used to assess the relative strength of the observing geometry. 

Since the satellite positions can be computed using the almanac from the Navigation 

Message, we can therefore ' design our survey' in advance to ensure that the position 

precision will not be limited by poor satellite geometry (Taylor and Blewitt, 2006). This 

is called GPS mission planning.

In GPS mission planning, a variety of Dilution Of Precision (DOP) values are often 

computed to assess the satellite geometry.

GDOP= ~\trace(A T A JT 1 Geometrical DOP

PDOP= <rl + a] + a] Position DOP

HDOP= al + <T 2y Horizontal DOP

Note that DOP values are a function of the diagonal elements of the covariance matrix 

in a coordinate system (e.g. WGS84 or OSGB36). The total position error can therefore 

be estimated by a x PDOP . For example, a standard deviation of 5m in pseudorange 

observations would give a standard deviation of SxPDOPm. As a general rule, 

PDOP values larger than 5 are considered poor (Taylor and Blewitt, 2006).

In practice, the more satellites a receiver can see, the lower the PDOP would be. Thus, a 

more accurate and reliable position can be obtained. In Chapter 7 of this thesis, highly 

accurate digital terrain data and surface features are incorporated into the developed 

mission planning package in order to predict how many satellites can be seen by a 

receiver for the calculation of DOP values as well as GPS availability.
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3.2 GPS signal structure and carrier phase positioning

As illustrated in Figure 3.2, two microwave carrier signals, which are generated directly 

from onboard atomic clock oscillator frequency of 10.23 MHz, are LI at 1575.42 MHZ 

and L2 at 1227.60 MHZ. The LI carrier is modulated with the C/A ("coarse 

acquisition") code and the P ("precise") code. The L2 carrier is modulated with the P 

code only which is not usually accessible to civilian users.

Fundamental
Fr 
10
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L^
Signal Codes

x 154 
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x 120 '

-HO 1

Carrier LI 
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10.23 MHz 
^%30 m

Figure 3.2 GPS Signal Structure (Leica, 1999)

Apart from the pseudorange observable discussed in the previous section, carrier 

phase is the GPS observable at the centre of the surveying applications of GPS. The 

carrier phase measurement depends on the carrier waves themselves, the unmodulated 

LI and L2 instead of their P and C/A code (Sickle, 1996). Due to the pseudo random 

codes having a cycle width of almost 1 microsecond (C/A code), this C/A code 

ambiguity will introduce some errors when the code correlation happens. Even with 

the advances in code measurement technology, a far more precise observable than the 

pseudorange is the phase of the received carrier with respect to the phase of a carrier 

generated by an oscillator in the GPS receiver (Langley, 1998). However, the receiver 

cannot distinguish one cycle of the carrier from another (i.e. no code correlation), it 

has no way of knowing the initial phase of the signal when it left the satellite so that 

the receiver can not determine the number of complete cycles between the satellite 

and itself. This unknown number is an integer called the cycle ambiguity (Sickle,
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of GPS receivers in such an obstructed environment. For example, research work 

done by Hill (1999) has shown that by introducing terrestrial measurements into the 

GPS data processing scheme, surveying can continue when only three satellites are 

visible. In his research, an optical total station was integrated with a GPS receiver. 

Similarly, Bullock et al.(1996) investigated the effectiveness of two satellite tracking 

in urban canyon environments when the time and height of GPS receivers are known. 

In the context of this research, height aiding is used to reduce the number of satellites 

required for a 3D position fix. A detailed study on height aiding using OS DTMs will 

be presented in Chapter 5.

3.4 Map Matching

Due to various error sources that affect the signal and instrumentation used by the GPS, 

the positioning accuracy of a single GPS receiver is often insufficient to locate the 

vehicles onto the digitally mapped roads. A corrupted position has not only low 

accuracy but also causes road ambiguity problems in some crossroads. Since the 

distorted position by GPS is hardly recovered without DGPS and WAAS (Wide Area 

Augmentation System), a large variety of digital map information has been combined 

with onboard GPS receivers to improve the availability and position accuracy. However, 

a successful map-matching algorithm must be able to correctly resolve the ambiguity in 

selecting road candidate and continuously track the correct road as the vehicle moves 

about (Peng et al., 2000). Scott (1994) developed a mathematical framework that 

allows map information and other sources of position information to be optimally 

incorporated into GPS based navigations so as to reduce the biases introduced by 

Selective Availability and other error sources. In this framework, the theoretical 

performance of a map-aided estimation process is assessed using error statistics to 

translate the uncorrected GPS positions onto the road network. 

To date, although GPS has been widely used for car navigation systems and surveying, 

in some cases (e.g. downtown and indoors), due to the obstructions of the signal and 

other physical factors, the usefulness of GPS is limited. The usual model is using GPS 

to position a vehicle whenever possible and some form of inertial navigation system
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(INS) or dead reckoning (DR) system, such as odometer, gyro and compass, to 

determine a vehicle's position relative to an initial position.

Kealy et al. (1999) and Ramjattan (now Kealy) and Cross (1995) describe a typical 

solution, integrating GNSS and DR using a Kalman filtering technique. In this 

experiment a test route for the system was established in the centre of Perth, Western 

Australia. The results of this work found that "DGPS/DR solution starts to degrade 

from 1m to errors as much as 35m by the end of a 10 minute period" (Kealy et al., 1999). 

Kalman filtering techniques do have an inherent problem, for vehicle navigation, on 

road networks, "in terms of stability, computational load, immunity from noise effects 

and observability" (Chiang et al., 2002). The performance of the filter is heavily 

dependent on the models used. The model used is a compromise between a statistical 

predictive dynamic model and the measurement (observation) model. If too much 

weight is given to the dynamic model, an overly smooth track is the result, i.e. rapid 

changes of direction are not recognised quickly enough. If too much weight is given to 

the measurement model, errors would be construed as sharp changes in direction. 

Devising the correct model is very difficult, and without a very good model a Kalman 

filter will deliver the wrong result. Other accounts of using a Kalman filter for 

multi-sensor vehicle navigation are given by Stephen and Lachapelle (2000) using GPS 

and low cost gyro, Petrovello et al. (2003) providing an informative discussion on 

levels of integration, and also Mezentsev et al. (2002). Hailes (1999) uses Kalman 

filtering with map-matching.

Fei et al. (2000) describe fuzzy logic techniques as an alternative to Kalman filtering for 

GPS/INS integration. Furthermore, Mayhew and Kachroo (1998) compare solutions 

using various configurations of GPS, steering position, odometer, gyroscope, forward 

accelerometer and map-matching, with sensor fusion methods Kalman filtering, rule 

based and fuzzy logic. Chiang et al. (2002) developed a GPS/INS multi-sensor 

navigation system that utilises an artificial neural network (ANN) as another alternative 

to Kalman filtering. Wise-McLain and Murphy (1993) describe GPS and a DR system 

for tracking.
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3.5 Road Reduction Filter and Map Matching GPS

A novel method of map matching using GPS has been developed which uses digital 

mapping and height data to augment point position computation. This Road 

Reduction Filter (RRF) method reduces the error in position, which is a sum from 

several sources, including signal delay due to the ionosphere and atmosphere. Taylor 

et al. (200la) describe the RRF in full detail. The general approach adopted in the 

development of RRF, for GPS receiver tracking, is initially to identify all possible 

candidates for the correct road or path on which the receiver is travelling, and then to 

systematically remove the wrong ones.

All candidate road segment arcs are compared with the trajectory described by the 

uncorrected RAW GPS point positions. This comparison is based on the distance 

travelled and bearing of the RAW point positions compared with the corresponding 

positions on road centre-lines. An enhancement to RRF, using a formal method of 

computing a map matched correction, is integrated into the Road Reduction Filter. 

This map matched correction, or error vector, is used to adjust the position of the GPS 

receiver on the road segment, but only when the error vector is known to be of 

high-quality (residual values are low). This error vector is calculated using a least 

squares estimation, based on the last n receiver positions, where n may range from as 

few as five epochs to 30 or more, depending on the road geometry. The advantage of 

formal methods is that quality measures can be derived and used to place confidence 

bounds for rigorous decision making (for example, to reject road centre-lines that fail a 

particular hypothesis test). Formal methods also provide an insight into the relative 

importance of factors, which can improve the procedure (e.g. data rates and road 

geometry). The incorporation of this error vector into RRF is described by Blewitt and 

Taylor (2002).

3.6 GPS Multipath Effect

In practice, both GPS code and phase observations are liable to multipath. Multipath 

effect is highly dependent on the surrounding geographic features near a GPS receiver, 

and therefore can not be removed by differential GPS which removes most of the errors
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in GPS positioning. The term multipath is derived from the fact that a GPS signal might 

follow several paths to a receiver's antenna. The signal can be reflected from buildings 

or the ground and create a range error of several metres or more in C/A code 

measurements (Strang and Borre, 1997).

To date, various multipath mitigation techniques have been built into GPS receivers 

such that long-delays can be minimized. However, short delays (e.g. less than 30m) still 

need to be dealt with.

In order to assess the magnitude of GPS multipath error, it is important to understand

the characteristics of the correlation process in the receiver.

The autocorrelation function of a GPS receiver is depicted in equation (7).

1023

(7)

Where: R is the autocorrelation function,

T is the lag

p(t) is the prn code at time t (either plus or minus 1)

In principle, the autocorrelation function of the locally generated signal with the

incoming signal is a triangle, the autocorrelation peak is encountered when there is a

complete match between the two signals. Thus, the signal travel time from the satellite

to receiver can be measured in this way. The combined effect of LOS and one multipath

signal on the autocorrelation function can cause a tracking error.

However, the actual implementation of the correlation process inside a receiver is more

complicated. In a typical GPS receiver, the incoming code is correlated with two local

spread-spectrum codes with a relative spacing of 1 chip time (i.e. the early and late code)

or 0.1 chip for narrow correlator (each chip of C/A code is about 977.5ns (171023MHz)

long) . The output of the two autocorrelation processes are differenced to form a

discriminator function known as S-Curve. Multipath signals tend to distort the shape of

S-curve, which result in a tracking error. It should be noted that by using a small portion
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of the correlation function (around the peak) to form the discriminator function 

(Braasch, 1996), the 0.1 chip correlator can reduce the maximum multipath error by a 

factor of 10. A more detailed discussion on the receiver correlation processes can be 

found in and Van Nee (1991).

The magnitude of multipath error mainly depends on the amplitude, time delay, and 

phase of the multipath signal relative to the LOS signal. The theoretical multipath 

envelopes for a one-ray model are given by Van Dierendonck et al. (1992). A 

multipath signal longer than 1.5 chips has a negligible effect on the correlation process. 

The development of 0.1 chip narrow correlator significantly reduces the magnitude of 

multipath error given a precorrelation bandwidth of 8MHz. The size of the 

precorrelation bandwidth has an influence on the magnitude of multipath error, since 

the sharp peaks and corners of the ideal autocorrelation functions become more smooth 

and rounded due to the finite bandwidth of GPS receivers (Phelts et al., 1999).

34



Chapter 4 Software Development

Chapter 4 Software Development

This chapter summarises the technical issues of software implementation which is an 

essential part of this study. A significant amount of programming is carried out in order 

to produce the results demonstrated in the following chapters. As the complexity of the 

software programs grow, the design and organisation of the software modules become 

increasingly more important. A poor design would lead to unexpected bugs and result 

in unreliable conclusions. Conversely, a well-organised software project facilitates 

code reuse, debugging and maintenance so as to reduce the likelihood of getting wrong 

results, and improve robustness.

4.1 Introduction

Principles and theories of software development have gradually evolved into maturity 

such that some popular development approaches have been well defined in software 

engineering or related subjects. Since the conclusions of this project will depend on the 

correctness of the experimental software, a systematic approach to software 

development needs to be chosen to ensure the software quality and efficiency. Although 

there is a wide variety of popular approaches such as Spiral Model, Prototyping, 

Waterfall etc., considering the requirements of this project a simplified Waterfall mode 

was applied. The development lifecycle was then broken down into four stages - need 

analysis, design, program implementation, and testing. The following sections will 

cover these four stages.

4.2 Need Analysis

Since the original work in this study mainly consists of four sections, the software 

development can then be spilt into four stages accordingly.

Stage 1 Height aiding with interpolated heights from Ordnance Survey DTMs
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At this stage, three interpolation algorithms (i.e. bilinear, bicubic and biquintic), fully 

described in Chapter 2, need to be implemented and integrated into the existing Road 

Reduction Filter (See Chapter 3) for the purpose of height aiding. A modification to the 

C++ source code of the least squares solution (See section 3.2 in Chapter3) has to be 

made in order that the interpolated heights from DTMs can be added to the solution for 

GPS single point positioning. The numeric solution for estimating derivatives takes 

DTM points as input from a GIS and then the final GPS coordinates are output back to 

the GIS for visualisation and analysis (See Figure 4.1).

Stage 2 Positioning using odometer and map-matching

The odometer functions need to be incorporated into the existing Map-Matching GPS 

(MMGPS) package in which the Road Reduction Filter, height aiding and other quality 

measures are included. Hence, the odometer and GPS work together to give the best 

possible solution. TheThis stage corresponds to the work presented in Chapter 6.

Stage 3 Predicting and Modelling GPS satellite availability using various Digital 

Surface Models

Satellite positions have to be computed and converted from WGS84 to OSGB36 

coordinates in order to perform LOS analysis between GPS satellites and a moving 

vehicle on the ground. The coordinate transformation has to be computed in real time as 

the vehicle travels along the road. A more detailed discussion on the transformation 

accuracy will be provided in Chapter 7. The existing LOS function provided by a GIS 

will be used for GPS satellite availability prediction.

Stage 4 Predicting GPS multipath effect

A ray tracing algorithm needs to be implemented to model and visualise reflected and 

diffracted signals in a 3D GIS environment. The satellite positions are computed from 

the Navigation Message transmitted by the satellites, and then output to a single-knife 

edge diffraction model implemented in Visual Basic (VB) in a 3D GIS. In addition, a 

VB application needs to be developed to interrogate the geometrical information stored
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in Ordnance Survey Master Map and 1m LiDAR data to check if reflected rays exist at 

a given location. Thousands of LOS may need to be performed in order to identify 

reflected rays. A more detailed explanation on ray tracing can be found in Chapter 8.

To sum up, the work involved in stage 1 and 2 ( see Section 4.1) is an extension to the 

existing Map-Matching algorithm while stage 3 and 4 require that the new analysis 

functions have to be developed and integrated into a 3D GIS.

4.3 Design and Implementation

In general, the overall structure of the software is a Dynamic Link Library (DLL), 

written in C++, together with a GUI for use in ESRFs GIS products ArcView3.2 or 

ArcGIS 9. The GUI was originally written in Arc View's Avenue and has recently 

been translated to Visual Basic (VB) for use in ArcGIS 9 (Steup and Taylor, 2003). The 

GIS is used to visualise the results graphically in both 2D and 3D environment, using 

background OS mapping and various DTMs.. The GPS processing part (e.g. satellite 

orbit calculation) is implemented in Borland C++ Builder 6. This is because the 

execution speed of Avenue and VB is relatively slower than C++ and also the data types 

provided by Avenue and VB are limited such that they are not productive in terms of the 

implementation of mathematical algorithms. In contrast, C++ performs faster and 

provides various data types and a full set of object-oriented features (e.g. the operations 

on matrix can be implemented in a template class, and then used for singe-point GPS 

positioning). Figure 4.1 illustrates an example of how C++ communicates with 

ArcView3.2 in order to produce the results presented in Chapter 5.
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ArcView 3. 2

Dynamic Link Library
(a DLL written by C++)

Avenue Scripts Digital Terrain Models

Figure 4.1 Data exchange between C++ and ArcView3.2

4.3.1 A test-bed simulator in ArcView3.2

Arc Vie w3.2 is a desktop GIS software package developed by Environmental System 

Research Institute (ESRI). It provides a programming language called Avenue, and 

code editor for GIS developers to build their own applications. As shown in Figure 4.2, 

the Graphical User Interface (GUI) for the map-matching algorithm used in this study is 

linked to a list of Avenue scripts listed on the left hand side of the screenshot in Figure 

4.2. This GUI is also supported by a series of external functions in a DLL in C++.
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Figure 4.2 A test-bed simulator in ArcView3.2

Basically, when a button is pressed on the GUI, the Avenue script linked to that button 

is executed. If the Avenue script contains an instance of DLL (Dynamic Link Library) 

Proc class, a corresponding DLL function written in C++ is called to extend the 

functionality of the calling Avenue script at runtime. The advantage of DLLs is that the 

functionality of an application is extended without recompiling the original executable, 

by dynamically loading modules (Avenue, 1996).

Furthermore, DLL itself is also advantageous as the reuse of software components 

increase. An example of this is displayed in Figure 4.3. Having modified the function 

declarations, all the DLL functions, developed for ArcView3.2, can be reused by a 

Visual Basic program in ArcGIS 9 . The software development activity in ArcGIS9 is 

detailed in the section 4.3.3.
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Figure 4.3 C++ Builder6 and Visual Basic Development Environment

4.3.2 The GUI

As shown in Figure 4.4, the controls on the GUI give clear information about the 

possible combinations of the options required for a specific set of results given in 

Chapter 5 and 6. For example, switching on MMGPS and Height aiding would enable 

Road Reduction Filter and DIM for height computation. If not, only raw data is 

computed and drawn on the map. Some of the functions provided by the GUI are 

detailed below.
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Figure 4.4 Customised Graphical User Interface in Arc View 3.2

MMGPS

Switch on map-matching

Open file:

Select and open a RINEX (Receiver Independent Exchange Format) observation file

which contains pseduorange data from each satellite. In the meantime, the broadcast

orbits are read from the RINEX file for satellite position calculation.

Close file

Close RINEX files

Output

Create and store processed points from opened RINEX file in a text file, which may be 

loaded into Arc View or Microsoft Excel for further analysis.

Height Aiding

Use a DTM in Arc View to add height aiding into the GPS point position computation.

Point

Select a DTM in vector format. In this experiment, users must choose an ArcView
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Theme called OS Grid. OS DIM is then used for height aiding 

Grid

Select a grid DIM in raster format (e.g. Land Form PROFILE 10 meters grid digital 

terrain model).

Next Point

Compute one point from open RINEX file and draw the point on the map. 

All Points

Compute all GPS points from open RINEX file, will continue until the end of file 

unless interrupted by the STOP button on the Status Bar.

Points to File

Read complete contents of open RINEX file and create an Arc View shapefile, 

containing uncorrected GPS receiver positions (i.e. raw GPS data without Height 

Aiding).

Exit

Close files and dialog box.

4.3.3 Customisations in ArcGIS9

ESRI ArcGIS 9 is one of the most popular GIS software packages in both industry and 

academia. One of the features provided by ArcGIS 9 is its ability to handle a large 

amount of spatial data in various formats (e.g. CAD, raster and vector). The geographic 

objects (e.g. point, line, and 3D polygon) and the operations associated with the objects 

can be accessed through Component Object Models (COM) in a way that ArcGIS9 can 

be customized to the needs of any GIS applications. The use of such a GIS package 

significantly reduces the workload and time required for developing a GPS multipath 

simulator. As shown in Figure 4.5, ArcScene, which is a 3D visualisation package 

within ArcGIS9, conies with Visual Basic for Applications (VBA). It provides an 

integrated programming environment for developers to build and test custom

42



Chapter 4 Software Development

applications.

A large number of VBA programs within ArcScene haven been developed throughout 

this study in order to produce the results presented in Chapter 7 and 8 (e.g. LOS and ray 

tracer). An added benefit of using ArcScene is that LiDAR DSMs can be viewed and 

manipulated in 3D rather than 2D maps with simple shading effects. A portion of the 

VBA source code is shown in Figure 4.6 which is responsible for performing the LOS 

analysis between a satellite and receiver.
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Figure 4.5 3D bird's eye view of the campus with the LOS shooting to the sky
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xl = CStr(obsPoint.X) 'set the coordintes of the receiver position 
yl = CStr(obsPoint.y) 
zl = CStr(obsPoint. Z)

'call the DLL funtion written in C++
returnValue = PNTS_From_ArcScene4 (xl, yl, zl, x2, y2, z2, gpssecond, s2)
set the coordinats of the satellite 
satPoint.X = CDbl(xl) 
satPoint. y = CDbl(yl) 
satPoint. Z = CDbl(zl)

Add the satellite to the 3D scene 

AddGraphic m_pApp, satPoint 

'perform Line of Sight analysis between the satellite and receiver position

pSurf.GetLineOfSight obsPoint, satPoint, _
pObstruct, pVisPolyline, plnVisPolyline, blsVis, False, False

Figure 4.6 VBA source code for LOS analysis

As illustrated in Figure 4.6, Assuming that the receiver position is known, a satellite 

position at a particular time is calculated in a DLL function written in C++, and passed 

back to VBA for 3D visualisation and LOS analysis.

4.4 Testing

Testing was conducted by setting breakpoints in the C++ and VBA source code, to 

monitor all the parameters passed between the DLL and ESRI software packages. In 

addition, the code and its output values were checked against hand calculated values to 

ensure conformity. The 2D and 3D visualisation tools provided by ArcGIS also aid 

testing.

The existing MMGPS package has been extensively used and tested over several 

hundred hours, by numerous individuals, and results obtained by the package have been 

published in journals and at conferences (See Chapter 3). As a result, the basic package 

was considered to be an accurate starting point for building on the odometer 

functionality and interpolation algorithms.

The odometer calibration algorithms were also coded in a statistical package, "R" (R 

Development Core Team 2003) and again outputs were compared. The functionality 

produced matched that of the initial design outlined in Chapter 6. The Microsoft Excel 

spreadsheets are used extensively in testing as well.
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Chapter 5 Accuracy and reliability of map matched GPS coordinates: 

The dependence on terrain model resolution and interpolation algorithm

The Global Positioning System (GPS) has become the most extensively used 

positioning and navigation tool in the world. Applications of GPS abound in 

surveying, mapping, transportation, agriculture, military planning, GIS, and the 

geosciences. However, the positional and elevation accuracy of any given GPS 

location is prone to error, due to a number of factors. This has serious implications for 

some applications, such as real-time navigational systems. GPS accuracy can be 

significantly improved with additional data, possibly from multiple sources, and 

especially from multiple receivers. In the case of a single GPS receiver, its position 

and elevation can be considerably improved with the use of spatial data. For vehicle 

tracking, map matching can be employed to intelligently snap the GPS location to a 

road centreline, while height aiding can augment the GPS solution by utilising a digital 

terrain model (DTM), thereby reducing the number of satellites required to determine a 

position.

This chapter describes the use of map matching and height aiding, and examines the 

effect of different terrain resolutions (Ordnance Survey 1:50,000 and 1:10,000 scale 

DTMs) on plan position and elevation accuracy for vehicle tracking. Furthermore, the 

user's choice of interpolation algorithm for estimating heights from the DTM is 

investigated. The results of the experiments described in this chapter demonstrate that 

height aiding alone reduces the mean error in elevation from 22.5m to 17.5m for a 

single GPS receiver, and the mean error in plan position from 6m to 5m. However, 

map matching and height aiding combined reduces the elevation RMSE of a single GPS 

receiver from 22.5m to approximately 4m (1:50,000 scale DTM) and down to 0.8m 

(1:10,000 scale DTM), while the plan position RMSE is reduced from 5.9m to 3.2m 

(either DTM). It is also demonstrated that when the number of satellites visible to the 

receiver is reduced, or the satellite geometry is poor, map matching and height aiding
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considerably improves the plan and elevation accuracy. The use of a higher order 

interpolant (e.g. a bicubic or biquintic polynomial) is shown to slightly improve 

performance, compared to a bilinear interpolant, for the lower resolution DIM, but has 

little overall benefit for the higher resolution DIM.

5.1 Introduction

The work presented in this chapter is built onto existing map-matching software called 

Road Reduction Filter (See Chapter 3). RRF processes raw GPS code data using its 

own least squares position estimation algorithm, which includes height aiding from 

digital terrain models (DTM). Height aiding can augment a GPS code solution, it can 

reduce the number of pseudorange observations required to obtain a solution, thus 

observations from only three satellites can provide a 3D position.

In the experiments described in this chapter, heights are obtained from Ordnance 

Survey (O.S.) 50m and 10m grid DTMs (1:50,000 scale LandForm Panorama and 

1:10,000 scale LandForm Profile respectively). GPS points are unlikely to correspond 

to the grid height points in any DTM, therefore elevations for height aiding for GPS 

point position computation must be interpolated from the DTM. There is a variety of 

interpolation algorithms (e.g. linear, bilinear, bicubic and biquintic fully described in 

Chapter 2), which can be used to obtain heights from a DTM. In many instances, 

linear techniques can produce a diverse range of solutions for the same interpolated 

point. A higher order interpolant that takes account of the neighbouring vertices, 

either directly or indirectly as slope estimates will always produce a better estimate than 

the worst of these linear algorithms (Kidner, 2003). The more complex an 

interpolation algorithm is, the more computationally expensive it becomes, which may 

be a prohibitive overhead when computing GPS positions at high rates, such as ten 

point positions per second. The work described here investigates how the choice of 

DTM and interpolation method affects the RRF map-matching algorithm, in terms of 

plan position and height accuracy.
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5.2 Height aiding with the interpolated heights from DTMs

In GPS positioning, height aiding is often used to reduce the number of satellite 

required to obtain a position fix in that the distance from the centre of the Earth is used 

as an extra equation within the least squares positioning solution (See Chapter 3). From 

Figure 5.1, the height above mean sea level along with plane coordinates of the receiver 

(i.e. Easting and Northing) may be converted to WGS84 Cartesian coordinates (i.e. X Y 

and Z) whose origin is considered as the centre of the Earth. As such, the centre of the 

Earth may be treated as an additional satellite in order to add further redundancy into 

the solution especially when the satellite geometry is poor (i.e. DOP values are high). 

Furthermore, height aiding is particularly useful in cities where satellite availability is 

poor due to signal obstructions, as only three satellite satellites are required for a 3D 

position fix instead of four (i.e. a minimum of four satellites are required for a 3D fix 

without height aiding).

/ Height of road above MSL

Figure 5.1 Height aiding

In this study, three interpolation algorithms (i.e. bilinear, bicubic and biquintic), 

described in detail in Chapter 2, are implemented and used to estimate the height of the 

receiver for the purpose of height aiding.
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5.3 Data collection and processing

To evaluate the effectiveness of the RRF map matching algorithm, GPS Coarse 

Acquisition (C/A) code observation data were collected in a vehicle driven on roads in 

the hills of rural Glamorgan, Wales, see Figure 5.2. Simultaneously, GPS phase data 

observations were collected in the vehicle and also by a static receiver recording base 

station data, on the roof of a nearby building at the University of Glamorgan (i.e. within 

5 km). This phase data was used to compute a high precision (cm accuracy) GPS 

solution, which was assumed to be the "true" position of the vehicle at each epoch (one 

second).

Map of Test Area with Routes Marked

Test1
Test2
Road Cent re-Lines

4 Kilometers

Figure 5.2 Map of test area with routes marked

All available satellites visible to both receivers were used in the position solution 

computation. This number varied throughout the route from none to ten. Four point 

position solutions were computed:

RAW - using C/A code data

RAW + HA - using C/A code data and interpolated height

RRF map matched GPS - using C/A code data, interpolated height, RRF with

digital road map data.

48



Chapter 5 Accuracy and reliability of map matched GPS

RTK - using single and dual frequency phase data from both the vehicle and the 

base station to compute a high precision (cm accuracy) GPS solution. The "true" 

position of the vehicle at each epoch was assumed to be that given by this solution. 

Three data sets were collected for this experiment, (see Table 5.1), but only the results 

of test 1 are discussed in detail in this chapter. Data collection was accomplished using 

Leica 500 series geodetic GPS receivers. Phase data processing was achieved with 

Leica Ski-Pro software. All coordinates were transformed from WGS84 (World 

Geodetic System, 1984) to OSGB36 (Ordnance Survey of Great Britain, 1936) 

National Grid.

Data set GPS receiver Method of surveying

Testl SR510 LI single frequency, Kinematic,

code and phase (post-processing) 

measurements

Test2 SR520 LI and L2 dual Kinematic on the fly ambiguity 

frequency, code and phase resolution, (post-processing) 

measurements

Test3 SR510 LI single frequency, DGPS,

code measurements only (post-processing)

Table 5.1 Experimental data sets

The accuracy of the RTK solution (Leica, 1999) was I0-20mm in plan and 20-40mm in 

height. A summary of the total number of processed epochs (1 second) is given in 

Table 5.2. If the RTK positions are assumed to be the true position, the position errors 

are computed as follows (Taylor et al., 2001):

RTK RAW RAW+HA RRF

processed epochs of Testl: 274 1267 1267 1267

Table 5.2 Processed epochs

DP = JDE 2 +DN 2 (6) 

where DP is the position error, DE is the easting error, and DN is the northing error, while:
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= NRTK -N,

where ERTK and NRTK are the Easting and Northing of the RTK position, and £, and 

N, are the corresponding positions for each of the other methods (i.e. RAW, RAW+HA,

and RRF). It should be noted that the number of RTK positions shown in Table 5.2 is 

less than that of RAW positions (i.e. 274 versus 1267). This is because a successful 

RTK position can only be obtained in the areas where there are usually more than four 

satellites visible to the vehicle. The loss of lock on certain satellites is often the cause of 

failing to obtain an RTK position (e.g. when the vehicle travels under a bridge). Hence, 

the chance of getting an RTK position is higher in open areas compared with highly 

built-up areas. 

5.4 Results

As illustrated in Table 5.3, a comparison of height errors in terms of the mean, standard 

deviation, minimum and maximum error when computing RAW+HA and those when 

computing a RAW (single GPS receiver) are made.

RTK-RAW+HA

50m OS DTM

Mean

SD

Minimum

Maximum

Bilinear

-18.29m

2.13m

-20.63m

-9.37m

Bicubic

-18.27m

2.09m

-20.66m

-9.43m

Biquintic

-18.27m

2.09m

-20.57m

-9.44m

10m OS DTM

Bilinear

-17.65m

1.94m

-18.88m

-8.58m

Bicubic

-17.65m

1.94m

-18.90m

-8.56m

Biquintic

-17.65m

1.94m

-18.90m

-8.56m

RTK-RA 

W

N/A

N/A

-22.41m

2.31m

-24.03m

-11.88m

Table 5.3 Height error in testl (RTK-RAW+HA)
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Figure 5.3 Height error in testl (RTK-RAW+HA)

It can be clearly seen from Figure 5.3 and Table 5.3 that the darker line, representing 

RTK-RAW (error between RTK and RAW solutions), which is just above the -25m axis, 

is less accurate than any other lines computed by RTK-RAW+HA with various 

interpolators and DTMs, assuming that the 0 axis is the truth (RTK positions). It should 

be noted that there is a strong drop in accuracy near GPS second 126800 in Figure 5.3 

which indicates that the accuracy of the RAW GPS data in height significantly 

decreased due to loss of satellites, severe multipath errors, or poor satellite geometry. 

According to the results illustrated in Table 5.3 and Figure 5.3, there is an improvement 

of at least 4m in height accuracy when using height aiding, i.e. the height errors 

provided by RAW are consistently larger (4-5m) than those provided by RAW+HA in 

Figure 5.3. Therefore, height aiding does give us more accurate heights than a single 

GPS receiver using pseudoranges only, even though the interpolated height itself is 

calculated at a coordinate point on average 6m from the receiver's true location, see 

Table 5.4. The improvement has been clearly shown in Figure 5.3.
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RTK-RAW+HA

50m OS DTM 1 Om OS DIM

Bilinear Bicubic Biquintic Bilinear Bicubic Biquintic

Mean 5.05m 5.04m 5.04m 4.91m 4.91m 4.91m

SD 0.59m 0.59m 0.59m 0.59m 0.59m 0.59m

Minimum 4.68m 4.68m 4.68m 4.61m 4.60m 4.60m

Maximum 7.73m 7.73m 7.73m 7.67m 7.67m 7.67m

RTK-R 

AW

N/A

N/A

5.89m

0.47m

5.61m

8.04m

Table 5.4 Position error in testl (RTK-RAW+HA)

Furthermore, these results demonstrate that there is no significant difference (less than 
0.02m) between the mean height errors of the three interpolation algorithms when using 
the same resolution DTM. However, interpolated height values from the higher 
resolution (10m) DTM gives more accurate results (about 0.6m) than the 50m DTM in 
terms of the mean height error. This is to be expected due to the finer resolution and 
greater accuracy of the 10m DTM.
Figure 5.3 also shows that the O.S. 10m DTM provides more accurate interpolated 
heights than the O.S. 50m DTM, especially before GPS second 126950, where the 
terrain is much more varied. After this epoch, the two DTMs provide very similar 
results. Again, no significant difference between the height errors of the three 
interpolation algorithms is shown in Figure 5.3.
However, height errors computed by RAW+HA are still large (15m-20m) due to the 
inaccurate RAW GPS positions. Table 4 shows the position error calculated using 
equations (6), (7) and (8). In the relatively rugged terrain where the data were 
collected, i.e. the hills of South Wales, any error in the computed receiver plan position 
may result in a large interpolated height error. This is because hill slope in the vicinity 
of these road surfaces may be 45 degrees or higher. This slope can give a very rapid 
change of height for a relatively small distance away from the road. Even if the height 
aiding is used alone (i.e. RAW+HA), all the interpolated heights are still obtained from 
the road. RRF will always try to snap the RAW position onto the road centre-lines to
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obtain a more accurate interpolated height.

As shown in Table 5.4, there is no significant difference (less than 0.01m) again 

between the mean position errors of the three interpolation algorithms when 

interpolating from the same resolution DTM. The larger resolution 1 Om DTM provides 

slightly more accurate positions (less than 0.14m) than the 50m DTM in terms of mean 

positional error. In addition, it is clear (see Figure 5.3) that height aiding does improve 

the positioning accuracy of a single receiver (i.e. plan improvement of approximately 

1m).
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Figure 5.4 Position error in testl (RTK-RAW+HA)
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RTK-RRF RTK-RAW

50m OS DTM lOmOSDTM N/A

Bilinear Bicubic Biquintic Bilinear

RMSE 4.25m 4.02m 4.03m 0.79m

Minimum -9.15m -8.80m -8.83m -1.53m

Maximum 1.43m 1.70m 1.71m 2.46m

Bicubic Biquintic N/A

0.82m 0.82m 22.53m

-1.57m -1.58m -24.03m

2.68m 2.70m -11.88m

Table 5.5 Height error in testl (RRF)

In order to test the overall performance of RRF, both O.S. road centre-line data and O.S. 

DTM data are used to compute an RRF position (Table 5.5). Here, the height error is 

reported as a general Root Mean Square Error (RMSE), which is given by:

(9)

As shown in Table 5.5, the high resolution 10m DTM significantly outperforms the 

50m DTM in terms of RMSE. Further analysis of these height errors (Figure 4) shows 

a similar, but exaggerated trend to the RAW+HA results. On the hilly roads, the errors 

were more pronounced between the different resolution DTMs, but after GPS second 

126950 (in the flatter terrain), the discrepancies were less noticeable. However, it is 

clear that height errors provided by RAW and RAW+HA are consistently larger than 

those provided by RRF.
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Figure 5.5 Height error in testl (RTK-RRF)

This can be explained because positions corrected by RRF are snapped onto road 

centre-lines, which will reduce the height error as the true receiver positions are always 

on the road, i.e. the height errors in Table 5.3 are strongly negative due to the poor 

accuracy of the RAW GPS data, this does not happen in Table 5.5, as the GPS positions 

are now snapped onto the road.

Furthermore, there is an indication in Figure 5.5 that the terrain is best represented in 

the larger resolution 10m DTM, particularly in the area of steeper slopes, i.e. in the first 

half of the data collection route. In addition, in the case of the 50m DTM, biquintic 

and bicubic are slightly superior to bilinear in terms of reduced RMSE (0.23m). 

However, in the case of the 10m DTM, the bilinear is conversely very slightly superior 

to biquintic and bicubic, with a reduced RMSE of about 0.03. Furthermore, there is no 

significant difference in height error between the three interpolation algorithms when 

interpolating from the same resolution DTM, less than 0.24m. There is a significant
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difference between the height RMSE of RAW (22.5m) and the height RMSE of RRF 
(0.8m).

RTK-RRF RTK-RAW

50m OS DIM lOmOSDTM N/A

Bilinear Bicubic Biquintic Bilinear

Mean 3.96m 3.24m 3.24m 3.24m

SD 1.87m 1.57m 1.57m 1.54m

Minimum 0.34m 0.32m 0.32m 0.34m

Maximum 7.65m 6.33m 6.33m 6.33m

Bicubic Biquintic N/A

3.24m 3.24m 5.89m

1.54m 1.54m 0.47m

0.34m 0.34m 5.61m

6.33m 6.33m 8.04m

Table 5.6 Position error in testl (RRF)

Table 5.6 shows the position errors provided by RRF and those provided by RAW. It is 
evident from Table 5. 6 and Figure 5.6 that RRF provides a much reduced position error 
than RAW, the general improvement from the RAW mean position error of 5.9m, is 
about 2.6m. Moreover, the RRF positions are more accurate than RAW+HA positions 
in terms of the mean position error, compare Tables 5.4 and 5.6.
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Figure 5.6 Position error in testl(RRF)

curves in Figure 5.6, are almost identical. This 
means that the two different resolution O.S. DTMs and the three interpolation 
algorithms have nearly the same effect on the positioning accuracy of RRF. 
It is difficult to draw any substantial conclusions from the analysis of results obtained 
from only one data set. A second data set (test2) was collected using a dual frequency 
GPS receiver. In order to further investigate these results, another experiment was 
conducted. In this experiment, full control of which satellites are used to calculate a 
point position in the least squares estimation is used. As a general rule, the larger the 
constellation of satellites, the better the available geometry, i.e. the lower the position
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dilution of precision (PDOP), (Sickle, 1996). High PDOP indicates poor satellite 
geometry and possibly less accurate point positions. In the context of this experiment, 
the azimuth and the elevation of each satellite were measured to give a clear picture of 
the distribution of satellites available to calculate a vehicle position.
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Figure 5.7 Height error in test2 (RAW+HA)
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Position Error(RIK-RA¥+HA)
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Figure 5.8 Position error in test2 (RAW+HA)

For simplicity and clarity, all other curves describing the effects caused by the two high 

order interpolation algorithms, and different DTMs, in terms of the position error and 

height error, were removed from Figure 5.7 and Figure 5.8. This is because the results 

obtained in test2 are nearly identical to those obtained from testl. As illustrated in 

Figure 5,7 and Figure 5.8, the height accuracy of RAW data in test2, which is 

represented by the lowest curve ranging between -15m and -5m in Figure 5.7, has an 

average height error of about -1 Om. This height error is much smaller than the -22.4m in 

testl (see Table 5.3 and Figure 5.3). Due to the high accuracy of the RAW height in 

test2, height aiding alone may no longer improve the positioning accuracy of a single 

GPS receiver - this is clearly shown in Figure 5.8. The position error of RAW data in 

Figure 5.8 has a constant error of 4.5m. Therefore the position error provided by 

RAW+HA (about 6m) is less accurate than that provided by RAW data in test2.
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5.5 Results from test2 data with a subset of satellites

A subset of satellites was selected and then used in different combinations to 

demonstrate the effectiveness of RRF under simulated poor satellite geometry. Simply 

switching off certain satellites will significantly increase the value of PDOP and 

therefore result in large height and position errors in the RAW GPS data of test2, as 

shown in Figure 5.7 and Figure 5.8. For the full set of six satellites, the RAW 

position PDOP values were consistently 3.0, and with four reduced satellites, the values 

ranged from 11.1 to 16.7. There are a total of 6 satellites available in the RAW data of 

test2. Removing satellites PRN8 and PRN27, leaving 4 satellites, will dramatically 

increase the mean position error and height error of RAW from 4m to 10m and from 

15m to 25m respectively. With these intentionally corrupted RAW positions (shown 

in Figure 5.8 and Table 5.7), the position errors obtained by RAW+HA with 4 satellites 

are much smaller than those provided by RAW with a subset of 4 satellites. However, 

the accuracy of RAW+HA with the full set of six satellites is more accurate than 

RAW+HA with four satellites.

Solution

RAW 4 satellites

RAW+HA 4 satellites

RRF 4 satellites

Mean position error

10.0m

6.8m

4.1m

Table 5.7 Position error in test2

In general, using O.S. DTMs for height aiding and RRF (snapping to road centre-lines) 

can improve the plan and height accuracy of a low cost stand-alone GPS receiver, when 

satellite geometry is poor and/or when the number of satellites visible to the receiver is 

less than optimal.
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5.6 Summary

It has been demonstrated that height aiding always improves the height accuracy 

provided by a single GPS receiver (RAW). RAW+HA in testl provides a height 

accuracy improvement of about 4.1m to 4.8m. This is despite the position (coordinate) 

for the interpolated height being in error. However, map matching (RRF) and height 

aiding provide much more significant height accuracy improvements (RMSE < 1m) 

than those provided by height aiding alone (RMSE > 4m), and RAW GPS (RMSE > 

22m). With regard to the choice of interpolation algorithms, no algorithm is 

significantly superior to others in terms of the height error when using map matching. 

However, irrespective of interpolation algorithms, interpolation from the larger 

resolution 10m DTM consistently provides more accurate heights than the 50m DTM. 

As would be expected, the nature of the terrain itself is highly significant in 

differentiating interpolation accuracies between different DTMs.

With regard to the plan position accuracy (i.e. Easting and Northing), height aiding can 

provide a position improvement of about 1m compared with the position provided by a 

single GPS receiver with testl data. The height errors of a single GPS receiver in testl 

are significant, i.e. the mean height error is up to 22.4m. The results suggest that if 

DTMs for height aiding alone are used to improve the positioning accuracy of a single 

GPS receiver, plan improvement depends on GPS receiver height accuracy, which itself 

depends on plan position accuracy. However, if both road centre-line data and DTM 

data are used to compute the RRF position (height aiding and map matching), RRF 

consistently improves the plan positioning accuracy of a single GPS receiver (mean 

position error of 6m), typically by about 2m. In addition, as far as the overall 

performance of map matching is concerned, the two DTM resolutions and three 

interpolation algorithms have nearly the same effect on the positioning accuracy of map 

matching. That is, the accuracy and reliability of a map matching algorithm, such as 

RRF, does not vary significantly, when using any combination of the two different 

resolution DTMs and the three different interpolation algorithms.
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Overall, the use of the higher resolution DIM significantly improved the height 

accuracy of both the height aiding alone (RAW+HA) and map matching with height 

aiding (RRF), but had very little benefit for improving the plan position. The use of 

higher order interpolation algorithms produced a noticeable, but small improvement in 

results for the lower resolution DTM, but no improvement for the higher resolution 

DIM. This suggests that at the smaller scale, the use of bicubic or biquintic 

polynomials can compensate for the poorer quality terrain data by identifying the 

relevant trends (i.e. slopes). However, with the larger scale DTM, the denser sampling 

of data negates the need for a better interpolation algorithm.

Furthermore, when the number of satellites visible to the receiver is reduced, or the 

satellite geometry is poor (high value of PDOP) map matching and height aiding (RRF), 

using O.S. DTMs, will considerably improve the accuracy of both plan position and 

height. The further experiment with test2 confirmed this.

In terms of further work, larger scale bare-earth DTMs such as 1m LiDAR and 5m 

Radar data may be considered as a further enhancement to OS DTMs for height aiding. 

However, care must be taken during map-matching process, since the surface features 

such as unfiltered buildings and vegetation near road centrelines may interfere with the 

estimation of the heights of the road on which the vehicle is travelling (e.g. narrow 

streets with building on either side). Bear in mind that the plan positions of the vehicle 

are estimated by either raw GPS measurement or map-matching. As a result, the exact 

2D position of the vehicle is never known (typically a few metres away from the truth 

with single receiver positioning), and the accuracy of the estimated plan coordinates 

would vary with the satellite geometry and surrounding geographic features. Without 

providing a reliable estimate of the plan coordinates to the interpolation process, the use 

of higher resolution DTMs for height aiding may not necessarily lead to better results. 

Therefore, the potential improvement provided by 1m LiDAR and 5m Radar remains to 

be seen. In addition, the higher cost of LiDAR data may prohibit further experiments on 

different road scenarios.
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Chapter 6 GPS accuracy estimation using map matching techniques: applied to 

vehicle positioning and odometer calibration

A test-bed application, called Map Matched GPS (MMGPS) processes raw GPS output 

data, from RINEX (Receiver Independent Exchange Format) files, or GPS derived 

coordinates. This developed method uses absolute GPS positioning, map matched, to 

locate the vehicle on a road centre-line, when GPS is known to be sufficiently accurate. 

MMGPS software has now been adapted to incorporate positioning based on odometer 

derived distances (OMMGPS), when GPS positions are not available. Relative GPS 

positions are used to calibrate the odometer. If a GPS position is detected to be 

inaccurate, it is not used for positioning, or for calibrating the odometer correction 

factor. In OMMGPS, GPS pseudorange observations are combined with DTM height 

information and odometer positions to provide a vehicle position at 'one second1 epochs. 

The described experiment used GPS and odometer observations taken on a London bus 

on a predefined route in central of London. Therefore, map matching techniques are 

used to test GPS positioning accuracy, and to identify grossly inaccurate GPS positions. 

In total, over 15,000 vehicle positions were computed and tested using OMMGPS. 

In general, the position quality provided by GPS alone was extremely poor, due to 

multipath effects caused by the urban canyons of central London, so that odometer 

positioning was used much more often to position the vehicle than GPS. Typically, the 

ratio is 7:3 odometer positions to GPS positions. In the case of one particular trip, 

OMMGPS provides a mean error of position of 8.8 metres compared with 53.7 metres 

for raw GPS alone.

6.1 Introduction

The existing test-bed application, called Map Matched GPS (MMGPS) processes raw 

GPS output data, from RINEX files, or GPS derived coordinates. It provides linkage to 

a GIS for access and analysis of appropriate spatial and related attribute data (primarily 

road and height information). MMGPS identifies the correct road, on which a vehicle is
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travelling on, and snaps the vehicle position onto that road. Furthermore, MMGPS 

corrects the derived position using its own computed correction parameters, e.g. 

Correction Dilution of Precision (CDOP) using history of previous position estimates 

and road geometry (Blewitt and Taylor, 2002) (See 3.3.5). Various research 

experiments utilising MMGPS have been conducted and results have been fully 

described in Taylor et al. (2001).

Since the main objectives of this work are to determine both the accuracy and reliability 

of position, of a public transport bus, that can be provided using GPS, odometer and 

map matching techniques, a new algorithm has been developed that integrates 

odometer observations with the existing software, now called OMMGPS. In OMMGPS, 

height information obtained from digital terrain models (DTM) are used to achieve 3D 

GPS point positions, when only three GPS satellites are visible to the receiver. More 

importantly, height aiding improves the accuracy of GPS point positions with poor 

satellite geometry (high PDOP), and when severe signal multipathing occurs (multiple 

reflected GPS satellite signals).

The developed method uses absolute GPS positioning, map matched, to locate the 

vehicle on a road centre-line, when GPS is known to be sufficiently accurate. When this 

is not the case, odometer readings are used to locate the vehicle on a road centre-line. 

The odometer is calibrated using relative GPS positions, based on map-matching 

criteria, such as the residuals of CDOP, for GPS precision determination (see also 

Methodology section). The accuracy of OMMGPS is a function of the frequency of 

accurate GPS points, reliable map-matching and correct odometer calibration.

Standard Ordnance Survey (OS) digital plan and height map products were used for 

road map matching and height aiding. A number of trips along a bus route in central 

London - Baker Street, Oxford Street, etc. - were made to test the method. A typical 

result of map matched GPS positioning is shown in Figure 6.1.
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The innovative feature of this particular implementation is that map matching is 

actually used for GPS accuracy determination rather than to identify the correct road 

the bus is driving on. This is achievable, since predefined bus routes are involved, 

hence the correct road is always known. The trajectory of a sequence of GPS point 

positions is compared with an identified part of the bus route, using the map matching 

techniques described in this chapter. If this comparison meets the map matching 

criteria, described below, the points are used for odometer calibration and bus 

positioning. Otherwise, they are discarded.

6.2 Methodology

The general approach was to use GPS to position the vehicle, and also to calibrate the 

odometer readings, but only if GPS was available and of sufficient accuracy. At all 

other times odometer readings were used to position the bus. Odometer positioning was 

achieved by tracing the distance measured by the odometer along the bus route road 

centre-line - actually, a five metre offset centre line was used, left of direction of travel,
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see Figure 6.1. Map matching techniques are used to improve the GPS positioning 

accuracy, and to identify grossly inaccurate GPS positions. The previous 10 

GPS/odometer positions are used for map matching calculations.

6.3 Map matching

The existing MMGPS software has been adapted to incorporate positioning based on 

odometer derived distances, when GPS positions are not available. This new version of 

map matching software, OMMGPS, works in the following way:

1. A GPS observation is read from the GPS RINEX file, and an odometer count is 

read from the odometer file.

2. A Raw vehicle position is computed using all satellites visible to the receiver, 

above a 15 degrees elevation mask, plus height aiding, where height is obtained 

from a DTM. This height is interpolated (bilinear) at the vehicle's previous 

reference (Ref) position, i.e. snapped on the road centre-line (Li et al., 2005). 

This DTM derived height of the receiver is used to provide an extra equation in 

the least squares pseudorange computation of GPS coordinates, i.e. 

computation with a minimum of three satellites is possible. For each epoch 

(instant time of observation) GPS points within 100 metres of the road 

centre-line are considered.

3. An odometer correction is calibrated using the odometer count at the current 

epoch and the relative GPS distance travelled. Only if GPS position useable, 

otherwise this step is skipped for this epoch.

4. Road geometry based on DGPS corrections (from step 9, previous epoch) is 

added to the Raw position to give a corrected (Cor) position.

5. This Cor position is now snapped to the nearest point on the nearest road-centre 

line to give the current Ref position, and then a DTM height is calculated. That 

is, a Ref position is available that can be used to generate road geometry based 

on DGPS corrections for use with the next epoch's computed Raw position. The 

resultant Ref positions are checked for correctness using tests against map 

matching criteria (Taylor and Blewitt, 1999, 2000; Taylor et al., 2001); see
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below.

6. The odometer position is calculated, using previous Ref position, as well as the 

odometer distance.

7. A position error vector is estimated in a formal least squares procedure, in 

which the Correction Dilution of Precision (CDOP) is computed. This estimate 

is a map matched correction that provides an autonomous alternative to DGPS, 

fully described in Blewitt and Taylor (2002). The residuals of this process are 

used to determine the goodness of fit of the position error vector (See 3.3.5).

8. Position error vector (step 7) is used to adjust the Ref position used for step 9. 

This provides a long-track correction, especially when CDOP is low (rapid 

change of road direction).

9. DGPS corrections for each satellite pseudorange are computed using the current 

Ref position. These are retained for future use.

The algorithm flow line is illustrated in Figure 6.2
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Algorithm Flow line

RAW position computed - GPS L1 solution (pseudorange), 
augmented with height from DTM

Calibrate odometer correction (relative distance travelled 
between previous good REF positions)__________

Adjust REF position - compute error vector from a number of 
previous RAW and REF positions and or odometer position

T
Compute road geometry derived corrections to pseudoranges, 
using previous REF position _______________

COR position computed - add road geometry derived corrections 

REF position obtained - snap COR position to road centre-line

_ . _ _ J Odometer position calculated

1
Obtain height from DTM at REF or Odometer position

Filter out poor REF positions (not snapped or snapped but 
exceeding acceleration thresholds)

Output final position - either REF or Odometer position

RAW position = GPS derived position

COR position = RAW position corrected with road geometry 
derived pseudorange corrections, which are 
computed using previous adjusted REF position

REF position = COR position snapped to road centre-line 

Odometer position = odometer calculated position

Figure 6.2 The algorithm flow line.
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The main map matching criteria for snapping a Raw GPS position to a road centre-line 

Ref GPS position are each of the following, which have to be below a set maximum 

value:

• Distance error (absolute value of the difference between Raw distance and Ref 

distance, between the current and previous epochs).

• Bearing error (absolute value of the difference between Raw bearing and Ref 

bearing, between the current and previous epochs).

• Residuals of CDOP

• Maximum distance of Raw GPS position from the road centre-line

The number of satellites visible to the receiver has to be the same for current and 

previous epochs.

If a Ref GPS position passes the check, it is used for positioning the bus and calibrating 

the odometer correction factor. Otherwise, the position of the bus is derived from the 

calibrated odometer distance, and the odometer calibration correction factor is not 

updated. The values used for map matching are obviously open to adjustment and 

tuning, for different road geometry and environmental scenarios.

Distance correction factor

The previous section assumes that distances obtained from odometer readings are 

multiplied by a correction factor C, so that the distance supplied to OMMGPS is 

actually Cd rather than just d. It is not reasonable to assume C is fixed, as different roads 

and, indeed, different road conditions on the same road will influence C. For this reason, 

when GPS and odometer signals are both available, C will be calibrated over a time 

window by comparing distances travelled, based on odometer readings with those 

estimated from GPS (i.e. relative distances between two GPS points). If GPS goes 

offline, the value of C obtained just before the GPS signal is lost (or regarded as 

unreliable) is used together with the odometer method to estimate location, i.e. the 

current odometer position is calculated based on the previous GPS or odometer position, 

and the current odometer reading is multiplied by the correction factor C.
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Estimating C

C can be regarded as a correction factor between odometer-based distance estimates as 

used above, and those obtained from the GPS-based method. At each second t, an 

odometer distance d, and GPS-based coordinate estimates (X,,Y,,Zt) are obtained. Here, 

it is assumed dt is a cumulative variable, so that the distance travelled between t-l and 

Ms d{ - dt-i. This is called Ad. Also, from the GPS measurements the cumulative 

distance travelled can be computed using OMMGPS. These distances are called D,. 

Similar to the odometer distances, AD is defined as D,- Dt~i. Thus, a model of the 

relationship between Ad and AD is 

A£>, = CAd. + error

This model can be calibrated by estimating C using least squares techniques, i.e. C is 

chosen to minimise the expression

It may be verified that, in this case, the estimate for C is: 
I &D,Ad,c = --* ——— ; — m 

!></, 2 (l)
i

However, this assumes that C is a constant correction factor. In reality, C is likely to 

change, depending on traffic conditions, such as road shape, weather and so on. A more 

realistic model allows C to vary with time, so that at each time / a distinct C, is obtained. 

One approach in this situation is to estimate C according to the same model, i.e. using a 

'moving window' least squares estimate. At each time t, only the values for ADt and Ad> 

are considered in a time window of k seconds, i.e. only data from times t-k,t-k+l,..., t. 

At time t+1, data is dropped for time t-k and added for time /+/. Also, a weighting 

scheme is used in the least squares method, so that the squared errors for data close to / 

have a higher weighting. This gives an estimation method, which places more emphasis 

on minimising errors close to time /. In this case, the least squares expression to be 

minimised is
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where w, is the weight placed on the error at lag / seconds before time /. In this case, C, 
is

Ct - 1̂ Ĵ ————— (2)

Weighting Scheme for Wj

Some thought should be given to the weighting scheme for the w/s. Obviously, a 
time-decay effect is expected, so that wo > w/ > . . . > wk. One possibility is to choose an 
exponential fall-off up to w*, so that \vk = / could be chosen, assuming /< 1. Note that 
wo = / can be fixed without loss of generality. In order to obtain the best performance of 
the tracking algorithm as a whole, it may be experimented with different values of k and 
Y, Thus, the estimate for Ct may be written as

r =^

Implementing the Correction Factor Algorithm

The estimate of C, needs to be updated each second, where the odometer reading is 
reliable and the GPS position is available. Providing the GPS is available for k seconds, 
it may be worked with an iteratively updated 'moving window' estimate. Using 

equation (2), C, may be written as

(4) 
sum2t
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where
suml, =

i=0...k

If a record of the last k values of Adt and zlZ), is available, sum! and sww2 may be 

updated at each second, as well as the estimate C,. This can be seen in

suml, = ^ ,, ,_t ,_t 
sum2 =

Since the algorithm requires only the values of AD and Ad at times t and t-k but not 

those in between, a 'first in first out' (FIFO) of size k + 1 is a useful method of handling 

the information. Unlike the more usual 'last in first out' (LIFO) stack, popping a value 

from the stack returns the oldest item on the stack rather than the newest. Thus, at each 

second, the current values of Adt and AD, are computed and pushed onto a FIFO stack. 

For the first k seconds GPS data is online, no values are popped from the stack. 

However, after k seconds, values of Ad and AD are also popped from the stack. Since 

the oldest values are popped from the stack, and the stack has had items pushed on to it 

for k seconds, it implies that Adt^ and AD,-k will be popped.

Calibration if GPS Data Recently Online

In the previous section, the method for estimating C, is used when GPS data is available. 

If the GPS data is offline, the calibration of C, cannot take place. Previous section 

assumed that GPS data is online for a sufficient period of time, so that 

at least k observations are pushed onto the stack, as well as 

the supplied GPS positions 'settled' and are reliable.

Thus, there is a 'run-in' period of / seconds, where the methods in the previous section 

cannot be applied. Clearly, / cannot be less than k, but a much larger value may be 

required. This is to be determined by experiment. How Ct should be estimated in this 

/-second time interval, and how the position should be estimated? One possibility is to
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work initially with a global estimate of C to provide the odometer based estimate. As 

time during the burn-in period passes, the estimate should 'drift1 towards the estimate 

produced using (5). This can be done by combining C, and C using a weighted average, 

with the weighting gradually favouring C, rather than C. The trial method here uses the 

formula

where j is the time into the run-in period, and C', is the 'combined1 estimate of the

correction factor, assuming 0 < p < I.

Finally, sumi and sum2 need to be 'rebuilt' in the first k seconds of this period. That is,

for times up to k seconds, the current AD, and Adt need to be included into the running

mean computation, but ADt~k and Adt-k are not being dropped. Here, it may be written

as

{sum\t = ysuml,
\[sum2, = ysi4m2,_l + Ad,'

The estimate of the global C is updated on an ongoing basis when GPS and odometer 

data are available. From equation (3), it may be noted that

c = gsuml, (9) 
gsuml,

and gsuml t and gsum2, may be updated each second, since

I gsuml, = gsum\,_ t + AD, Ad, (1Q) 
\gsum2, = gsum2,_l
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It may be sensible to scale gsuml, and gsum2, to avoid rounding errors, for example a 
running mean computation such as

n~\ i gsuml, =——gsuml, , +-A£>,Ad.
n n (11)

gsum2, = —— gsum2, , + -AJ,2

could be used. At any time both sums are reduced by a factor n, where n is the number 

of times the updating algorithm is called. This has no effect on the estimate of C as the 

numerator and denominator are scaled by the same factor, but it stops them from 
becoming very large, leading to overflow errors.

Putting it all Together

The above algorithms are used on an event-driven basis. Each time a new set of

observations is provided, one of three conditions applies:

GPS and odometer data both available, not during run-in period

GPS and odometer data both available, during run-in period

Odometer data only available

The set of actions to be taken in each case are outlined in the algorithms listed in

appendix 4.

Alterations to the Correction Factor Algorithm
After the algorithms, described in the previous sections, were implemented, 

experiments took place in which the algorithms were applied to test data. On the basis 

of this a number of adjustments were made. In particular, it was found that on 

occasions the GPS signal was only available for very short periods of time. This 

occurred either due to a lack of positions provided by the GPS, or because the GPS 

position provided was rejected as unreliable. As a result of this, there were situations 

when a GPS location was available for two or three seconds, then unavailable for a
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similar length of time and so on. This led to a problem with algorithm 6 in appendix 4. 

Essentially, each time the GPS signal was available the stack was reset, as were suml, 

sum2 and j, effectively 'forgetting' the value of C, prior to GPS signal cut-out. An 

associated difficulty was that, if the run-in period was longer than two or three seconds, 

C, was never being properly updated during these periods of intermittent GPS 

availability.

This led to a problem, since either the run-in period had to be very short, as did the size 

of the stack, or very out-of-date values of C, were used. Neither option was acceptable. 

In the first instance, C, was undersmoothed, leading to erratic odometer based estimates 

(i.e. a lack of precision) - in the second case, Ct does not vary wildly but is biased, since 

much of the time values closer to the global C would be supplied - this led to a lack of 

accuracy.

To overcome this problem, it was noted that GPS cut-outs were never very long, so that 

calibration of C, prior to the cut-out would still provide useful information. To this end, 

algorithm 6 was modified so that the resetting of the stack did not occur when a GPS 

location became available. The modified algorithm, labelled algorithm 6m, is listed in 

appendix 4. Experimentation indicated better performance. For the data collected 

during trip 4 (See Table 6.1), a run in a period of 10 seconds was found, as well as a 

stack size of 10 - together with y =0.8 the best performance was achieved, in terms of 

offset error to beacons (for detailed discussion of the methodology see Data Processing 

and Results section). It was also found at a later stage that a policy of always returning 

the odometer-based location estimate (even when GPS was available) improved the 

accuracy of predictions - this is also reflected in algorithm 6m.

Height aiding
In OMMGPS height aiding is used throughout to add an extra equation in the least 

squares approximation computation of GPS position. Height information obtained, 

using bilinear interpolation, from a digital terrain model (DTM) are used to achieve 3D
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GPS point positions, when only three GPS satellites are visible to the receiver.

Trip no.

3.4

4

6

9.2

GPS only

3834

3468

3320

3713

GPS +Height Aiding

3834

3635

3991

4014

Table 6.1 Number of GPS positions computed

More importantly, height aiding improves the accuracy of GPS point positions with 

poor satellite geometry (high PDOD), and when severe signal multipathing occurs 

(multiple reflected GPS satellite signals). The number of GPS positions computed is 

nearly always increased by using additional height information, displayed in Table 6.1. 

Trip 3.4 is the exception.

6.4 Data processing and Results

A number of separate trips along a bus route in central London (Baker Street, Oxford 

Street, etc.) were made to test the method. During each of these trips, GPS observations 

using low cost GPS LI receivers and odometer observations using existing mechanical 

odometers were taken at each second, on the bus. In total, over 15,000 vehicle positions 

were computed using OMMGPS. Also, on each trip, the bus recorded the time when it 

detected a beacon at the beacon's known location, actually to a normal intersect with a 

five metre offset centre-line, see Figure 6.3.
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Beacon

.

Figure 6.3 Beacon Detection.

The positions of the bus at these times were used as the 'true' position of the bus. There 

are altogether 13 beacons on the bus route, which are used for determining OMMGPS 

accuracy. Using this data the exact equivalent OMMGPS positions used to calculate 

distances were obtained by interpolation, applying the OMMGPS positions at the 

nearest second before and after the beacon detection time. This is simple linear 

interpolation.

Mean

Standard Deviation

Range

Minimum

Maximum

Error for 100%

8.8m

6.6m

18.7m

0.9m

19.6m

Error for 95%

5.2m

3.6m

11.2m

0.9m

12.2m

Table 6.2 OMMGPS statistics for all beacons- for 95% - trip 4

A bus position was available at each second, either computed by GPS or odometer 

observations. For the whole route, odometer positions are used much more than GPS
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positions: 70% odometer positions, 30% GPS positions. For the calculation of 

OMMGPS, position at beacon detection time for the 13 beacons used; four positions 

were calculated using only GPS, and nine positions were calculated using only 

odometer. The results obtained for trip 4 are presented in Table 6.2. This bus trip is the 

one, on which the algorithm was developed and tuned, and it shows the excellent 

potential of the method. The results of the other three trips processed, i.e. trip 3.4, 9.2 

and 6, are shown in Table 6.3.

Trip no

3.4

4

6

9.2

GPS only

27.9m

53.7m

>100m

40.7m

OMMGPS

11.3m

8.8m

28.3m

22.8m

95% cut off

OMMGPS

6.6m

5.2m

14.1m

14.4m

Table 6.3 Average errors for all trips

There is a substantial improvement in the accuracy of bus position using OMMGPS 

instead of only raw GPS. In the case of trip 4, OMMGPS provides a mean error of 8.8 

metres compared with 53.7 metres for raw GPS without odometer.

6.5 Summary

A new algorithm that integrates odometer observations with the existing MMGPS 

map-matching software was developed and successfully implemented. This new 

algorithm, called OMMGPS, utilises map matching criteria, not to determine which 

road a vehicle is on, but to determine GPS position precision, in order to calibrate an 

odometer with the help of GPS. In OMMGPS, GPS pseudorange observations are 

combined with odometer positions and DTM height information to provide a vehicle 

position at 'one second' epochs. Generally, odometer positioning is used much more 

often to position the vehicle than GPS. Typically, the ratio is 7:3 odometer positions to
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GPS positions. This predominant use of odometer positioning is due either to GPS not 

being available or GPS positions being considered to be too inaccurate to use. This lack 

of GPS positions is due to satellite masking by buildings or the result of severe GPS 
signal multipath in the urban canyons of central London.

Four bus trips along the same bus route were used to test OMMGPS. The results 

obtained from these four trips are most encouraging. In total, over 15,000 vehicle 

positions were computed using OMMGPS. The positions provided by OMMGPS at the 

time of beacon detection can be considered to be a random sample of the accuracy 

provided by OMMGPS, compared to the accuracy provided by GPS alone. That is, if a 
GPS position was available at all, on or near the beacon detection time. The average 

error of OMMGPS positions, over all vehicle positions, using the random sample of 

beacon detection times, is 17.8 metres overall, and 10.1 metres for a 95% cut-off. This 

compares with an average error for GPS alone of at least 55.6 metres overall. 

Moreover, the effectiveness of OMMGPS is entirely dependent on the frequency and 

accuracy of GPS derived positions. The GPS data provided for testing compared very 

poorly with similar raw Ll pseudorange GPS data collected independently along the 

same bus routes, albeit using a much more expensive receiver and antenna for the 

independent test observations. Similarly, receiver coordinates collected using another 

low cost Ll GPS receiver also provided improved positions, although this was most 

probably due to smoothing provided by this particular receiver's own navigation filter. 

In conclusion, the technique developed in OMMGPS works well, and can be further 

improved with more superior low cost GPS receiver technology or a more careful 

attention to its operational application. Due to the fact that the method is based on 

known routes, it is not only appropriate for bus positioning but also for the use on 

railways.
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Chapter 7 Modelling and Prediction of GPS Availability with Digital 

Photogrammetry and LiDAR

This chapter describes an automated method for predicting the number of satellites 

visible to a GPS receiver, at any point on the earth's surface at any time. Intervisibility 

analysis between a GPS receiver and each potentially visible GPS satellite are 

performed using a number of different surface models and satellite orbit calculations. 

The developed software can work with various ephemeris data, and will compute 

satellite visibility in real-time. Real-time satellite availability prediction is very useful 

for mobile applications such as in-car navigation systems, personal navigations systems 

and LBS. The implementation of the method is described and the results are reported.

7.1. Introduction

The use of GPS, on the surface of the Earth, is often hindered by limited satellite 

visibility. If insufficient satellites (normally fewer than four) are visible, a 3D location 

cannot be computed. Hence, there is a requirement to test for continuity, reliability and 

accuracy of GNSS to provide positioning information, at various times and places. This 

is especially true for many transportation applications such as land surveying, fleet 

management, speed limitation, and vehicle navigation. Although many GPS 

manufacturers supply project-planning packages as part of their receiver systems, all 

assume a locally flat Earth where simple elevation masks can be manually added for 

individual obstructions around a point location. These packages are useful but 

restricted to static point positioning applications with limited, unrealistic obstructions. 

They require extensive manual user input to define the geographical terrain 

surrounding point locations. They are of little or no use as a test bed for transport 

applications of GPS, because in these cases the nature and distribution of obstructions

are changing constantly.
Over the last decade, with the increased availability of high-resolution laser scanning 

surface models and technological advances in digital photogrammetry, the accuracy of
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GPS satellite availability prediction has been improved dramatically through tight 

integration with digital surface models, especially in urban areas. The limitations such 

as the lack of terrain information in the traditional GPS mission planning software is a 

limitation to accuracy, efficiency and productivity for the surveyor. A number of 

researchers have proposed methods to address this issue. Boulianne et al. (1996) 

suggested a new photogrammetric method of generating obstruction diagrams based on 

floating cones injected into the stereo model to reduce the amount of work in field and 

photogrammetric survey. Similarly, Walker and Sang (1997) used the elevation mask 

angles that were derived from a photogrammetrically created digital terrain model. 

The conclusion drawn in their work is that accurate DTM information is invaluable to 

the users of high precision RTK (i.e. Real Time Kinematic) GPS in harsh environments. 

Moreover, in recent years, LiDAR data has become more accessible than ever to the 

GIS community. Its high density and accuracy is well suited for satellite visibility 

modelling. Verbree et al. (2004) reconstructed building models from LiDAR point 

clouds with the aid of ground plan maps. The building polygons were split into 

segments such that the LiDAR point cloud within each segment can be represented by 

predefined roof structures, such as a flat roof, gable roof or hip roof. The 

reconstructed building model was then used to predict the signal coverage of 

GPS/Galileo in a dense built-up area in Delft. The simulation results for the fifty 

observer points show that the availability of the GPS and Galileo is nearly 100% (i.e. no 

less than four satellites in view). However, the result was not verified with real 

observations. In addition, a concern is that fitting LiDAR points into segmented ground 

plans for rooftop reconstruction may have a bearing on the prediction accuracy. In fact, 

in terms of real time simulation of GPS availability, a number of technical issues 

including coordinate transformation of satellites positions from WGS84 to a local 

datum or vice versa, the use of a range of ephemeris (e.g. almanac, broadcast and 

precise ephemeris), the choice of terrain data, line of sight analysis in a GIS and the 

validation and verification of the prediction results should be addressed.

The work described in this chapter aims to identify the accuracy and complexity of
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3D digital feature and terrain models required for GPS availability modelling. 

Furthermore, a real-time GPS mission planning package based on ESRI's ArcGIS9 has 

been developed to simulate satellite availability as a vehicle travels along the road in 

urban areas, see Figure 7.3. For example, a specific bus route at specific times of the 

day can quickly be analysed to determine if GPS is a feasible option for an 

arrival/schedule information system. A variety of line of sight (LOS), terrain modelling 

and coordinate transformation techniques are presented in detail in the following 

sections.

7.2 Experimental Methodology

7.2.1 Coordinate Transformation and determination of satellite position

Since all the 2D map and terrain data used in this project are based on the British 

National Grid (OSGB36), vehicle and satellite positions have to be transformed from 

WGS84 to OSGB36 prior to Line of Sight (LOS) analysis in a GIS. In general, 

transformation between different 3D Cartesian coordinate systems can be computed 

through the well-known 3D conformal transformation (i.e. three rotation parameters, 

three translation parameters and one scale factor). In order to achieve a better accuracy, 

the National Grid Transformation and Geoid Model OSTN02 / OSGM02 were used to 

convert WGS84 3D Cartesian coordinates to easting, northing and orthometric height 

(i.e. the height above mean sea level) and vice versa.

As stated by the Ordnance Survey, the horizontal transformation accuracy has been 

improved from 0.2m to O.lm RMS and the vertical accuracy has been improved from 

0.05m to 0.02m RMS compared to the previous models OSTN97 / OSGM91 

(Ordnance Survey, 2004). For real time simulation, the coordinate transformation was 

computed on the fly and embedded into the developed mission planning software 

package. However, a problem remains in that the OSTN02 / OSGM02 does not 

function with the WGS84 coordinates of the satellites in space, since they are obviously 

outside the transformation area (i.e. outside the UK). Hence, satellite coordinates have
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to be first projected along their LOS into the transformation area prior to conversion to 

the local grid at each epoch (second). Figure?. 1 shows are receiver A, positioned on the 

ground, and a satellite position B in space. The projected satellite coordinates C along

the LOS vector AB can be calculated using equation 1, provided that the length of the

vector AC in equation 2 is known and predetermined by a user. A similar approach 

was taken by Vrhovski (2003).

OC = (OB-OA)x scalar+ OA

where scalar =
\\AC\\

OB-OA
(2)

x.

Figure 7.1 LOS vector scaling in WGS84 Cartesian coordinate system

Note that, intuitively, the closer the objects are, the more likely they are to produce

obstructions. However, care has to be taken when choosing the predetermined length of

the vector AC ^ as features on the surface model that block the LOS between observers

and satellites could be bypassed if the length of the vector AC is too short (e.g. a

distant hill).

7.2.2 Height Data

As mentioned earlier, one of the objectives of this research is to investigate the
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accuracy and complexity of 3D digital surface models required for GPS availability 

modelling. A range of height data and 2D plan maps were used and evaluated with 

respect to the prediction accuracy. Table 7.1 shows a summary of the height data used 

in this research.

Product

LiDAR DSM first pulse

return (InfoTerra)

LiDAR bare-earth DIM

last pulse return

(InfoTerra)

Airborne IFSAR DSM

(NextMap Britain)

Abbreviation

1m LiDAR DSM

FP

1m LiDAR DTM

LP

5m RADAR

DSM

Horizontal

Resolution

(m)

1

1

5

Vertical

Accuracy(m)

RMSE

±0.15

±0.15

±1

Format

Points

Raster

Raster

Table 7.1 Summary of elevation data evaluated in this research

It can be seen clearly from Figure 7.2 that far more fine detail can be picked out with 

1m LiDAR when compared with 5m Radar data.
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Figure 7.2 (a) 5m Radar DSM (b) 1m LiDAR DSMFP

In addition to the height data, 2D Building Polygons of the testing area, derived from 

Ordnance Survey Master Map, were incorporated into the LiDAR data to enhance the 

performance of visualization and LOS analysis. The positional error of OS Master Map 

at 1:1250 scale is less than + \.\rn at 99% confidence level (Ordnance Survey, 2005).

Figure 7.3 LOS to GPS satellites
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7.2.3 Digital Photogrammetry and LiDAR

Photogrammetry is a traditional technique for measuring 3D coordinates of objects 

from a pair of overlapping photographs. In recent years, the rapid development of 

digital photogrammetry (i.e. softcopy photogrammetry) has led to increased 

productivity of generating topographic maps and digital elevation models (OEMs). 

However, LiDAR is now often prefered to this traditional terrain data acquisition 

technique due to the fact that LiDAR can offer higher productivity, higher resolution 

and superior accuracy.

At present, 1m spacing LiDAR data have been made readily available to academia, 

while higher resolution models (e.g. 25cm) are currently in development. In this chapter, 

two surveying techniques are merged to produce more realistic digital surface models 

for GPS satellite visibility analysis. It is anticipated that photogrammetry can 

compensate for the lack of detailed break lines in LiDAR data.

For this experiment, a state-of-the-art photogrammetric system from Z/I Imaging was 

used to measure all the building roofs in 3D stereo from scanned aerial photographs. 

The photos used here have 25cm ground resolution and pixel size is 20 microns. Having 

performed interior, relative and absolute orientations, the summary statistics page, 

Figure 7.4, shows a variety of parameters to indicate the quality of the model. Note 

that the Sigma value on the top right corner is the computed standard deviation in the 

least squares adjustment. It is the single most important statistics for overall analysis of 

the results. As a rule of thumb, for a 20 micron image, the acceptable IO, RO and AO 

limit Sigmas (i.e. interior , relative and absolute orientation) were set to one second 

pixel of the scan resolution in microns (i.e. 10 microns). Hence, it can be seen from 

Figure 7.4 that a Sigma value of 6.4 microns is below 10 microns and therefore a 

successful solution. In addition, it is also important to know the ground-coordinate 

statistic for all the control points used in the project. Theoretically, a minimum of about 

two horizontal and three vertical ground-surveyed photo control points should be used 

per stereo model. However, redundant control points may lead to higher accuracy and
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better averaging in the least squares adjustment. Six 3D control points were collected 

by dual frequency phase static GPS and their configuration is shown in Figure 7.5.

Figure 7.6 shows the fit to control points. The combined 3D ground residual errors 

(V(XYZ)), which are the differences between the computed control point coordinates 

and the measured ones, are all less than 10cm. Thus, a satisfactory solution is achieved.
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Figure 7.5 Six control points used in the project
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7.2.4 Digital Surface Modelling and LOS analysis

In order to perform LOS analysis with the raw LiDAR points (i.e. the first row in 

Table 1), points data can be either interpolated into a raster grid or triangulated into a 

Triangulated Irregular Network (TIN) using the interpolation algorithm or Delaunay 

triangulation provided by ArcGIS9 3D Analyst. It should be noted that the effect of the 

interpolation algorithm and various LOS algorithms based on TIN and Grid have been 

extensively researched over the last ten years. The interest here is particularly focused 

on how the integration of LiDAR and digital photogrammetry affect LOS results in real 

time simulation of GPS availability. Having carefully examined both the TIN and 

Raster surface models created from the raw LiDAR points, the inaccuracies in building 

representation, such as sloping walls and erroneous triangles on rooftops that fail to 

represent the true shape of roof structure, can be identified. These factors may all 

contribute to the errors in the LOS results such that further research and processing are 

needed to improve the accuracy of the surface models. Furthermore, the TIN and 

Raster directly derived from the raw LiDAR points are not sufficient for high quality 

visualization. A number of researchers have pointed out that LiDAR data is sometimes 

not dense enough to accurately model sharp surface discontinuities like break-lines 

In this case, supplementary information from other sources such as 3D break-lines 

compiled photogrammetrically can be incorporated into the LiDAR data by using 

constrained Delaunay triangulation. The steps taken to combine photogrammetry with 

LiDAR are explained as follows:

1. The height of the building foundation is computed by taking the average of all 

the bare-Earth LiDAR points that fall into each building footprint.

2. The height computed from Step 1 is assigned to each photogrammmtrically 

created building footprint.

3. Clean up the LiDAR DSM FP (see Table 1) points that fall inside the building
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footprints.

4. Add the building footprints to the LiDAR DSM FP data to create flat building 

foundations. The heights associated with the building footprints are computed in 

Step 1 and 2.

5. 1cm buffers are created, which encompass the original building footprints in order 

to create near-vertical walls. This is because a conventional TIN model is 2.5D, which 

means that two different heights are not allowed at the same X, Y position.

6. Add the photogrammmtrically created rooflines to the model computed in Step 5 

through constrained Delaunay Triangulation, which guarantees that no triangles can 

cross the rooflines. 

The resulting model from the above procedure is shown in Figure 7.7.

Figure 7.7 TIN created from photogrammetry and LiDAR

Figure 7.8 shows the near-vertical walls and roof structures, which look more realistic 

than the original LiDAR data. The 3D line work are collected in Micro Station and
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stored in a Computer Aided Design (CAD) design file (i.e. a DON file).

Figure 7.8 Near-vertical walls and roof structures

It should be noted that the above-mentioned approach has its limitations. For example, 

too many vertices are added to the building edges to enforce near-vertical walls. It is 

also difficult to model complex man-made objects like holes and bridges without a true 

3D data structure. Tse and Gold (2003) extended the TIN to represent tunnels and 

bridges by introducing a subset of CAD-type Euler operators in conjunction with a 

Quad-Edge data structure. For this experiment, the accuracy is the major concern, 

thus the simple constrained Delaunay Triangulation sufficed.

In terms of satellite visibility analysis, the sensitivity of LOS to GPS satellites was 

found to be very high. For example, a person turning around on a spot will gain and lose 

satellites. Therefore, it is beneficial to add building polygons to LiDAR data for visual 

inspection of LOS results as shown in Figure 7.3, where a green LOS vector indicates a 

satellite is visible. In Figure7.3, Building polygons were extruded using the estimated 

height from 1m LiDAR DSM FP (See Table7.1). The resulting extruded buildings 

were then put back onto the 1m LiDAR DTM LP (i.e. the bare-Earth model) to form a
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single surface model. The LOS algorithm was modified accordingly.

The LOS is first checked on the bare-Earth LiDAR model; if it is unobstructed, a search 

is conducted to find all the intersection points with all the building polygons that are 

projected onto a plane. After adding the actual heights to the intersection points, the 

slope between the receiver and each intersection point is computed. If this slope is 

greater than the slope from receiver to satellites, then the LOS is considered to be 

blocked. This approach may be extended to work with other 3D vector data format such 

as CAD data.

7.3 Field Test and results

Two field tests were conducted to evaluate the LOS results on a variety of digital 

surface models. The first test aims to test a large number of DGPS points in a dynamic 

mode. The second test puts more emphasis on photogrammetrically created buildings 

for comparison with LiDAR DSM FP in terms of LOS accuracy.

7.3.1 Test 1

To test the accuracy of the developed mission planning package, GPS Coarse 

Acquisition (C/A) code observation data were collected using Leica 500 series geodetic 

GPS receivers in a dense built-up area near the University of Glamorgan in Wales 

(Figure 7.9). Simultaneously, a GPS base station was set up on the roof of the School 

of Computing to record base station data. Unfortunately, the Real Time Kinematic 

(RTK) data was not available due to the poor coverage of the GPS signal in the testing 

area, which has very narrow streets with tall buildings on either side.
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Figure 7.9 All GPS positions used in Testl

All available satellites visible to both receivers were used in the position solution 

computation. The number available varied throughout the route from none to eight. 

Differential GPS points (DGPS) were computed and are assumed to be the truth. It can 

be argued that the more accurate RTK positions should be used. However, at this initial 

stage of the experiment, it is interesting to see how the performance of the real time 

simulation varies with inaccuracies in DGPS positions. There were a total of767 DGPS 

points available throughout the route. Results are given in Table7.2.

Type of DSMs

5m RADAR DSM

1m LiDAR DSM FP

Number of Satellites modelled correctly

3375/5889 satellites (57%)

4265/5889 satellites (72%)

Table 7.2 Results for 767 DGPS points

7.3.2 Test 2

In order to test how different the LiDAR and photogrammetry models perform in terms

of LOS analysis, 20 high accuracy Kinematic GPS points were collected on the campus,
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placing greater emphasis on photogrammetrically created building polygons (Figure 
7.10). The results are shown in Table7.3.

Figure 7.10 Twenty Kinematic GPS points

7.4 The Analysis of the Results

In testl, Table7.2 shows that 1m LiDAR data is significantly better than 5m Radar by 

almost 890 satellites modelled correctly out of 5889 satellites. Therefore, low 

resolution DSMs should not be used in GPS mission planning especially in dense 

built-up areas, since buildings close to the receiver are not adequately modelled. The 

prediction accuracy of LiDAR data is quite satisfactory, although errors exist. In fact, a 

perfect representation of urban areas is not possible, as the errors caused by the laser 

instrument, GPS/INS and coordinate transformation all propagate through into the final 

LOS results. Testl also proved that real-time satellite availability modelling can be 

done with a large number of known observation points over a very short time interval.

Type of DSMs

5m RADAR DSM

1m LiDAR DSM FP

1m LiDAR + Photogrammetry

Number of Satellites modelled correctly

63/1 60 satellites (39%)

145/1 60 satellites (90%)

144/160 satellites (90%)

Table 7.3 Results for 20 Kinematic points
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Test2 aims to reveal how the two surveying techniques affect the LOS results 

differently. As shown in Table 7.3, the simulated number of satellites matches up quite 

closely with that of the observed satellites. It can be seen that there is one satellite 

difference between photogrammetry and LiDAR.

Having carefully examined this one satellite difference visually, it was seen that the 

building eaves measured by photogrammetry were responsible for blocking the LOS 

(see Figure 7.11). This can be explained by the fact that, for that particular building, the 

building eaves are overhanging by almost one meter and as such the building footprints 

cannot be seen on the Stereo model; this causes the error in the LOS analysis. In 

practice, for mapping users, building eaves are usually classified as building footprints. 

Apart from this artifact, the photogrammetric model lines up with the original LiDAR 

model quite closely in a vertical range of 10cm, which indicates that both LiDAR and 

Photogrammetry can offer a very high accuracy. However, digital photogrammetry is 

less productive than LiDAR due to the time and effort involved at the terrain data 

acquisition stage; this is especially true for very large areas or where the heights of 

terrain features vary over a wide range (the automatic elevation collection tool may not 

perform well in these areas, meaning that significant manual editing is required to 

capture the 3D break lines).

Figure 7.11 Photogrammetry (left) and LiDAR (right)
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7.5 Viewshed Analysis

The purpose of creating a viewshed for the satellites above a particular elevation mask 

angle at a specific time is to assist in GPS mission planning for a very large area. For 

example, a mission planning scenario might require an answer to the question: "Is GPS 

a viable solution for a bus schedule and arrival information system in London?" 

Viewsheds may be created from grid-based or TIN models of the terrain. For this 

project, a grid-based model is used, as grids lend themselves to particularly simple 

methods of deriving the viewshed, although they are limited by the resolution of the 

grid itself (Jones, 1997). It is quite obvious from studying Figures 7.12 and 7.13 that 

the viewshed computed from 1m LiDAR is far more accurate and detailed than that of 

5m Radar DSM. In Figure 7.12 the areas highlighted in red indicate areas with less 

than four satellites visible. More than three satellites can be seen in the green areas. In 

Figure 7.13, 5m Radar DSM does not contain any building features so as to make all the 

satellites visible. This is obviously not the case in cities, especially around tall buildings 

near the receiver that are likely to block the LOS to the satellites. This fact is best 

proved and reflected on the 1m LiDAR DSM in Figure 7.12.

Furthermore, it should be noted that, although a minimum of four satellites are required 

to obtain a 3D position, the quality of the position may not be necessarily good due to 

the possible multipath effect and poor satellite geometry (i.e. high PDOP values). 

Therefore, a variety of dilution of precision (OOP) values should also be computed in 

conjunction with the viewshed (See Chapter 3).
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Figure 7.12 Viewshed computed from 1m LiDAR DSM

Figure 7.13 Viewshed computed from 5m Radar DSM

7.6 Modelling uncertainty in LOS analysis using Monte Carlo Method

As presented in the previous sections, LiDAR provided the most reliable results for the 

prediction of satellite visibility. However, one remaining problem is that there is very
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little information about why one surface model is better than others. It is obvious that, 

even with the most accurate LiDAR data, there has to be some degree of uncertainty in 

the LOS due to the various error sources (e.g. GPS/INS error in a typical LiDAR 

system, inaccuracies in satellite and receiver positions). Hence, the above mentioned 

prediction results need not only to be presented but explained.

To understand the results produced by LiDAR, Monte Carlo simulation (Gentle, 2003) 

is used to model sensitivity of LOS with respect to the terrain. 787 high precision GPS 

points were collected on the campus of the University of Glamorgan at 10 second 

intervals (i.e. approx. 2 hours of observations) in order to generate the simulation 

results for further analysis.

As illustrated in Figure7.14, three Gaussian random number generators are used to alter 

X, Y and Z component of each observed receiver position to generate a further one 

thousand perturbed receiver positions that are randomly distributed with a zero mean 

and a standard deviation of 50 cm. Subsequently, the LOS calculation is performed 

between each perturbed point and the satellites to compute the sensitivity. The 

sensitivity can be described as the likelihood of a change in the LOS. Note that the 

interests here only focus on the satellites modelled visible by the surface model that are 

actually blocked in reality. In other words, those receiver positions modelled invisible 

by the surface model to the satellites are excluded from the experiment. For example, a 

sensitivity value of 80% means eight hundred perturbed points out of one thousand are 

modelled incorrectly as invisible to the satellites.

Furthermore, the shortest perpendicular distance from the LOS vector to the terrain, 

which is termed Dmin (See Figure 7.14), is also computed to indicate the relationship 

between the Monte Carlo simulation results and the terrain. It should be noted that 

Dmin has been proven to be a very important indicator in order to explain why an error 

in satellite visibility prediction could occur. This will be further explained in the next 

section.
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Satellite

1000 perturbations 
Receiver

Dmin,

Figure 7.14 Monte Carlo simulation

Figure 7.15 and 7.16 show the sensitivity plotted against the shortest perpendicular 

distance (i.e. Dmin) computed from two sets of observations (i.e.787 points in total). It 

can be clearly seen from Figure 7.15 that all the prediction errors in the LOS occurred 

when Dmin is smaller than 2 metres. No errors occurred when Dmin is greater than 2 

metres. Therefore, the conclusion is that the smaller the value of Dmin, the more likely 

is a LOS prediction error. However, there is a mixture of correct and incorrect 

predictions shown in Figure 7.15 before 2 metres, although incorrect predictions 

outnumber the correct ones in this experiment. In addition, it seems that 2 metres is a 

critical distance for an error to occur in LOS. Table 7.4 shows the potential error 

sources and their magnitudes, though this 2 metre threshold is obtained through 

experiment. However, it should be noted that any obstacles close enough to the LOS 

may cause a path loss considerably in excess of the free space loss (i.e. Dmin is small 

enough), even though the LOS path is not actually blocked. This effect is known as 

diffraction loss, and may have an influence on the LOS prediction error (Parsons, 

2000).
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Error sources 

Receiver position 

Satellite orbit 

LiDAR

Coordinate 

Transformation

Table 7.4 Error sources in LOS

RMSE

10mm

200 cm (broadcast ephemerides)

0.15cm (vertical)

10cm (horizontal), 2cm (vertical)

Figures 7.15 and 7.16 also reveal that the sensitivity of the LOS analysis is inversely 

proportional to the shortest perpendicular distance from LOS to terrain (Dmin)
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Figure 7.15 A plot of Testl
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Error as function of Dmin
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Figure 7.16 A plot of Test2

7.7 Predicting the probability of computing a 3D position (four or more visible 

satellites)

One of the most useful outcomes of this experiment is the probability of four satellites 

being visible at a particular time. The objective here is to compute a viewshed 

indicating the probability of at least four visible satellites in urban areas. 

Since the outcome of this experiment takes one of two values, either "Correct" or 

"Incorrect", a logistic regression model (see for example Hosmer and Lemeshow, 1989 

or Chambers and Hastie, 1993) is appropriate to calculate the probability of an incorrect 

LOS prediction for each satellite. A model of this type returns the probability of a 

"correct" value. Thus, unlike ordinary regression models, the output here is 

restricted to the range [0,1]. In the standard logistic model, if;?, is the probability of a 

"correct" classification for observation /., and the predictor variables are x^ then
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1 + e

Where a0 and a, are respectively the intercept term and linear coefficient for the y'th 

predictor variable. The method has been more refined by Hastie and Tibshirani (1986) 

so that the linear terms are replaced by arbitrary mathematical functions^.):

1 + e Pi
;=i,» (4)

These functions are estimated using nonparametric techniques outlined in the paper 

mentioned above. It is this methodology that we adopt, since it affords greater 

flexibility in modelling the relationship between Dmin and sensitivity.

In order to investigate the effect of the two predictors (i.e. Dmin and sensitivity) on the 

probability, we assign these two variables as predictors in equation (4). The statistical 

modelling is conducted in the statistical package R which provides a variety of 

statistical and graphical techniques (R Development Core Team, 2005). The 

relationship between each predictor variable and the predicted probability may be 

visualised by setting the other predictor to the mean value, and graphing the 

functional relationship between probability and the predictor under scrutiny. The 

results of this procedure are plotted in Figures 7.17 and 7.18.

As shown in Figure 7.17, the probability of an incorrect prediction decreases as Dmin 

increases. In Figure 7.18, the probability increases steadily as the sensitivity gets higher. 

Recall that only satellites modelled visible by the surface model are considered in the 

experiment, and consequently the probability of an incorrect prediction can be used to

calculate the probability of at least four satellites visible (i.e. PW ) as follows:
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= fl (1- (5)
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Figure 7.18 Probability vs Sensitivity

The logistic regression model shown in Figure 7.17 can then be used to predict

^ '' for each of the satellites modelled visible with a range of Dmin values that are 

computed from each pixel cell centre of the raster digital surface model. In addition, 

as there may be more than four satellites visible to a particular location, all the visible 

satellites are sorted according to Dmin values in descending order prior to the 

probability calculation (i.e. four satellites with larger Dmin values are chosen to 

provide the most reliable probability). Figure 7.19 shows the resulting probable 

viewshed created using nearest neighbour interpolation.
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ValuT

Figure 7.19 Viewshed indicating the probability of at least four satellites visible

It is very interesting that the probable viewshed resembles the actual digital surface 

model, as the probability of at least four satellites visible is higher on the roof and open 

areas, lower in the areas near buildings. Building outlines can still be clearly seen on 

this raster image although the pixel value is the probability instead of the height in 

meters. This raster image proves that the chosen regression model is appropriate.

7.8 Summary

The real time simulation and modelling of GPS availability has been conducted in a 

dense built-up area. The initial testing results have been presented. The newly 

developed mission planning software tool has implemented a variety of techniques 

including LOS scaling, coordinate transformation, LOS analysis, and is capable of 

working with various forms of digital surface models (e.g. vector, raster and TIN). It 

has been proven that LiDAR is the most appropriate data set for modelling and 

predicting GPS satellites availability in terms of reliability, productivity and accuracy.
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Chapter 8 Prediction of GPS multipath effect using LiDAR Digital Surface 

Models and building footprints

This chapter aims to investigate how 1m LiDAR data and 2D building footprints can be 

combined to predict GPS multipath effects in urban areas. A ray tracing model is 

implemented in order to model reflected and diffracted GPS signals. Some preliminary 

results are presented and analysed in detail.

8.1 Introduction

It is well known that LiDAR DSMs have a much higher quality than the traditional 

DTMs in terms of accuracy and resolution, which consequently provides a significant 

improvement to the applications in hand.

Previous research findings presented in Chapter 7 have shown that LiDAR DSMs can 

model the line of sight (LOS) between the GPS satellites and receiver points on the 

ground at a very high accuracy (Taylor et al., 2006). It is anticipated that 1m spacing 

LiDAR DSMs can also be used to predict the GPS multipath effect in order to assess the 

positioning accuracy of conventional and high sensitivity GPS receivers for location 

based services, as there is a growing demand for the use of GPS and/or the future 

Galileo system for transportation applications such as positioning-based road user 

charging and bus positioning (Vrhovski,2003, and Taylor et al., 2006). High sensitivity 

GPS receivers are currently under development due to the fact that many receivers have 

to operate in the lower signal to noise regimes found in personal, hand-held, mobile and 

asset tracking applications and are consequently more prone to multipath errors (Pratt, 

2004). 

8.2 Methodology and Data

The methodology used in this study is known as ray tracing and is an approach to 3D 

deterministic radio wave propagation modelling, it is also commonly used for 

surface-rendering. The prime motivation for this study is that highly accurate LiDAR 

DSMs at 1m or even higher 25cm resolution have been made available in recent years,
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2D building footprints in digital form are also undergoing an improvement in terms of 

positional accuracy and topological relationship in the UK (e.g. OS Master Map 

(2005)). Therefore, it is worthwhile to develop a test-bed simulator specially tailored to 

these two GIS data sets. Figure 8.1 shows an overlay of building footprints with a 1m 

spacing LiDAR raster DSM covering part of London Bus Route No2. The image on the 

right is the same LiDAR model without the building footprints

Figure 8.11m LiDAR DSM and building footprints covering London Bus Route No2 i u 

As seen in Figure 8.1, the image on the left shows that the 2D building footprints 

closely line up with the 1m LiDAR raster DSM. Moreover, urban features can be 

clearly recognized from the 1m LiDAR DSM even without the 2D building footprints 

(i.e. the image on the right). In the following sections, 2D building footprints and 1m 

spacing LiDAR data in raster format are combined to maintain the accuracy of the 

prediction results. However, errors in the DSMs and 2D ground plan may propagate 

into the final prediction results. Therefore, it is important to know the resolution and 

accuracy of the terrain data used in the experiment. The positional error of OS Master 

Map at 1:1250 scale is less than ± I.imm at 99% confidence level (Ordnance Survey, 

2005). The vertical RMSE of the LiDAR data is ± 15 cm.

GPS signal operates at UHF band (i.e. LI 1575.42MHz, L2 1227.6MHz). It is generally 

accepted that the wavelengths (LI: 19cm and L2:24cm) are small in comparison with 

the dimensions of the obstacles, and the building walls are treated as specular reflectors. 

It is well known that ray tracing techniques are based on the same assumptions. 

In addition, the UHF band above about 1.5GHz must have line-of-sight (LOS) between
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the transmitting and receiving antennas, otherwise losses are extremely high (Parsons, 

2000). The research topic on the accuracy of LOS analysis has been thoroughly 

investigated using 1m spacing LiDAR (See Taylor et al, 2006) . This is because a 

correct LOS prediction is a prerequisite for ray tracing. Furthermore, because the GPS 

satellites elevation angles are normally higher than conventional terrestrial radio links, 

only geographic features (e.g. buildings and trees), which are close to the receiver, may 

significantly contribute to the propagation process. In this study, only one single 

reflected ray is traced from each satellite. Multiple reflections are not considered. This 

is because the strongest rays are usually those involving the fewest interactions on their 

journey from source to field points, and the building closest to the receiver is usually 

significant (Saunders, 1999).

In the following sections, two predominant multipath effects (i.e. diffraction and 

reflection) are dealt with respectively.

8.3 Diffraction

Signal diffraction may refer to the fact that the signal is partially masked or unmasked 

and can still be tracked by the receiver. For example, it is possible that GPS signals 

bend around the edges of a wall although from the geometrical point of view the 

satellites are obstructed (Brunner et al., 1999). As a result, the diffracted signals are 

weakened and travel a longer distance compared to the direct signals which 

consequently introduce a range error into positioning. Often, the Signal-to-Noise ratio 

(SNR) is highly correlated with signals contaminated by diffraction (Euler, 2001). Low 

SNR may indicate the occurrence of diffraction especially when the receiver is placed 

close to a building. A good example is that a bus travels along a narrow street with tall 

buildings on each side. For high precision GPS applications such as the detection of the 

abnormal movements of the world's largest span suspension bridge in Hong Kong 

(Wong, 2001), diffraction can have an non-negligible effect on the positioning 

accuracy.
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8.3.1 The implementation of the single knife-edge model in a 3D GIS

In this study, a simple single knife-edge diffraction model is first implemented 

according to the International Telecommunication Union Radio Communication 

(ITU-R, 1999) standard. Such a model is illustrated in Figure 8.2 and Figure 8.3 which 

account for both LOS and Non Line-Of-Sight (NLOS) cases.

Satellite.

Figure 8.2 (a) NLOS (b) LOS

Where:

h - effective height of the obstruct (i.e. perpendicular distance to the LOS)

dl - distance of the obstruct from the satellite

d2 - distance of the obstruct from the receiver

v - Fresnel parameter

For v greater than -0.7, the diffraction gain G(v) can be approximated using equation

(1)

G(v) = 6.9 + 20 log(V(v - 0.1) 2 +1 + v - 0.1) dB (1)

[2 I F~Where the Fresnel parameter v = h I— (— + —) A = 0.19m for GPS L1
y A a, d2

Note that v is negative, when there is clear LOS between the satellite and receiver (i.e. 

h is negative). In that situation, the attenuation is less severe compared to the NLOS 

signal with a positive v value (See Figure 8.3).

For the NLOS signal (i.e. v greater than 0), the diffracted signal gets increasingly 

weaker as the value of v increases. This trend is clearly depicted in Figure 8.3 that is
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computed using equation (1). It is quite clear from Figure 8.3 that the diffracted signal 

is weakened, and may not be tracked by the receiver if the loss is too high.

-2 -1 O 1 2 ' 3 4 5 
Frcanel Diffraction Parameter v

Figure 8.3 Knife-edge diffraction gain as a function of Fresnel Diffraction Parameter v.

The single knife-edge diffraction model is implemented in ArcGIS9 3D analyst as

follows:

For the LOS signals, the shortest perpendicular distance from the LOS vector to the

terrain profile (i.e. h less than 0 in Figure8.2 (b) ) is computed so that the 3D

coordinates of the terrain point closest to the LOS vector is chosen as the obstruction

point and then used to calculate the Fresnel parameter v. In this case, the LOS vector is

above the terrain profile.

In terms of the NLOS signals, the LOS vector is below certain portions of the terrain

profile, so the coordinates of the obstruction point can be found by interpolation along

the terrain profile. This approach may be considered as finding the nearest edge point to

the receiver provided that the building features are adequately modelled in the 1m raster

LiDAR DSM. As stated earlier, it is generally accepted that, for GPS signals, the

buildings closest to the receiver are more likely to contribute to the propagation

process.
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8.3.2 Multipath Data Collection and Results

In order to examine the effect of the single knife-edge model on the positioning 

accuracy, a pair of Leica Geodetic-grade GPS receivers with AT502 dual-frequency 

antennas were used to collect data that is expected to be affected by the diffracted 

signals. It should be noted that multipath mitigation techniques have been implemented 

within the Leica receivers (see Betaille et al., 2003), which are designed to reject 

long-delay multipath signals. However, multipath mitigation schemes are often 

manufacturer specific and assumed to operate in conditions with high signal to noise 

ratios (Pratt, 2004). In this study, the GPS data were collected at the relatively lower 

signal to noise ratios (i.e. 33-42dB) than the expected ones (40-48dB) at a range of 

satellite elevation angles, which often imply that the direct LOS signal is not present, 

and the resultant positional error is large.

The simulation is carried out in a 3D GIS environment. Data were collected over a 

period of 30 minutes in front of a building on the campus of the University of 

Glamorgan. In this period, SVIO was found to be affected by diffraction. As shown in 

Figure 8.4, the solid green lines indicate the visible portions of the LOS between the 

receiver and the satellite, the invisible part of the LOS is indicated by the solid red lines. 

The reflected rays, indicated by the dotted green lines, are also present over the same 

period. The modelling of the reflected rays will be described in the next section. 

It is very clear from studying Figure 8.4 that SVIO was moving from being invisible to 

visible to the receiver over a period of 30 minutes, as the elevation angle increases. The 

satellite positions are computed with the broadcast orbits which can be extracted from 

RINEX (Receiver Independent Exchange Format) navigation file.
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Figure 8.4 The screenshot showing SVIO moves invisible to visible to the receiver over a 

period of 30 minutes

Figure 8.5 is a plot of the computed elevation angles of SVIO against the single 

knife-edge diffraction gain expressed in decibel over a period of 30 minutes. The gain is 

estimated using equation 1 for both LOS and NLOS signals. As expected, the signal 

gets stronger, as the elevation angles increases. It is quite evident from Figure 8.4 and 

8.5 that 1m spacing LiDAR data successfully identified this transition period in which 

the direct signal is partially masked and unmasked. Note that the fractional parts of the 

elevation angles on the x axis are omitted in Figure 1.5.

Single knife-edge diffraction gain G(v)
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Figure 1.5 Elevation angle of SVIO VS the single knife-edge diffraction gain for point 1
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Having identified the affected satellite and the transition period, the next task is to 

investigate how much multipath errors are likely to be caused by such a propagation 

effect. There are many techniques that can quantify the magnitude of the possible 

multipath errors by post-processing such as carrier minus code statistics as described in 

(Braasch, 1996). One of the popular linear combinations for pseudorange multipath 

identification is formulated in equation (2)

M = Cl + 1-a
(2)

f 2 
Where: a = ^y is the ratio of two GPS carrier frequencies squared; Cl is the C/A

J2

code pseudorange observations in metres; LI and L2 are the phase observations 

converted to metres. Therefore, the unit of MCI is in metres as well. The above 

equation has the effect of eliminating most of the range errors (e.g. atmospheric delays 

and clock errors), and leave the C/A code multipath error virtually intact. However, 

such an approach often requires a period of observations in which no cycle slips 

occurred, and thus often becomes impractical in low signal to noise conditions, as the 

loss of lock on weak signals happens frequently.

Instead of using the above-mentioned approach, the Double Differencing (DD) 

residuals are used to give an indication of the magnitude of the possible pseudorange 

multipath error. This is because the base and rover stations are placed so close together 

(about 100 metres apart) on campus, almost all orbit errors, receiver clock errors, 

atmospheric effects are eliminated. Therefore, the DD residuals are mainly comprised 

of multipath error and a small amount of measurement noise.

During the data collection, one station, whose coordinates were known to be accurate to 

a few millimetres, was set up as the base station on the roof of the School of Computing, 

thus estimating the baseline vector between the rover and base station is equivalent to 

estimating the coordinates of the rover station that is expected to be contaminated by
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multipath. The DD residuals are the differences between the actual observed double 

difference measurements and those computed by the least-squares solution for the 

baseline vector. The commonly used approach to double differencing is known as 

"weighted least squares". As described in Taylor and Blewitt (2006), the solution is 

given by Equation (3):

(

Where W is the data weight matrix, b is a vector containing the double-differenced 

residual observations. A is the design matrix. The weight matrix W for 

double-differenced data is often constructed using " the law of error propagation" 

(Taylor and Blewitt (2006). Ward (1996) gave the following equation expressing the

phase variance °" in mm as a function of the measured Carrier to Noise (C/No) 

ratios.

^- 2 r1 ! f\-(C/NOmeasured)/lQa = C1U (4\

Where C is a constant. The derivation of C can be found in Brunner (1999). 

The weight can be then determined as follows :

w- i (5)

By applying equation (4) and (5), a weight matrix for double differencing can be 

constructed based on the "the law of error propagation" so that the satellite 

contaminated by diffraction can be down weighted in the least squares solution to 

achieve a better accuracy. Richter and Euler (2001) suggested how this concept can be 

applied to Leica receivers by building templates.

Figure 8.6 shows the code double-differenced residuals of SVIO. It is very clear from 

Figure 8.6 and Figure 8.7 that very large residuals with the maximum up to -31 metres 

can be observed on SVIO which means that the effect of diffraction on SV 10 is more 

significant compared with those satellites unaffected (See Figure 8.7). This agrees with 

the prediction result shown in Figure 8.4 and 8.5.
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Figure 8.6 Double differencing residuals for Point I for a period of 30 minutes
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Figure 8.7 Large double differencing residuals on Satellite No 10 (metres).

In addition to the large DD residuals on SVIO, the effect of multipath caused by SVIO 

on the overall accuracy of single point positioning is also of interest, because one such 

contaminated satellite could deteriorate the accuracy of the final position computed by 

all the satellites available irrespective of the satellite geometry (e.g. PDOP) and the 

number of satellites in view. As shown in Figure 8.8, the light green point (i.e. RTK 

point) is known to be accurate to a few centimetres, and can be considered as the true 

position of the receiver. The red points are calculated using all the satellites in view at 

the same location at one second intervals over a period of two minutes. The black points 

are computed in the same way except that SVIO was removed from the singe point least 

squares solution. It is evident from studying Figure 8.8 that the positions computed
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without SV10 (i.e. black points) are closer to the truth (about 3-4m away from the true 

position) while the red points are much further away from the truth (about 10-16m) due 

to the errors introduced by SV10. Under normal conditions, the more the satellites, the 

more accurate the position would be. However, in severe multipath environment like 

the one displayed in Figure 8.4 and Figure 8.8, the overall positioning accuracy would 

benefit from successful detection of the satellites affected by multipath.

RTK VS Raw

Legend

O RTK Point (i.e.truth) 
I I Buildings
• SVIORe moved
• all the satellites

\

3.5
\ Meters 

14

Figure 8.8 Improvement without SV10

Since, the data collected on one location does not provide sufficient evidence to prove 

how good LiDAR data can predict multipath. Two more locations closer to the 

buildings on campus were chosen, the results are presented in Figure 8.9,8.10, 8.11 and 

8.12. Note that the magnitude of the DD residuals are much smaller compared with 

those displayed in Figure 8.6. This is because Point 2 and Point 3 were placed around 5 

metres away from the buildings, however, point 1 is much further and is about 20 

metres away from the obstruction point.
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Figure 8.12 Diffraction gain G(v) for Point 3

To sum up, by applying the single knife-edge model to 1m LiDAR data, the effect of 

single diffraction can be predicted successfully, the signals weakened by the 

obstructions are tracked by the receiver and is the major cause of the large DD 

residuals.
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8.3.3 Rigorous determination of diffraction point

The single knife-edge diffraction model has its limitations in that it does not consider 

the three dimensions of the problem. The diffraction point is determined only along the 

LOS profile by interpolation. Signals diffracted by the side of the buildings (e.g. 

vertical edges) are not dealt with. However, in an urban canyon scenario, it is likely that 

the signals emitted from the satellites at very low elevation angles (e.g. 15 degrees) are 

diffracted by the vertical edges of the buildings especially in the transition zone where 

the satellites are partially masked and unmasked. Studying such an effect requires the 

implementation of Unified Theory of Diffraction (UTD). It is not the intention of this 

research to go into that much detail. Rather, a geometrical representation of the 

diffracted rays is given here in a real 3D urban environment along part of London Bus 

Route No2.

The first step to the rigorous determination of diffraction points is to remove the shared 

building segments shown in Figure 8.13 (b) to create the building outlines in Figure 

8.13 (a). As such, the building corners can be identified. The second step is to assign 

two different height values to each building corner in the scene. The heights can be 

estimated from 1m spacing LiDAR data as follows:

The height of the building foundation can be derived from 1m bare-earth LiDAR 

Digital Terrain Model (DTM) by taking the average of the points which fall into the 

building outlines.

The building height can be estimated from the 1m LiDAR DSM in the similar way.
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'-- w /-i*

Figure 8.13 (a) without shared boundaries (b) with shared boundaries

The last step is to implement Keller's cone (See Figure 8.14) in order to determine the 

coordinates of the diffraction point which are located on the vertical edges of the 

buildings. The calculation of the diffraction point in an arbitrarily oriented straight edge 

is described in detail in Catedra and Arriaga (1999). In this study, such a method is 

adapted and applied to the 1m LiDAR data and the building footprints. As shown in 

Figure 8.14, pi is the top of the building edge, p2 is the bottom of the building edge. S is 

a particular GPS satellite in space, O is a GPS receiver, Q is the diffraction point located 

on the edge of the building. 3D vectors, whose origins are the origin of the British 

National Grid, can then be constructed using the 3D coordinates of each point (i.e. 

easting, northing and height). The plane coordinates of the points can be extracted from 

the building footprints. The height is estimated from the LiDAR data using the method 

mentioned earlier.
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Figure 8.14 Diffraction at a straight edge

forO</<l (6)

Where:

Pi-P\

(Sd,+0ds ) 
d0 +ds

•Pi

If the value oft is between 0 and 1, a diffraction point exists, and can be calculated 

using equation 6. However, a diffracted ray should only be traced if the diffraction point 

is visible to both the satellite and the receiver. Therefore, two LOS checks have to be 

made in order to successfully identify a diffracted ray. Furthermore, it is important to 

know that the diffraction point is located exactly on the vertical edge of the buildings 

which may cause errors in LOS analysis due to the edge effects in the 1m LiDAR data 

(e.g. sloping walls). This problem can be solved by checking whether the obstruction 

point along LOS is extremely close to the diffraction point (e.g. the obstruction point 

could be only a few centimetres away from the diffraction point.) If so, the LOS is 

deemed visible rather than invisible. This method has been verified by visual 

inspections on a large number of receiver points in several 3D scenes. 

As shown in Figure 8.15, pink lines are the edge-diffracted rays, green lines are the 

visible portion of the LOS signal, red are not. Note that there is a transition zone in 

Figure 8.15 where the satellite becomes invisible to visible to the receiver due to the 

movement of a bus along part of London bus route No2.
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In this situation, it is likely that the receiver suffers from diffracted rays emitted from 

the satellites at low elevation angles. With the help of the 3D visualization in a GIS 

environment, it is possible to study and analyze the signal degradation in more detail 

given a location and a time, which can facilitate the testing on the performance of a high 

sensitivity GNSS receiver and the development of new multipath mitigation algorithms. 

As seen in Figure 8.16, given a set of observation points, all the building footprints are 

searched for potential diffraction points, both direct and diffracted rays are visualized 

on a ImLiDARDSM.

Figure 8.15 Pink lines indicating the edge dim-acted rays
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Figure 8.16 Ray tracing in a 3D GIS environment

8.4 London Bus Data

The experiment was carried out along part of London bus route No2 over a 5 minute 

period. A low cost single GPS receiver was mounted on the top of a bus whose height is 

4.4m. In Figure 8.17, the bus is travelling from north to south. It is quite evident that 

removing SV15 from the single-epoch least square solution brings an improvement of 

around 40m. The GPS points are brought back on to the road centreline at the beginning 

and end of the road without using SV15. The elevation angle of SV15 is just above 15 

degrees, and introduced large positional errors. Note that other error sources such as 

atmospheric effects and satellite clock can not cause such severe positional errors. 

Similar improvements as such are observed on other part of the route as well at different 

times.

In order to produce a visibility map for SV15, the antenna height of 4.4m is added to 

the height of each pixel cell centre on the 1m raster LiDAR DSM, the LOS analysis is 

subsequently performed at each cell centre. Therefore, the resultant visibility map has a 

very high resolution of 1m, and is displayed as a backdrop in Figure 8.17. It can be seen 

from Figure 8.17 that SV15 is frequently masked and unmasked by the buildings
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especially in the two transition zones at the beginning and end of the road where SV15 

becomes invisible to visible. Also, S VI5 is not visible most of the time when travelling 

along the middle part of the road due to the urban canyon effects. However, we do not 

have sufficient evidence to say that this large positional error is due to multipath 

although it is very likely. Figure 8.15 and Figure 8.16 also visualise the potential 

diffracted rays being tracked by the receiver
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Figure 8.17 Improvements without SV15

8.5 Reflection: simulations and results 

8.5.1 ray tracing for reflected rays

In general, ray tracing techniques can be classified into two main groups: techniques 

based on the shooting and bouncing rays method and techniques based on the image 

method (Catedra and Arriaga, 1999). Image-based ray tracing appears to have some 

advantages. Instead of using the 'brute force' approach of launching many rays at very 

similar angles, the technique considers all obstructions as potential reflectors and 

calculates their effect using the image method (Parsons, 2000). The image method is 

used in this study. As shown in Figure 8.18, it appears that the signal is emitted directly 

from the image source (I) given an original signal source (S) and a building segment.
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The image point (I) is symmetrical to the signal source (S) with respect to the building 

segment. Note that two additional tests have to be made before a reflected ray is 

successfully identified. First, the reflection point (R) must be located onto the building 

segment in order to create a reflected ray. The second test is to check if there are any 

obstructions between the signal source (S) and the reflection point (R) which block the 

LOS. The details of the implementation of image-based ray tracing algorithm are 
presented as follows:

S.Q

i-o

Figure 8.18 Application of the image method to the ray reflections

1. Calculate the 2D coordinates of the image point with respect to the current building 

segment in the scene

2. Calculate the 2D coordinates of the intersection point (R) between the current 

building segment and the line connecting the image point and the receiver point (O). 

The calculation of the intersection point is completed in 2D, which requires the 2D 

building footprints. The heights of both image and receiver point are set to zero in this 

step.

3. Perform the 3D LOS analysis between the current image point and the receiver point 

using 1m spacing LiDAR raster DSM. The reflection point exists only if the obstruction 

point closest to the receiver is identical to the intersection point computed in Step 2. 

The height of the obstruction point is interpolated along the LOS, which is also the 

height of the reflection point.

4. Perform the LOS analysis between the reflection point and the satellite. If 

unobstructed, a reflected ray is detected.
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Steps 1-4 are performed iteratively for each of the building segments in the scene and 

the satellites in the sky above a particular elevation mask angle (e.g. 15 degrees). 

As illustrated in Figure 8.19, dotted green lines are reflected rays. It should be noted 

that the edge effects of the 1m LiDAR DSM must be taken into account when 

performing the LOS between the reflection point and the satellite. This is because the 

LOS may be blocked by an obstruction point on the building wall that is very close to 

the reflection point (e.g. only a few centimetres away). In such a circumstance, the 

satellite should be deemed visible rather than invisible. Furthermore, the developed 

simulator can perform very fast, for example, reflected and diffracted rays can be 

identified at one location within one or two seconds.

Figure 8.19 Reflected rays

8.5.2 Spatial pattern of multipath error due to one single reflection

The concepts of the correlation processes described in Section 3.6 in Chapter 3 can be 

applied to GPS multipath prediction in urban areas. However, reasonable assumptions 

have to be made in order to assess the possible magnitude of pseudorange multipath 

error. An example is given in Figure 8.20. 
The steps taken to calculate the map of multipath error displayed in Figure 8.20 are as

follows:
1. Given a particular satellite with an elevation angle, in this study, SV15 was chosen at
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an elevation angle of 15 degrees. Note that the visibility of this particular satellite is 

also shown in Figure 8.20.

2. In this study, the power of the reflected signal is set to 0.5 relative to the direct signal, 

as the reflection coefficient for concrete at the propagation angel of 15 degrees is about 

0.5. A detailed discussion and derivation of the reflection coefficients for various 

materials can be found in Hannah (2001).

3. Only one single reflected ray is considered when the direct signal is present. The 

reflected-only signals are not displayed in Figure 8.20.

The additional length the reflected signal travels compared to the direct signal is 

divided by the speed of light, the resultant quantity is the time delay. The phase delay is 

simply the additional length divided by 19cm which is the wavelength of GPS LI. 

Alternatively, the phase delay can be set to either 180 or 0 degrees in order to assess the 

absolute maximum multipath error. This is because the objective here is to estimate the 

possible occurrence of multipath error for planning purposes rather than precisely 

model the multipath error.

In order to calculate the spatial pattern of GPS multipath shown in Figure8.20, every 

cell centre in the 1m LiDAR data is used as a potential observation point (i.e. receiver 

position) at which ray tracing is performed in order to detect the reflected rays. As such, 

the resultant prediction map has a very high resolution of 1m.
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Figure 8.20 0.1 chip pseudorange multipath error in metres

As illustrated in Figure 8.20, the reflections are more likely to occur when the receiver 

is placed close to a building. The pseudorange multipath map gives clear information of 

the possible occurrences of multipath due to one single reflection. Furthermore, the 

predicted magnitude of multipath error (in metres) agrees with the theoretical multipath 

envelope for 0.1 chip narrow correlator fully described in Figure 3.5 in Chapter 3.

8.6 Summary

In conclusion, the use of LiDAR data and 2D building footprints can help model and 

predict GPS multipath effect. The methodology presented in this chapter is based on the 

well-established theories in the domain of GIS, GPS and radiowave propagation. 

Furthermore, the terrain data in raster format used in this work is compatible to 

common GIS applications. Either a Triangulated Irregular Network (TIN) or regular 

grid can be used in conjunction with the building footprints. Therefore, the 

methodology does not require a specific data structure for 3D city modelling. Finally, 

the preliminary results have demonstrated that the developed approach is effective and 

feasible.
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Chapter 9 Thesis Conclusions and Recommendations

This chapter concludes the thesis by presenting a summary of the conclusions from the 

findings of this research and recommendations for further work.

9.1 Introduction

This thesis has presented a variety of innovative techniques and methods which have 

been used to enhance the performance of GPS with spatial data. The effectiveness of 

these developed techniques and methods have been thoroughly investigated and 

analysed by conducting extensive fieldwork. In order to achieve the aims of this 

research, four key questions have been identified and set out in Chapter 1. This chapter 

proceeds by considering each questions again in Section 9.2 and presenting the answers 

with respect to the main findings from the research. A set of general conclusions are 

summarised in Section 9.3. Finally, the recommendations for further work are 

presented in Section 9.4.

9.2 Conclusions

1. What is the accuracy of GPS stand alone single point positioning for tracking a 

moving vehicle when using various interpolation algorithms to determine heights 

from two different scale OS DTMs for height aiding?

Based on the results obtained from extensive fieldwork in Chapter 5, height aiding 

using two different scale OS DTMs consistently improves the height accuracy of a 

single GPS receiver. In testl (see Chapters), height aiding alone (i.e. without 

map-matching) provides an improvement of about 4.1-4.8 metres on average compared 

with the heights measured by the single GPS receiver.

With regards to the effect of the three interpolation algorithms and two OS DTMs on 

the height accuracy, no algorithm is significantly superior to others when interpolating 

on the same DTM, which indicates that the choice of interpolation algorithms does not
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affect the height accuracy of a single GPS receiver. As would be expected, the larger 

scale DIM (10m) provides more accurate heights than the smaller scale DIM (50m) 

when the vehicle travels on certain road segments where the variation in the terrain is 

significant (e.g. steep slopes). Furthermore, the use of 10m DIM in conjunction with 

height aiding and map-matching (i.e. RRF) can reduce the height RMSE of a single 

GPS receiver from 22.5m to approximately 0.8m (See Table 5.5 ).This is because 

map-matched GPS coordinates are closer to the truth, which provides the interpolation 

process with more accurate plan positions (i.e. Easting and Northing). It should be 

noted that the plan position accuracy is of paramount importance to location based 

services, since the projected coordinates are often overlaid on 2D maps. In this research, 

height aiding alone can provide a plan position improvement of 1m compared with the 

position measured by a single GPS receiver with testl data (See Chapter 5 ). However, 

when map-matching and height aiding are both used, the plan positioning accuracy of a 

single GPS receiver (mean position error of 6m) is typically improved by about 2m 

irrespective of the choice of interpolation algorithms and DTM.

In addition to the conclusions drawn from testl, test2 was carried out in order to 

simulate poor satellite geometry in urban areas where the number of satellites in view 

often drops to four or less due to signal obstructions which significantly deteriorate the 

positioning accuracy and availability of a single GPS receiver. In this case, height 

aiding and map-matching can not only provide more significant improvements in terms 

of plan positioning accuracy (See Table 5.7), but improve the availability of GPS by 

adding one extra equation to the least squares computation (i.e. only three satellites are 

required for a 3D position fix.).

2. What is the accuracy of map-matching GPS when combined with odometer

data?
Under normal circumstances, GPS users could obtain their position with an accuracy 

of approximately 15-25 metres with an inexpensive C/A code receiver in real time. 

However, the accuracy could further degrade in dense urban areas when severe
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multipathing and signal obstructions are present. This is particularly true in the data 

collected by a bus travelling on a predefined route in central London- Baker Street, 

Oxford Street, etc.- where certain satellites were continually masked by buildings, and 

unmasked by road junctions. As a result, the accuracy of London Bus Data was 

extremely poor, only 20% of the London Bus positions are within 12 metres of the 

road centrelines. A full description of the accuracy of London Bus data is given in 

Table 6.3 in Chapter 6. In order to provide a seamless positioning solution, the 

odometer data are incorporated into the existing Map-Matching GPS algorithm 

(OMMGPS) by the development of an innovative odometer calibration algorithm 

fully described in Chapter 6. As such, odometer derived distances can be used to infer 

the bus position during GPS outage, while GPS is used to position the bus and 

calibrate odometer distances only if GPS is available and of sufficient accuracy. Due 

to the extreme poor quality of the GPS positions caused by the urban canyon effect, 

the odometer positioning is used much more often to position the vehicle then GPS. 

Typically, the ratio is 7:3 odometer positions to GPS positions. The mean error of 

OMMGSP positions for the trip, on which the algorithm was developed and fine 

tuned, is 8.8m compared with the mean error for GPS alone of 53.7m. The average 

error of OMMGPS positions, over all vehicle positions is 17.8 metres overall, and 10.1 

metres for a 95% cut-off. This compares with an average error for GPS alone of at least 

55.6 metres overall. These encouraging results suggest that the use of spatial data (i.e. 

road centrelines and 10m DTM) and odometer data can effectively enhance the 

availability and accuracy of a low cost single GPS receiver on the predefined bus 

routes. Furthermore, since the developed method is based on known routes, road 

selection problem is not of a concern. The method is not only appropriate for bus 

positioning but also for use on the railways (Taylor, 2006).

3. What is the accuracy of Line of Sight prediction between GPS satellites and 

receiver positions using different scale DSMs?
This question can be answered based on the experimental results presented in Chapter 7. 

It has been proven that the use of LiDAR DSMs causes significant improvement over
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5m Radar DSM in LOS analysis although 5m Radar DSM is of much higher quality 

than traditional DTMs (e.g. OS 10m and 50m DTMs) that do not contain buildings and 

vegetation. In test2, LiDAR data provides a LOS prediction accuracy of 90% compared 

with 39% calculated from 5m Radar given that the observer positions are precisely 

surveyed by dual frequency phase GPS (typically accurate to a few centimetres). In 

testl, the LOS prediction accuracy provided by LiDAR drops to 72%. The reason for 

this lower prediction accuracy is that the observer positions used in testl are only 

accurate to a few metres (typically 1 -2m), since more accurate carrier phase positioning 

is often not available in highly built-up areas. Overall, the accuracy of GPS availability 

prediction benefits from the use of higher resolution DSMs.

With regards to the use of digital photogrammetry, LiDAR data appear to be the most 

appropriate surface model for satellite visibility analysis, since digitising 3D features 

on a stereo model is arduous, and can be less productive than LiDAR when creating a 

very detailed surface model covering a large area. However, it should be noted that 

photogrammetry is a mature science, and has the potential to offer a higher accuracy 

than LiDAR. Therefore, photogrammetry can be used as a verification tool to assess the 

quality of LiDAR data at hand.

The uncertainty in the LOS analysis was dealt with by introducing the calculation of the 

shortest perpendicular distance to the terrain (i.e. how close the LOS between the 

satellites and receiver is to the terrain). For simplicity and clarity, this quantity was 

termed 'Dmin' in Chapter 7. The results obtained from extensive field work have 

demonstrated that 'Dmin' can help understand and explain why an incorrect LOS 

prediction could occur. By applying a logistic regression model to the field data, it was 

discovered that the closer the LOS to the terrain (i.e. obstructions), the more likely a 

prediction error could occur. A Dmin value of about 2m was identified as a critical 

value for an LOS error to occur using LiDAR data.

To sum up, a novel GPS mission planning tool has been developed which calculates
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satellite positions from broadcast orbits, and has successfully incorporated a variety of 

DSMs for GPS availability prediction. It has been shown that 1m LiDAR DSMs 

provide the most accurate LOS results compared with other types of DSMs. At present, 

there are no requirements on what level of prediction accuracy is required for a specific 

transportation application. However, unlike conventional visual impact assessment (e.g. 

wind farm planning) which put more emphasis on visualisation rather than individual 

LOS accuracy, every LOS analysis performed between GPS satellites and receiver can 

play a critical role in predicting optimal times and satellite geometry for any GPS 

surveying project. The more satellites a receiver can see, the higher the OOP values 

would be, and thus a more reliable and accurate GPS measurement can be made. 

According to the experiment carried out in this research, LiDAR data can offer a higher 

LOS accuracy which leads to a more reliable prediction of satellite availability and 

OOP values than those provided by 5m Radar DSM.

In addition, it is anticipated that the developed mission planning tool will not only 

process GPS orbits but other GNSS (e.g. GLONASS and future Galileo) orbits so that 

even more value-added information on the performance of GNSS can be made 

available to the transport community.

4. How can LiDAR DSM and building footprints be integrated with GPS for 

multipath prediction and simulation?

Radio communications is an application that benefits from improved 3D visualisation 

software and more accurate spatial data. In order to enhance the understanding of how 

GPS multipath error could occur in cities, a 3D deterministic model known as ray 

tracing has been implemented to model reflected and diffracted rays that corrupt the 

correlation process within a GPS receiver (See Chapter 3). Often the implementation of 

ray tracing needs to be modified to accommodate a specific spatial data format (e.g. 

DXF). In this research, a novel ray tracing technique has been developed to work with 

Ordnance Survey Master Map and 1m LiDAR data in a 3D GIS environment (See
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Chapter 8). The merit of using a GIS is that the existing 3D visualisation and analysis 

functions provided by a GIS (e.g. ArcGIS9 3D Analyst) can be directly integrated into 

the developed ray tracing model so as to significantly reduce the workload of software 

development. A better understanding of GPS multipath effect may be achieved by 

simply visualising reflected and diffracted GPS signals in a 3D scene. Some 

preliminary results presented in Chapter 8 have demonstrated that predicting GPS 

multipath in a 3D GIS is feasible and effective. The absolute mean DD residual on 

SV10 (6.86m) is much larger than those on the other satellites (typically greater than 

0.5m) which indicate that 1m LiDAR data is successfully used to capture a transition 

period during which the satellite was partially masked by a building (i.e. diffraction). 

The spatial pattern of pseudorange multipath error due to one single reflection can 

also be predicted for individual satellite signal.

However, as stated in Chapter 1, it is not the intention of this thesis to carry out detailed 

model validation and verification on reflected rays due to the fact that GPS multipath 

modelling not only requires specialist equipment, but is a highly complex subject that is 

still attracting a lot of research attention in both academia and industries. Rather, a 

variety of innovative techniques and methods have been developed in order to visualise 

and predict diffracted and reflected rays with newly acquired 1m LiDAR data and OS 

master map. As with the growing demand for higher GPS availability in cities, the 

testing of high sensitivity GPS receiver and new multipath mitigation techniques would 

benefit from 3D visualisations of the predicted multipath signals in dense built-up areas. 

In fact, the developed GPS multipath simulator can be considered as a good starting 

point for more detailed study on GPS multipath effect.

9.3 Summary of main conclusions

1. The use of road centrelines and OS DTMs in conjunction with height aiding and 

map-matching (RRF) can improve the plan positioning accuracy on average by about 

2m with testl data. A more significant improvement can be achieved when the satellite 

geometry is poor, e.g. the number of satellites drops to four or three.
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2. Due to the urban canyon effects in central London, the quality of the data collected 

by a single GP receiver was surprisingly poor. The mean error of OMMGPS positions 

for the trip, on which OMMGPS was developed and fine tuned, is 8.8m compared with 

53.7m for GPS alone.

3.1m LiDAR data is the most appropriate surface model for satellite visibility analysis. 

It provides the most accurate LOS results (i.e. 90%) compared with the other DSMs 

used in the experiment under the condition that the exact locations of the observer are 

precisely measured by dual frequency phase GPS.

4. The existing 3D visualisation and analysis functions provided by a GIS can be 

directly integrated with a ray tracing model which predicts and visualises reflected and 

diffracted multipath rays in a 3D GIS environment. 1m LiDAR data successfully 

identified a transition period during which the satellite was partially masked by a 

building.

9.4 Recommendations for further research

Further work could investigate the accuracy of height aiding and map-matching using 

1m spacing LiDAR bare-earth model. The reason for using a bare-earth LiDAR model 

is that the vehicle is always assumed to travel on the road on which no building or 

vegetation should interfere with the estimation of the height of the underlying terrain 

(i.e. the road). It is anticipated that 1m LiDAR data will provide a further improvement 

over OS DTMs in terms of plan and height accuracy. However, the issues posed in 

Section 5.6 needs to be dealt with.

In addition, the developed GPS multipath simulator can be extended to predict the noise 

characteristics of a high sensitivity receiver which is more prone to multipath effect, as 

the weak multipath signals are more likely to be tracked by more sensitive receivers. 

More detailed analysis on the variation in Signal to Noise ratios output by a high 

sensitivity receive may be carried out at various terrain environments. As such, the
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relationship between surface feature type, density and height with levels of multipath 

may be identified.

Moreover, 3D visualisations of reflected rays may help identify and filter out 

reflected-only signals. As a result, the geometrical corrections to pseudoranges may be 

calculated using the developed GPS multipath simulator. Real world data needs to be 

collected to assess the effect of NLOS signals on the positioning accuracy. In terms of 

signal diffraction, a more accurate radiowave propagation model such as Geometrical 

Theory of Diffraction (GTD) can be implemented using 1m spacing LiDAR data and 

building footprints. The parameters derived from such a model can provide more 

detailed information on the effect of multipath caused by signal diffraction.

135



References

References

Barret, E.C. and Curtis, L.F., (1999), Introduction to Environmental Remote 
Sensing, Stanley Thornes, UK.

Berry, R., (2004), An evaluation of GIS and spatial datasets for visual impact analysis, 
MSc dissertation, University of Glamorgan.

BETAILLE, D., (2003) A testing methodology for GPS Phase mitigation techniques. 
Proceedings of ION-GPS 2003, Portland, Oregon, Institute of Navigation.

Blewitt, G., (1997), Basics of the GPS Technique: Observation Equations. In
Geodetic Applications of GPS, ed. B Johnson, Nordic Geodetic Commission, 
Sweden, ISSN 0280-5731, pplO-54.

Blewitt, G. and Taylor, G., (2002). Mapping dilution of precision (MDOP) and map 
matched GPS. International Journal of Geographical Information Science, 16(1), 
55-67.

Boulianne, M., Santerre, Rock., Gagnon, P., and Nolette, C., (1996), Floating lines 
and cones for use as a GPS mission planning aid, Photogrammetric Engineering 
& Remote Sensing, 62(3), pp311-315.

Braasch, M S., (1996). Multipath Effects, in Chapter 14 of Global Positioning System: 
Theory and Applications, Vol. 1, edited by B. Parkinson, J. Spilker, Jr., P. 
Axelrad and P. Enge, American Institute of Aeronautics and Astronautics, 
Washington, D.C.

Brunner, F.K., Hartinger, H. and Troyer, L. (1999) GPS signal diffraction
modelling: the stochastic SIGMA-D model, Journal of Geodesy, Vol. 73, pp. 
259-267.

Bullock, J.B., Geier, G.J., King, T.M. and Kennedy, H., (1996), Effectiveness of 
Two Satellite Tracking in Urban Canyon Environments, Proceedings of ION 
GPS96, USA.

Burrough, P. A., (1986). Principles of Geographical Information Systems for Land 
Resources Assessment. Oxford Science Publications, New York, pp!94.

Burtch, R., (2002)., LiDAR principles and applications, Proceedings of IMAGIN 
conference, Traverse City, MI.

136



__________________________________________References

Catedra, M.F. and Arriaga, J.P. (1999), Cell Planning for wireless communications, 
Artech House Publishers, London.

Carter, J. R., (1988). Digital representations of topographic surfaces,
Photogrammetric Engineering & Remote Sensing, 54(11), pp 1577-1580.

Chambers, J.M. and Hastie, T.J., (1992), "Statistical Models in S," London: 
Chapman & Hall.

Chiang, K., Noureldin, A. and El-Shiemy, N., (2002),Multi-sensor integration using 
neuron computing for land-vehicle navigation. GPS Solutions 6(4), pp209 - 218.

Chou, A., Enge, P., Fan, R., Mann, W., Shaia, A., Stone, J., Tiwari, A. and Roy, 
B.,V., (2001), Improving GPS continuity and coverage: Indoors and Downtown, 
Proceedings of ION GPS-2001, 14th International Technical Meeting of the 
Satellite division of The institute of Navigation, Salt Lake City, Utah, 
pp3067-3076.

Dana. P.H.. (2000V Global Positioning System Overview
http://www.colorado.edu/geographv/gcraft/notes/gps/gps f.html Accessed on: 
18/06/02.

Dorey, M., (2002). Digital elevation models for intervisibility analysis and visual 
impact assessment. Ph.D. Dissertation, University of Glamorgan, Pontypridd, 
Wales, UK, pp216.

ESRI, (1996), Avenue: Customisation and Application Development for Arc View 
GIS , ESRI, USA, 200-207.

Fei, P., Qishan, Z. and Zhongkan, L, (2000), The application of map matching 
method in GPS/INS integrated navigation system. International Telemetering 
Conference, USA Instrument Society of America 36(2), pp728 - 736.

Flood, M., (2002), Product Definitions and Guidelines for Use in Specifying LiDAR 
Deliverables, Photogrammetric Engineering & Remote Sensing, pp!230-1234.

Gentle, J.E.,(2003), Random number generation and Monte Carlo methods, New 
York, Springer.

Giles P. T. and Franklin, S.E., (1996), Comparison of Derivative Topographic 
Surfaces of a DEM Generated from Stereoscopic SPOT Images with Field 
Measurements, Photogrammetric Engineering & Remote Sensing, Vol.62, No. 
10, pp. 1165-1171.

137



References

Ordnance Survey, (2005), OS MasterMap user guide,
http://www.ordnancesurvey.co.uk/oswebsite/products/osmastermap/guides/user 

l, accessed on 12 Jan 2006.

Hailes, T.A., (1999) Integrating technologies: DGPS Dead Reckoning and map 
matching. International Archives of Photogrammetry and Remote Sensing 
32(2W1), 1.5.1 -1.5.8.

Hannah B. M. (2001) Modelling and Simulation of GPS multipath propagation, PhD 
thesis, Queensland University of Technology.

Hastie, T. and Tibshirani, R., (1986), Generalised Additive Models, Statistical 
Science, 1(3), pp297-318.

Hill, C. D., (1999), GPS surveying using three satellites, Proceedings of ION GPS99,
USA.

Huising, E.J., (1998), Errors and accuracy estimates of laser data acquired by various 
laser scanning systems for topographic applications, ISPRS Journal of 
Photogrammetry and Remote Sensing, Vol.53, pp245-261.

Hosmer, D.W. and Lemeshow, S., (1989), Applied Logistic Regression, New York, 
John Wiley & Sons.

Jones, C., (1997), Geographical Information Systems and Computer Cartography 
(England rAddison-Wesley).

Kealy, N., Tsakiri. and Stew art, M., (1999) Land vehicle navigation in the urban 
canyon - ~A Kalman filter solution using integrated GPS, GLONASS and Dead 
Reckoning. Proceedings of ION GPS 99 Conference, pp. 509 - 518.

Kennedy, M., (2002), The Global Positioning System and GIS: an Introduction, Taylor 
& Francis, London.

Kidner, D., Dorey, M., Smith, D., (1999), What's the point? interpolation and
extrapolation with a regular grid DEM. In: Proceedings of GeoComputation'99, 
Virginia, http://www.geovista.psu.edu/sites/geocomp99/Gc99/082/gc_082.htm 
Accessed on 20/07/02.

Kidner, D.B., (2003), Higher order interpolation of regular grid digital elevation 
models, International Journal of Remote Sensing, 24(14), pp298 1-2987.

138



____________________________________________References

Langley, R.B., (1998), GPS Receivers and the Observables. In GPS for Geodesy, ed. 
Teunissen, P. J.G., Kleusberg, A., Springer, Germany, pp!62-167.

Leica, (1999), Getting Started with Static and Kinematic Surveys. Leica Geosystems 
AG, eerbrugg, Switzerland, pp49.

Li, J., Taylor, G. and Kidner, D., (2003) Accuracy and reliability of map matched 
GPS coordinates: dependence on terrain model resolution and interpolation algorithm. 
AGILE Conference on Geographic Information Science, Lyon, France.

Li, Z., Zhu, Q. and Gold, C., (2005), Digital Terrain Modelling, CRC press.

Lillesand, T.M. and Kiefer, R.W., (1994), Remote Sensing and Image Interpretation, 
John Wiley & Sons, USA.

Mallet, P., Aubry, P., (1995), A low-cost localisation system based on map matching 
technique. In: Proceedings of the International Conference on Intelligent Autonomous 
Systems, Karlsruhe, Germany, pp.72-77.

Maas, H.G., (2003), The suitability of airborne laser scanner data for automatic 3D 
object reconstruction, The Third International Workshop on Automatic 
Extraction of Man-Made Objects from Aerial and Space Images, Switzerland.

Manue, D, F., (2001), Digital elevation model technologies and applications: The
DEM users manual, American Society for Photogrammetry and Remote Sensing.

Mayhew, D. and Kachroo, P., (1998), Multi-rate sensor fusion for GPS using Kalman 
filtering, fuzzy methods and map-matching. Proceedings of SPIE Conference on 
Sensing and Controls with Intelligent Transportation Systems, Boston, 
Massachusetts, USA, November 1998, Vol. 3525, pp 440 - 449.

Mclntosh, K. and Krupnik, A., (2002), Integration of laser-derived DSMs and
matched image edges for generating an accurate surface model, ISPRS Journal of 
Photogrammetry and Remote Sensing, Vol56, pp 161-176.

Mezentsev, O., Lu, Y, Lachapelle, G. and Klukas, R., (2002), Vehicle navigation in 
urban canyons using a high sensitivity GPS receiver augmented with a low cost 
rate gyro. Proceedings of ION GPS 2000 Conference, Portland, OR, USA, 
September 2002.

Mills, J.P.,(2003), Synergistic Fusion of GPS and Photogrammetrically Generated 
Elevation Models, Photogrammetric Engineering & Remote Sensing, Vol.69, 
No. 4, pp. 341-349.

139



_____________________________________________References

Ordnance Survey, (2001), Land-Form PROFILE User Guide v4.0. Ordnance Survey, 
Southampton, UK, 128pp.

Ordnance Survey, (2004), A guide to Coordinate Systems in Great Britain, 
http://www.gps.gov.uk/guidecontents.asp. accessed on 23 Feb 2005.

Ordnance Survey, (2005), OS MasterMap user guide ,
http://\vww.ordnancesurvev.co.uk/oswebsite/products/osmastermap/guides/user 
guide.html. accessed on 12 Jan 2006.

Parsons, J. D., (2000), The Mobile Radio Propagation Channel, Chichester, Wiley, 
pp36-37.

Petrovello, M.G., Cannon, M.E. and Lachapelle, G., (2003), Quantifying
improvements from the integration of GPS and a tactile grade INS in high 
accuracy navigation systems. Proceedings of ION NTM Conference, Anaheim, 
CA, USA January 2003.

Petrie., G and Kennie.,T.j.ML, (1990), Terrain Modelling in Surveying and Civil 
Engineering, Whittles Publishing in association with Thomas Telford, UK.

Phelts, R.E., Stone, J., Enge, P., and Powell, J.D. ,(1999), Software-based Multipath 
Mitigation: Sampling for Multipath Invariance,proceedings of the 4th 
International Symposium on Satellite Navigation Technology and Applications, 
Brisbane, Australia

Pratt,A,R., (2004), Performance of Multi-path Mitigation Techniques at Low Signal 
to Noise Ratios, proceedings of ION GPS/GNSS 2004, Long Beach, California, 
USA.

Press, W. H., Teukolsky, S. A.,Vetterling, W.T., Flannery, B.P. and Mercalf, M.,
(1998), Numerical Recipes in C, The art of Scientific Computing, Cambridge: 
Cambridge University Press, various editions.

Raber, G.T., (2002), Creation of Digital Terrain Models Using an Adaptive LiDAR 
Vegetation Point Removal Process, Photogrammetric Engineering & Remote 
Sensing, Vol.68,No. 12, pp.1307-1315.

Ramjattan, A and Cross, P.A., (1995), A Kalman filter model for an integrated land 
vehicle navigation system. Journal of Navigation, Cambridge University Press 49(2), 
293-302.

Rao. B.R. Sarma A.D. and Kumar, (2006), Techniques to reduce multipath GPS 
signals, Current Science, Vol.90 (2).

140



References

R Development Core Team, (2005), R: A language and environment for statistical 
computing, Vienna, Austria, http://www.r-proiect.org/. accessed on 26 Oct 2005.

Recommendation ITU-R P.526-7., (1999), Propagation by diffraction, Radio
communication bureau, International Telecommunication Union (ITU), Geneva.

Richter, B. and Euler, H J., (2001), Study of improved observation modelling for

surveying type applications in multipath environment. Proceedings of ION-GPS 
2001, Salt Lake City, Utah, Institute of Navigation.

Russell, W. S., (1995), Polynomial interpolation schemes for internal derivative 
distributions on structured grids. Applied Numerical Mathematics, Vol.17, 
pp!29-171.

Saunders, S.R., (1999), Antennas and propagation for wireless communication 
systems, John Wiley.

Scott, C., (1994) Improving GPS positioning for motor-vehicle through map matching. 
In: Proceedings of ION GPS-94, Seventh International Technical Meeting of the 
Satellite division of The institute of Navigation, Salt Lake City, Utah, USA, 
pp.1391-140.

Sickle, J.V., (1996), GPS for Land Surveyors. Ann Arbor Press, Inc., Chelsea.

Stephen, J and Lachapelle, G., (2000) Development of a GNSS-based multi-sensor 
vehicle navigation system. Proceedings of ION NTM Conference, Anaheim, CA, 
USA January 2000.

Steup, D. and Taylor, G., (2003) Porting GIS applications between software 
environments. Proceeding of the GIS Research UK 2003 11th Annual 
Conference, London, pp. 166-171.

Strang, G.., and Borre, K., (1997), Linear Algebra, Geodesy, and GPS, 
Wellesley-Cambridge Press.

Taylor, G. and Blewitt, G.,(2006), Intelligent Positioning : GPS-GIS unification, 
Wiley.

Taylor, G. and Blewitt, G., (1999), Virtual differential GPS & road reduction filtering 
by map matching. In: Proceedings of ION'99, Twelfth International Technical 
Meeting of the Satellite Division of the Institute of Navigation, Nashville, USA, 
pp. 1675-1684.

141



References

Taylor, G., and Blewitt, G., (2000), Road reduction filtering using GPS. Proceedings 
of 3rd AGILE Conference on Geographic Information Science, Helsinki, 
Finland, pp. 114-120.

Taylor, G., Blewitt, G., Steup, D., Corbett, S., Car, A., (200l)a., Road reduction 
filtering for GPS-GIS navigation. Transactions in GIS, 5(3), 193-207.

Taylor, G., Li. J., Kidner, D.B., Brunsdon, C. and Ware, J.M., (2006), "Modelling 
and Prediction of GPS Availability with Digital Photogrammetry and LiDAR", 
accepted for publication in The International Journal of Geographical 
Information Science (Taylor and Francis).

Taylor, G., Uff, J., AI-Hamadani, A., (2001), GPS positioning using map-matching 
algorithms, drive restriction information and road network connectivity. In: 
Proceedings of the GIS Research UK 9th Annual Conference, Pontypridd, Wales, 
UK, pp. 114-119.

Thompson, G, F., and Manue,D,F., (2001), Issues and answers in quality control of 
LiDAR OEMs, LiDAR quality control report, ppl 19-122. Available online at: 
http://www.ncfloodmaps.com/pubdocs/ (accessed on 14 August 2006).

Tse, R. and Gold, C., (2003): A proposed connectivity-based model for a 3D cadastre. 
Computer, Environment, and Urban Systems, Vol. 27, pp 427-445

Van Dierendonck, A.J., P. Fenton and T. Ford, (1992), Theory and Performance of 
Narrow Correlator Technology in GPS Receiver, NAVIGATION: Journal of The 
Institute of Navigation, 39, 3, pp. 265-283.

Van Nee, R. (1991) Multipath Effects on GPS Code Phase Measurement, Proceedings 
of ION GPS-91, Albuquerque, Washington, DC, USA, pp. 915-924.

Verbree, E., Tiberius, C., and Vosselman, G., (2004), Combined GPS-Galileo
positioning for location based services in urban environment, proceedings of the 
location based services & telecartography symposium 2004, pp99-107.

Vrhovski, D., (2003), Satellite visibility in simulating urban satellite positioning-based 
road user charging, proceedings of ION GPS/GNSS 2003, Portland, Oregon,
USA.

Walker, R., and Sang, J., (1997), Mission planning for high precision RTK GPS 
surveying using accurate digital terrain information, Proceedings of ION GPS 
1997 Conference, Kansas City, Missouri, USA.

142



________________________________________References

Ward,P.,(1996),GPS Satellite Signal Characteristics", in Understanding GPS
Principles and Applications,(ed. Kaplan, E.D.), Artech House Publishers, 83-117

Weibel, R., Heller, M., (1991), Digital terrain modelling. In: Maguire, D. J., 
Goodchild, M. F., Rhind, D. W. (Eds), Geographical Information Systems: 
Principles and Applications. Longman, London, Vol.1, pp.269-297.

Wise-McLain, P. and M. D. Murphy, (1993), A GPS/Dead Reckoning system for 
tracking and GIS application. In: Proceedings of Proceedings of ION GPS-93, 
Sixth International Technical Meeting of the Satellite Division of the Institute of 
Navigation, Salt Lake City, Utah: 1631-1636.

White, M., (1991), Car navigation systems. In: Maguire, D. J., Goodchild, M. F., 
Rhind, D. W. (Eds), Geographical Information Systems: Principles and 
Applications. Longman, London, Vol.1, pp.115-125.

Wong K., Man K., Chan W., (2001), Monitoring Hong Kong's Bridges - Real-Time 
Kinematic Spans the Gap. GPS World, Vol. 12, No. 7, pp. 10-18

143



Appendix

Appendix 1 Research Publications 

Academic Journal Papers:

Taylor, G, Li. J., Kidner, D.B., Brunsdon, C. and Ware, J.M., (2006), "Modelling and Prediction 
of GPS Availability with Digital Photogrammetry and LiDAR", accepted for publication in The 
International Journal of Geographical Information Science (Taylor and Francis).

Taylor, G, Brunsdon, C., Li, J., Olden, A., Steup, D. and Winter, M., (2006), Vehicle navigation 
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Geosciences, 31(2) pp 241-251 , (Elsevier Science).
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295/2006,Springer-Verlag, pp42-53.
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for GPS and GIS integrated navigation and positioning research: - Bus positioning, using GPS 
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Pacific and Atlantic, 7-9 June 2004, Gavle, Sweden, pp 31-38.
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Appendix 2 Conferences Attended

Royal Institute of Navigation conference 2005, London

ISPRS workshop on dynamic and multidimensional GIS, 2005, University of
Glamorgan

GISRUK2005, Glasgow, April, 2005

12th International Conference on Geoinformatics and Geospatial Information Research:
Bridging the Pacific and Atlantic, 7-9 June 2004, Ga'vle, Sweden, pp 31-38.
AGI annual conference, Cardiff, December, 2004

Photoscape, Cardiff, February, 2004

GISRUK2003, London, April, 2003

Ordnance Survey Master Map Seminar, Cardiff, October, 2003
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Appendix 3 Methods of estimating partial derivatives

Below are the formulas used to calculate the partial derivatives at each of the 
four grid vertices.

z(i, j) represents the height of each of four grid vertices.

dx=(-z(i-3,j)+9.0 x Z(i-2,j)-45.0 x z(i-l ,j)+45.0 x z(i+l ,j)-9.0 x 

dy=(-z(i,j-3)+9.0 x z(i,j-2)-45.0 x z(i,j-l

dxx=(-z(i-2j)+16.0Xz(i-l,j)-30.0 x z(i,j)+16.0 x z(i+l,j)-z(i+2,j))/12.0 

dyy=(-z(ij-2)+16.0 x z(i,j-l)-30.0Xz(i,j)+16.0 x z(i,j+l)-z(i,j+2))/12.0
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Appendix 4 Outline of Odometer Calibration Algorithms

Algorithm 1 Estimate location of bus from odometer signal
input: float xlast, ylast, d, xroute[l:n], yroute[l :n]; integer position 

currentx <- xlast 
currenty <— ylast 
nextx <- xroute [position] 
nexty <- yroute[position] 
Dl <-0
D2 <- distance3d(currentx,currenty,nextx,nexty)
position <- position + 1
currentx <- nextx
currenty <- nexty
nextx <- xroute[position]
nexty <- yroutefposition]
D1<-D2
D2 <- Dl + distancesd(currentx,currenty,nextx,nexty)
beta<-(d-Dl)-KD2-Dl)
xestimate <- (1 - beta) x currentx + beta x nextx
yestimate <- (1 - beta) x currenty + beta x nexty
output: position, xlocation, ylocation

Algorithm 2 'distance3d' function used by algorithm 4.
NB. This assumes the existance of a function DTMZ(x,y) which interpolates the z-coordinate of a
location (x,y)from a DIM
input: float xl,x2,yl,y2
zl<-DTMZ(xl,yl)
z2 «- DTMZ(x2,y2)
d <- V{(xl-x2)2+(yl-y2)2+(zl-z2)2 }
output: d

Algorithm 3 Update the value of C,
input: integer k; float gamma, suml, sum2, delta.dO, delta.DO, delta.dk, delta.Dk suml <- gamma
xsuml
suml <- suml + delta.dO xdelta.DO
suml <- suml - power(gamma,k + 1) xdelta.dk xdelta.Dk
sum2 <- gamma xsum2
sum2 <- sum2 + delta.dO xdelta.dO
sum2 <- sum2 - power(gamma,k + 1) xdelta.dk xdelta.dk Ct <- suml -^sum2
output: Ct, suml, sum2

Algorithm 4 Update the value of C
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input: integer n; float gamma, gsuml, gsum2, delta.dO, delta.DO
factor <-(n- l)-m
gsuml <- gsuml xfactor + delta.dO xdelta.DO x(i _ factor)
gsum2 <- gsum2 xfactor + delta.dO xdelta.dO x(i _ factor)
C <- gsuml ^-gsum2 n <- n + 1
output: C, gsuml, gsum2, n

Algorithm 5 Combine C
input: integer j; float rho, Ct, C
output: (1 - power(rhoj)) xct + power(rhoj) xc

Algorithm 6 Overview of Events. 
initialise: Set n, suml, sum2, gsuml, gsum2 to 0 
loop
Repeat each reading
if GPS and odometer available, not during run-in then 

Compute delta.DO and delta.dO 
Push delta.DO and delta.dO onto FIFO stack 
Pop delta.Dk and delta.dk from FIFO stack 
Update estimate of Ct using algorithm 4 
Update estimate of C using algorithm 4 
Return GPS location estimate as current position 

end if
if GPS and odometer available, during run-in then 

if GPS just became available then 
set j, suml, sum2 to 0 
Reset FIFO Stack 

end if
Obtain current value of C 
if j < k then

Return odometer based location estimate (algorithm 4) with correction factor C. 
Compute delta.DO and delta.dO and push onto FIFO stack 
suml <- suml xgamma + delta.DO xdelta.dO 
sum2 <- sum2 xgamma + delta.dO xdelta.dO 

else
Compute delta.DO and delta.dO and push onto FIFO stack 
Pop delta.Dk and delta.dk from FIFO stack 
Update estimate of C using algorithm 4 
Update estimate of Ct using algorithm 4 
Obtain estimate of C' using algorithm 4
Return odometer based location estimate (algorithm 4) with correction factor C'. 

end if 
end if 
if odometer only available then
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Return odometer-based location estimate (algorithm 4) with correction factor of the last
C, before the GPS data went offline. 

end if 
end loop

Modifications of Algorithm 6

Algorithm 6m Overview of Events (Modified - see text). 
initialise: Set n, suml, sum2, gsuml, gsum2 to 0 
loop
Repeat each reading
if GPS and odometer available, not during run-in then 

Compute delta.DO and delta.dO 
Push delta.DO and delta.dO onto FIFO stack 
Pop delta.Dk and delta.dk from FIFO stack 
Update estimate of Ct using algorithm 4 
Update estimate of C using algorithm 4 
Return odometer-based location estimate as current position 

end if
if GPS and odometer available, during run-in then 

Obtain current value of C 
if j < k then

Return odometer based location estimate (algorithm 4) with correction factor C. 
Compute delta.DO and delta.dO and push onto FIFO stack 
suml <- suml xgamma + delta.DO xdelta.dO 
sum2 <- sum2 xgamma + delta.dO xdelta.dO

else
Compute delta.DO and delta.dO and push onto FIFO stack
Pop delta.Dk and delta.dk from FIFO stack
Update estimate of C using algorithm 4
Update estimate of Ct using algorithm 4
Obtain estimate of C' using algorithm 4
Return odometer based location estimate (algorithm 4) with correction factor C'.

end if 
end if
if odometer only available then

Return odometer-based location estimate (algorithm 4) with correction factor of the last
Ct before the GPS data went offline. 

end if 
end loop
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