Department of Spatial Sciences

Accuracy Assessment binmanned Aerial Vehicle (UAVi)Borne
Photogrammetry for Volumedimations inMining Applications

James Oliver Paterson

AThis thesis is presesfted as part of
the award of the Degree of Bachelor of Surveying (Hons)
of the

Curtin University of Technol ogybo

November2007



Copyright and Ownership of Intellectual Property: Student Agreement

Student Number:
| (ingert full name)
of (insert home au':[ress,l

in consideration of the Curtin Umniversity of Technology (the "University") allowing me fo undertake

research in the Enrclling &rea of hereby declare that:

{i} | have read the Copyright Proceduress of the University and understand the provisions therein;

{ii} | shall ensure that the thesis contains no material which shall infringe the copyright of any person
or persons; and

{iii}) In accordance with the Copyright Procedures, | shall obtain, where necessary, permission for

third-party copyright material reproduced in the thesis (e.g. gquestionnaires, artwork, unpublished
letters) from the copyright owners.
{iw) | have read the Ownerzhip of Intelleciual Properfy policy and supporting proceduress;

{v] | understand the provisions of the Ownership of Intellectual Propery policy and the reguirements
of the supporfing procedures as they relate fo me as a Student;
{wi) | underiake to be bound by the provisions of the Ownerzhip of Infellectual Properfy policy and
supporting procedures;
{wii} | understand that all intellectual property created by me in the cowse of the aforementioned
research will belong to me UMLESS it arises from
{a) participation in & University Projects (in which case it will be owned by the University, and

| as the Student will be reguired fo enter into an agreement with the University in respect
of the Intellectual Property that is so generated);

{b) from work undertaken with a Specific Confribution by the Universitys (in which case it will
be owmned by the University);

{c) a program supported in whole or in part by a third party funding body (in which case the
ownership of and Intellectual Propery developed by me as the Sfudent shall be
determined by any agreement between me, the University and the third party fundimg
body).

{wiii) | undertake to do all things necessary to protect any of the University's Intellectual Property which
may be capable of Commercialisafion as directed in Clause 6 of the Ownership of Intellectus!

Property policy.

When a student submits their thesis, they are asked to grant to Curfin University of Technology or its duly
authorised agents the right to archive and to make available their thesis, at the reguiredidesired level of
access, im whole or in part in the University Libraries in all forms of media, now or hereafter known.

Diated this {date) Day of {meonth) (year)
Signature of Student
ik hd ki L=k L=k L=k L= | i L= | R R bR R Rk

Accepted for and on behalf of the Curtin University of Technology

Diated this {date) Day of (momth ) (year)

Signature of Head of Enrolling Area

1 Curtin students and stalf are subject to the provisions of the Commanwealth of Australla Copyright Act 1963 and are required io
abide by the Universky's assocdated policies and requirements on copying. The ltames In this section relate to the Universky's
Copyright Procadures, avallabie from hitp:ipollcies. curin edu auaz_ingex. fimise. For addiional Infarmation on copyright matters
see hilpoiteseanch. curiin.edu auwgraduatefoms himidcopyright. In addflon, Seclion 4.2 of the Universiy policy Ownership of
inteleciual Property (with accompanying procedures relabing o the inteliectual Property Commitiee and the Administration of
intelectual Property Matters) states that “Students shall own the Copyright in thelr theses, unless the Student agrees atheratss In
writing”™.




ABSTRACT

A new spatial platform called a Unmanned Aerial Vehicle (UAV) have the potential
to replace traditional mining tecigues by producing high resolution 3D models
autononously over open pits, stockpiles, waste dumps and areas of interest, which has

the additional bonus of being quicker, cheaper and safer.

To test the accuracy of this platform a UAV developed by Rotamatias tested at
an open pit at St Ives Goldmine Kambalda where accuracies were derived from check

points and comparisons to the current DEM produced over the open pit.

The control precision and check point accuracy wWeoad to be well within 0.5 m
absdute error to mine daturfMines surveyd code of practice: Safety and Health
Division 2005)

The DEM comparison between the current RTK GPS determined and thebbvhe
photggrammetry was found to have large differences because of their temporal and
resolution differences; however, \v@lume differencebetween them was onl§.5

percent difference.

The UAV-borne photogrammetry also recorded a lower volume than previously
detemined indicating that the mining managers could have saved money from
contracting expenses if they used this new system.



ACKNOWLEDGEMENTS

The success of this project was due to excitement and enthusiasm shown by associates
at Curtin University and spaiiscience industry.

Andy Hanson, a part time lecturer with the Department of Spatial Sciences at Curtin
University and a freelance businessman in applied/engineering geomorphology and
digital photogrammetry,technical knowledge, expertise, analysis angopsrt

throughout the duration of this project was commendable and greatly appreciated.

Associate Professddr Derek Lichti, a senior lecturer in photogrammetry with the
Department of Spatial Sciences at Curtin University of Technology, knowledge and
expertise in remote sensing was greatly valued in the analysis and direction of this

project.

ADAM Technology a company that develspinnovative precision measuring
systems for remote 3D measuremeavds essential in the success of this project. The
Adam Technologyteam allowed free use of their software amloe use of their
recently acquired SR20 electric helicopter. The people of Adam Technology who help
in this experiment includdason BirchVan Chu Buj and Kevin Ha. Without their

expertise, support drentrepreneurship this project would not have been possible.

St Ives Goldmine Kambalda WA requires exceptional thanks for allowing the UAV
flight to be carried out over their open pits. In particular Shane Watson, the former
chief surveyor of St Ives, o organised accommodation, safety, vehicles and

permission to carry out the flight at St Ives.

Trammell Hudson, the founder of Rotomotion Corporation, requires special
recognition for assisting the SR20 electric helicopter autonomous flight over Revenge
Pit. Rotomotion Corporation manufactures and designs autonomous vehicle including
the SR20 electric helicopter. Trammell and Rotomotion UAV expertises permitted the
first successful UAVborne photogrammetry flight over an open pit in Australia.



LIST OF CONTENTS

Chapter Page
L INTRODUCTION. ..ottt e e e e mmma e e e e e e e et e e e et e ennee s 1
1.1 Spatial Information Difficulties in Mine Surveying...........cccceeeeveevvieeenn.. 1
1.2 Literature review of Unmanned Aerial Vehicles photogrammetry......... 5
1.3 The Rotomotion UAV SYSIEM........ccvvviiiiiiiiiisieeiiiiiiaene e e e e e eneenns 9
1.4 AIm Of thiIS RESEAICH........cieeee e 14
2 EXPERIMENT METHODOLOGY AND PROCEDURES...........ccccvvveeeeiiiens 17
2.1 LIS AN L= TR 17
2.2 SATBLY ettt 18
2.3 A== U 1Y [ To [ PO 21
2.3 Ground Control and Check POINLS...........ccccoviiiiiimemniiiiiiieeeeeee 23
2.4 RTK GPS PiCK UD..uiiiiiiiiiiiiiiiie ettt 26
2.5 UAV flight time estimation ad recordingsS...........ccooovvveiiiiiieenn e 27
2.6 Visual and Radio RANGE..........coiiiiiiiiiiiii e 29
2.7 Pit Imagery and QUality.............ooiriiiiiiiiieee e 30
2.8 UAYV AULONOMOUS ACCUTIACY.....cuuiiirinieeriineeeesimmsesesnneesssnneesssnneesnnnnees 34
2.9 SUIMIMIBIY ettt eee ettt ettt mmme et e e e e e e e e s smmne e 37
3 PHOTOGRAMMETRIC ANALYSIS. ...t 40
3.1 Preanalysis aSSESSMENL.............uuuuuuiiiimreeeeeeeriee e e emeranns 40
3.2 Bundle Adjustment Analysis.............coovvvveiiiiicceeeeeeeeiieeen e 41
3.3 Control Point Reidual ASSESSMENL..........ccceeeiiiiiiiiiiccceeee e 46
3.4 Triangulation Check Point Accuracy ASSESSMENt...........cevvvivviiiieenee. 50
3.5 60 verse 80 percent Sterewverlap Triangulation Accuracy Assessmer9
3.6 SUMIMIATY. ettt ettt e e rmr e e e e e et e e e et rmaes e e e esa e e eannneeeennneeesnmmensd 60
A DEM ANALYSES... .ottt ee e e e e e e 63
4.1 Repeatability of photogrammetric models...........ccceeveiiiiiieeciiiiiiiieene. 63
4.3 DEM COMPATISON......uuiitiiiiiiiieiee e e e e eeeeiiiiia s e e e e e eeeeaeeeeeeesananeaeaasaeeeeeeennnnn a7
4.4 Volume COMPANISOLL.......uuuiiiieiieiiiie e ceeer e errer e e e e 12
4.5 SUIMIMIBIY ettt e ettt ettt mmme et e et e e et e et e smmrne 74
5 CONCLUSION AND RECOMMENDATIONS........o i eeeemme e 15

REFERENCES..... ..t 79



APPENDIX 1: UAV PHOTO COLLAGE AT REVENGE PIT...........cooviiiiiiiiiinns 81
APPENDIX 2: FINAL BUNDLE ADJUSTMENT.........cooiiiiiiiiiiiiiieemeeccceeeeiains 82
APPENDIX 3: CAMERA CALIBRATION ...ooiiiiiiiiiiiiii e 87
APPENDIX 5: CONTROL AND CHECK POINTS......cooviiiiiiiiiiimmeeeeeeees 89
APPENDIX 6: MATLAB CODE- DEM STERO MODEL VARABLE PROGRAM
.......................................................................................................................... 91

APPENDIX 7: MATLAB CODE- FINDING DIFFERENCES BETWEEN DEMS5
APPENDIX 8: MATLAB CODE- PLOT THE DIFFERENCES IN THE DEMS..97



Vi

LIST OF FIGURE S

Figure Page

Figure 1.1: Aerial Photograph of Mars Open Pit and Waste Dump and Revenge Open
Pit and Waste Dump at St lves Goldmine Kam@&@O0G...................ooevvvivieecennnne. 2

Figure 1.2: Aerial Photograph of Mars Open Pit and Waste Dump and Revenge Open
Pit and Waste Dump at St Ives Goldmine Kambalda20Q7................ccovveeeeeeen. 3

Figure 1.3: Simple diagram of the SR20 UAV electric helicapter.................... 10

Figure 1.4: The SR20 UAV electric helicopter with the Safety Controller and a laptop
that can receive Telemettata............ccooeeieeiiiiiiiieeei e 11

Figure 1.5: The Cannon EGED attached to the SR20 UAV electric helicopter used

IN thIS EXPEITMENL. ..ottt eeenanee 12

Figure 1.6: Rotomiion software that is used to drive the UAV via laptop connected
TO @ WITEIESS FOULEY ... .. i eeee e e e e e e e e e amnnaas 13

Figure 2.1: Revenge Pit: the area that will be tested using the -thdive

PROTOGIAMMEIIY. ...t e e e e e e e e e e e e e e e s s e e as 18
Figure 2.2: Flight lines and neat model planned over the revenge.pits........... 23
Figure 2.3: Control Targets seen as imaged at a flying heid®lwh.................... 24
Figure 2.4: Black piping checkpoints seen from an altitude of 121m.............. 25
Figure 2.5: The control and check points made tve area.................ccccvvvvvvvienn. 26
Figure 2.6: The 300 m radius UAV fly ZONE.........cooooeiiiiiiiiiiicee 30
Figure 2.7: Aerial shot of Pit at 2000 feet (610 m) with neat modasiayed........ 31
Figure 2.8: 2D vectors flight deviations...........ccoooeeiiiiiiiceeiiiii e 35
Figure 3.1: Image tie point distribution over test area................uveeevieeevvvvnnnnn 42
Figure 3.2: Histogram of all x residuals extracted in pixels....................cccce.... 45
Figure 3.3: Histogram of all y residuals extracted in pixels...............ccccceecee.... 45
Figure 3.5: Vertical Residual RMS plot of Control Points................cce....e...... 49

Figure 3.7: Histogram plot of the multiple easting differences with outkensved3
Figure 3.8: Histogram plot of the multiple northing differences with outliers removed

Figure 3.9: Histogram plotféhe multiple height differences with outliers removet
Figure 3.10: Average horizontal difference plots of check points on the triangulation
WITNOUL QULIEIS ..t eree e e eenee 56



vii

Figure 3.11: Average differences vertical plot of checkpoints on triangulation without
(0T U 11T T PP PP P PP UUUPUUPPPR 57

Figure 3.12: The triangulation with overlayed imagéhef landing pad in the test area

Figure 3.13: Neat model dimensions of both the 80 percent and 60 percent stereo

overlap, indicated by the green boxes. The pink dots are the checkpongsubed.

.......................................................................................................................... 59
Figure 4.1 Two Individual Model DEMs overlapping...........cccuuvvveeeeiieesievnnnnnnne. 64
Figure 4.2: The histogram plot of the Ap@ro ranges minimum dnmaximum
subtracted from the mean ValUes............oooooiiiieeen e 65
Figure 4.3: Plot of Stereoverlap DEM residuals...............ccccvviviimemniiiiiiiinnne. 66
Figure 4.4: Histogram of diffences between the RTK GPS pickup DEM and the
UAV -borne photogrammetry DEM of West Revenge.PiL................cccovveeeen. 69
Figure 4.5: Profile of the RTK GPS DEM and the UAdrne photogrammetry of the
DEM along a se@n of the Pit.........cooooiiiiiiiiieeee e 69

Figure 4. 6: Di f ferenc.e..pl.ot..of..t.he70t wo
Figure 4.7: A 1m contour map of the differences between BRS DEM and the
UAV -borne photogrammetry DEM..............uuiiiiiiiieceiiiieee e aeeenne e 72

DEM



viii

LIST OF TABLES

Table Page

Table 2.1: Cannon EQSD camera SEttiNgS.......ccoovviviiiiiiiiieeee e 21

Table 2.2: UAV flight parameters........ccccceeeeiiii e iceeeiciceee e eeeeeeeee e 28

Table 2.3 : Strip times recorded in the field compared to estimated times determined
frOM QUALION 2.5, ... i 29

Table 2.4 : Table of Variations in neat model of the UAV flight at St Ives Goldmine
.......................................................................................................................... 36

Table 2.5: Height differences between the resectamera locations and the planned
flying height Of 121 METEIS . ...oooiiiiiii et eee e e e e e e e 37

Table 3.1: Summaries of the bundle adjustment results obtained from each UAV strip.
.......................................................................................................................... 43

Table 3.2: Summary of all strips bundle adjusted............cccoooiiiieeericciieenee. 44

Table 3.3: Control Points RMS Error Summary derived from Adams Technology
SDM ANAIYSE 2.2, e e e e e e nnne e 48
Table 3.3: Outliers detected by the Z test from the check point differences....52

Table 3.4: Average Check points residuals with final RMS withouteostli......... 55
Table 3.6: The statistics comparison between the 60 pestsratoverlapand the 80
PEICENISIEIEBOVEITAP ...ttt e e e e 60
Table 41: Four DEM points an example of overlapping height values............. 64

Table 4.2: Volume calculation of the RTK GPS dddV-borne photogrammetry
MAtChing DEM POINTS......cooiiiiiiiiiieeee e eeea bbb e e e e e e e e e ean 73



1 INTRODUCTION

This Honours thesis will attempt to investigate and analyse the accuracy and
effectiveness of Unmanned Aerial Vehicle (UAV) photogrammetry over an open pit
mine. This chapter will introduce this newine surveyingmethodthroughthree

subjects:

1 theSpatial Information Difficulties iMine Surveying,
1 alLiteratureReview ofUnmanned Aerial Vehicles in the Spatial Scierzce]

1 thenewRotomotion UAV system

In the hope this will endeavour to demonstrate the usefulness anditapadblAVs
to offer an alternative to the conventional mine mapping technighes finally the

aims of thisresearchand the structure of the thesis will be presented.

1.1  Spatal Information D ifficulties in Mine Surveying

Gathering spatial information f@pen pit mining has been traditionadighievedoy

abase operatorith a RTK GPS pveror a total statiomver small operationd.arger
observationshave been gathered through terrestrial photogrammetry or manned
aerial photogrammetry. It ifé¢ surveyo 6 s duty i s to agqmonher th
budget and needs to meet designated precisions. The equigradittonally used

for this task operates withpod precision and accuracy. However, as opedgsign

ges larger, deeper and moreomplex deliering data on time, on budget and
precisionpresents greater challengdhere ardour reasons for this difficulty, they

include:

1 ever improving technologies in earth moving equipment and increases in
commodity prices means that open pit mines are degigmbe larger and dugore
rapidlythan ever before,

1 the Australian grveying skill shortages on mine siteavke significantly

challenged effectiveness,



| data points along crest (edges of pits) and biestgroundhave a safety
issue, and
1 Current technlmgy limitations:

0 Total Station time wnsuming and field computation intensive

0 RTK GPS- time cnauming and ambiguity prone near open patlia

0 Terrestrial Photogrammetryrequires4 to 5 vantage points ttake
photosi these may be neaxistent or eve too dangerous to conduct

0 Aerial Photogrammetry Costly and dangerous akw flying is

required.

These difficulties will eventually force surveyors to seek better alternatives for
volume estimationOne mine site that may lmempelledto seek a diffenet approach
is the St IvesGoldmine. Todemonstrate the large spatial enormity of 8telves
Goldmine Kambald#&wo aerial photographs taken in 2006 and 2007 over an open pit

operational area are shown in Figure 1.1 and Figure 1.2.

2000meters

Figure 1.1 Aerial Photograph of Mars Open Pit and Waste Dump and Revenge Open
Pit and Waste Dump &t Ives Goldmine Kambald2006 (courtesy ofat St Ives
Goldmine Kambaldg Circled in red are areas of comparison to Figure 1.2



Figure 1.2 Aerial Photograph of Mars Opéht and Waste Dump and Revenge Open
Pit and Waste Dump &t Ives Goldmine Kambalda007 (courtesy ofat St Ives
Goldmine Kambalda Circled in red are areas of significant chamgenpared to

Figure 1.1.

Figure 1.1 and igure 1.2 are not at the exact sastale or rotation but the circle
areas show significant changes in the structure of the mine. The open pit mine circled
in red would have beeidentified with RTK GPS over the many years operation

but over time it will degrade and benches will faib B this open pit was to be
reopened a rsurvey would need to take place to ensure safety and update the mine
design. The other circled areas are waste dumps from the surrounding open pit
mines. he change in their structureimslicated largely by theifflerent soil color.A

waste dump is all the waste matenaihed from the open pit thaiccumulates in a

large mound on the side of a pit. Considering that a goldmine usually ch8ses 2
grams per ton, the waste dump mass is quite considerable. Theitathabibf these
waste dumps is an obligation that mining companies need to keep in torder
satisfying the Environmental Protection Agency regulations in Australia. This



mapping would normally be contracted using a differential RTK GPS which is
estimatedo take typically a week individually over these waste dumps. The current
alternative method would be to use conventional manned aerial photography. The
manned aircraft could meet a precision of 100mm and be less time consuming
however, generally this ia very exgnsive approach. Obviously, tipeoblem of
expense and time is not just restricted to waste dumps and open pits but also to other
areas of the mine that requhigh precision and dense measurements are

1 monthly tonnages (material moved),

1 as buit design pickups, and

1 stockpiles (highor low grade orestock piles ready for the mill or

leaching plants
These difficulties need to be addredd mines are to become larger and designed,

constructed and managetre efficientlyin the 2£' century.

Another problema mine surveyor faces @ecision andaccuracy. Authorised mine
surveyors have a code of practice and they are oldigateer law that if the
standard precision is not achievedrththe survey will need to be done again. In the
code ofpractice for mine surveying stat@dines surveyd code of practice: &ety
and Health Division 2005)

A The standard of accuracy referred to
general, is 1 in 5000 or better. Control surveys should be to 1:5000 or to within 0.5

m absolute error to mine datum.lt.is the responsility of the authorised mine
surveyor to become conversant with the survey methods, which will achieve the
standards of accuracy set out abovéhe choice of technique is a professional
decision of the authorised mine surveyor, based on sound practicewitinide
acceptable provided the methods employed comply with all existing legislation and
the safe working practices of the nine

According to Mine survey code of practice (20Q0AV -borne photogrammetrgan
be used as long as the standard of accuraeyets sound practice, comply with
existing legislationapproved by an authorised survegmd safe working practices

are achieved.Accuracy is primarilyrequiredas a decision making tool for mine



management. Mine management needs volume information tmeetigt the mine
contractors, workers, engineers, geotechnical engineers and geologist are completing
their set jobs and working in safe areas. For example if the mine engineers are
designing a newpit alongside another pit or astripping an existing pithey must
ensure that there is adequate ground support between resulting voids. Accuracy

becomes crucial in mine development.

The problems mentioned above can be addressed by the Wa&W-borne
photogrammetryechnologythroughhigh image resolution, tge detail captures, and
reduction in time and co3the UAV-helicopter has been tried and tested for the last
twenty yeargshown in section 1.2)owever it is only recently that is becoming
more viable and economical in the mining industry. Testintp@fUAV capabilities

in photogrammetry will help the spatial science field become more confident in its

use for the mine industry.

1.2 Literature review of Unmanned Aerial Vehiclesphotogrammetry

This Section gives a brief review of Unmanned AeriaMehicle (UAV)
photogrammetry in spatial science. This will encompass the definitions, the early
history, pasfprojects, current projects amedference to a conference held in Sydney

aboutUAV -borne photogrammetry

The definition of the UAVencompasses a huge iedy of robotic aircraft that vary

in size, computerisatioand levels of autonomy (Mooset al, 2003) Generally the
namefiuUnmanned Aerial Vehictiecovers all vehicles flying in the air with no person
onboard with capability of controlling the aircrafEisenbeiss, 2004)The term
Photogrammetrycan be explaineas fithe process of deriving metric information
about an object through measurements made on a photographs of thed object
(Mikhail et al., 2001) Economically, photogrammetrig particularly desirable for
mine surveyors because large areas can be measudedail with relatively little

field time.

The development of UAVs has beetmosgly motivated by mitary applications.

After 1945 nations were lookindor aerial vehicles, which hathe capability for



surveillance, reconnaissance and penetration of hostile terrain without the
deployment of human beings in areas of high {i&ék, 2001) There are currently a
large number of UAVs in developmef@®ibbs, 2007) The Global Hawk, produced

by Ryan Aerospace in the USA is the largest and best known example of this
development. It is intended for litéry surveillance and has been subject to large
scale research and development effort by DSTO in SalisBagay UAVS in the
military are used forrecognition, environmental observation, maritime surveillance
and mine removal activitig€isenbeiss, 2004These capabilities can be used in the
commercial sector howevendy have yeto befully realized (Moore et al, 2003)

The many UAV systems in development or operating worldwide are still considered
too expensive for commercial operators. One of these is the Biartaetical UAV

that would be an ideal platform foramy commercial applications except for its hefty
price tag 6 US$650,00Q(Moore et al., 2003)The high cost of UAVs is largely due

to having been developed to fulfil highlgpecialised military operationwith
stringent speifications. To become a viable option for commercial operators, the
future development of UAVs needs to be focused on providing engineeritigssiu
that minimise costs, whilshaintaining reasonable perfornt@nstandardéMoore et

al., 2003)

Due to these high costs, people have investigated using model helictupters
photogrammaey surveys.In 190 WesterEbbinghauswvas the first to usa model
helicopter for photogrammetric purpoggssenbeiss, 2004The pilot controlled the
take off, landing and flyindEisenbeiss, 2004)The navigator had to control the
altitude and to activate the camera shutter véhoréink (Eisenbeiss, 20040ther
attempts weranadealso using thissystem, however, predicting tradtitude and

navigation proved difficult.

In Australia amining firm began its UAV development program in 1997 as a design
study to provide arlUAV fixed-wing (aeroplane)platform to conduct airborne
magnetometebased mimg exploration survey@Nilliams and Haris, 2003) There
was a preferencetowards a UAV system becausgpical mining exploration
missions are flown at low altitude (generally belo@04feet above ground leyel

where the payload sensor provides optimal data resol@dhiiams and Harris



2002) This low flight is quite dangerous for an unmanned aerial vehidteough
this effort did not really take off in mine exploration the study showed that an UAV
exercise cabe undertakeout in the Aistralian Outback.

A projectcalledPinchango Alto did the first photogrammetric flight over an ancient
settlement in Peru using an UAYini-helicopter system, which is equipped with a
GPS/INSsensor and a stabilizekccording to Eisenbeiss (2004)et flight plaming

and measurements have demonstrétat this UA\tsystem offers great advantages

in cultural heritage recording comparedhetraditional methods.

Fugro Systems in Canadeve already begun commercial work using a UAV in
mineral exploratia. In 2004, a partnership was established between Fugro and the
US-based Insitu group, where Fugro supplied experts in geophysical data acquisition
and Insitu supplied UAV specialist. The resulting Georanger product carries-a high
resolution cesium vapoumagnetometer, fluxgate magnetometer and data acquisition
payload(Gibbs, 2007) The aicraft flew a series of small mineral survey grids in
northern Quebec in early 2005,artest to compare GeoRanger data with previously
acquired data. GeoRanger is capable of autonomous-tetbase in the event of-n

flight difficulties or commer@l problemqGibbs, 2007)

In Australia UAV projects that amgperating include
1 Aerosonde Corporation manufactured a UAV that was the first craft
to fly across théitlantic non-stop and completely under autonomous control
in order to lift simple meteorological instruments into cloudsuitable for
passenger aircraftSubsequent vsions have been equipped with video
systems, and are designed to fly offshore surveillance missions for Australian
CustomergGibbs, 2007)

1 BAE Systems Australia officially opened a UAV trials and test
facility at the RAAF base in Sale, Victoria, in November 208bs, 2007)
Also this year, 2007, Boeing Australia has established a UAV research

facility at Kingaroy in central Queensla(@ibbs, 2007)



| KC Wong at the University of Sydney has been working with a team
from Sonacorp to devegboa research vehicle called the Twing TaiSitter. The
group demonstrated a flight control algorithm that has the aircraft take off
vertically, transmitting to conventional flight and then returning to the launch
pad to land again on its t§{Bibbs, 2007)

1 Silvertone Electronics in Sydney recently introduced another UAV
called the Flanmgo (Gibbs, 2007) It has a specified design for farm
paddocks surveillance, diinas flight duration of ten hou&ibbs, 2007.)

These projects will have aopitive impact on Australian UAV development and
systems in the mine industrythe reasons for the current enthusiasm in UAV
development in Australia is becaugéVs offer a number of advantages over the
conventional manned airborne systems. According it Gibbs (2007) several
aircraft may be operatduly a single crew offeringhore efficient survey ecmmics;

The autonomous autopilot systems used in UAVs are capable of tracking a planned
flight path with greater precision than in manned aircnaftich in turn delivers
enhanced data quality. The UAVs small structure allows it to fly at low altitudes (e.
400 feet) and capture photographs that have the possibility of generating precise
geographic representations of the mining areas within the current 500 millimetre

accuracy in mine development.

A conference paper published at a Systems Engineering, Té&stEvaluation
Conferene in Sydney Australia (Williams and Harris, 2002)ists constraints and
considerations that need to be applied to a UAV wich be helpful in deciding
which path to follow in thdield stage of the experiment. lisa gives insight to what
training and knowledge is required to operate a UAV in thengimdustry. The
paper suggestshé dominant reason that the UAVs have noinbesuccessful
commerciallyis because of their complexifWilliams and Harris, 2002)The text
advises there are four constraints that need to bensidered and planed when
conducting a UAV flight over a mine site. These areas include:

1 navigation

1 altitude,



1 system &ilures and

1 air pace management

When navigating the UAV in a flight safety and operability stand point it is
necessary to know air vedhe position, altitude and head speed at all times. It is
suggested that the ground base (flight control) have a GPS generated map view
showing the location of the UAV at all timgsVilliams and Harris, 2002)This
display should also locate the boundary whichvattis a failsafe if the UAV fly
outside a particular are@Villiams and Harris, 2002)The altitude of the UAV
should take in consideration of obstacle avoidance, weather and change in terrain
(Williams and Harris, 2002)The paperlists the several system failures thagay

occur during the flightthese includeghe @mmunication uplink and down link,
Engine, Flight control system, Servos, and the on board gengvditiams and
Harris, 2002) These failures can be accommodated through system checks, having a
secondary controller (manual operation) and using differei@RE for preise
position. The final challenge is aipacemanagementvhich involves following the
CASA regulations in fligh{Williams and Harris, 2002)The pager presentthe idea

that it is not a simple matter to develop a totally autonomous UAV system without
the ability to take active control to either manage traffic control or terminate flight.
The papersuggests that if any person is to fly a UAV for comeciad gain then that
person needs to have an operating certifigdélliams and Harris, 2002)In
conclusion thehallenge to UAV today ikarge amouts of training requiretefore it

can be used safely cost viable for commercial intereand a design that solves
navigation, altitude, system failure, and airspace managembist.has lead to a
company named Rotomotion that has opted to meet theflerrges with partnership

with mining and photogrammetry businesses in Australia.

1.3 The Rotomotion UAV system

This Sectionwill introduce and describe the Rotomotion UAV system that opted to
solve the constraints mentionedSectionl1.2. This descrifion will primarily focus
on the Rotomotion SR20 VTOL UAVY which was used for the purposes of this

Honours thesis.
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In recent year&JAV commercial systems in photogrammetry have really began to
develop because of the low cost combined GPS, gyros and docopgmutersvhich

are necessary to navigate a small (or moda)icopter with high precision
(Eisenbeiss, 2004)With these new and cheaper systems a company named
Rotomotion has developed an UAMlicopter system thhacosts US$1&00.00
(Rotomotion 2007). The majority of the cost associated with this product would be
the specialized software design for the UAW®lcopter system. The Rotomotion
price is a significant reduction compared with specialized military UAVs, meaning

an option for commercidJAV -borne photogrammetig nowmore viable.

The new SR20 UAV electricdlicopter can be simply described asmall model
remote control helicopter with a GPS antenna, Gyro stabilizers and a mounted

camera underneath. A simple diagram of this can be sgereR.3.

//GP'S Anterma o "
' Cryros . |
Electre Compass *
| Computer |
| =

Figure 1.3 Simple diagram of the SR20 UAV electrielltopter (figure based on
Eisenbeiss (2004))

There are five important cqmonents involved

1 the GPS antenna giving position data,

1 the three on board Gyros giving stabilization data,
1 theElectric Compass giving bearing or direction,
1

the radio transmitter giving link to ground control,
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| the on board computer processes and sends commands to the rotor and
servos, and
1 the camera.

The newRotomotion SR20 VTOL UAVcan be seen inigure 1.4. This small

electronic helicopter was tested in this Honours thesis investigation.

Laptop that recieves

Telemetry

Figure 14: The SR20 UAVedectric helicopter with the Safety Controller and a

laptop that can receive Telemetry d@taurtesy of Adams Technology).

The SR20electric helicopteris 1.22 m in length, 0.39m in width, and 0.56m in
height and weighs 7.5kg. It size and weight fit the specifications set by CASA as a
small UAV, as will be explained further @hapter 2 The main rotor is 1.750 m in
diameter and the tail rotas 0.255mm in diameter. This is a battery powered system
with an energy capacity of 9AH or 16AH supplying a 1300W motor. The climb rate
is estimated at 400fpm or 7.3 km/h and can reach a maximum speed of 60fps or 65.8
km/h. It has an endurance of 12 to idhutes depending on battery configuration.
The maximum payload that it can carry is 4.5kg. In Figure 1.3 shows the two radio
connections to the UAV; a wireless radio connection to a laptop receives the
Telemetry from a Lineof-Sight (LOS) range of 800mnd a Safety Control or a
remote control that has a 730m LOS range. Although in theory the helicopter can
keep lock to the wireless laptop at a distance of 800m interruptions in the linkage or
computer malfunctions are known to happen. So as long as thvehdsé a visual
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range of 500m the safety controller can take control securely with little trduable.

Figure 1.5 shows in more detail the camera attached to theed&20c helicopter

Figure 1.5: The Cannon EEBD attached to the SR20 UAV electriclibepter used
in this experimentcourtesy of Adam TechnologyJhe camera has a hinge device
that compensates for movements of the UAV allowing the camera to continually

point towards gravity.

The mounted frame and camera attached to the UAV adds Iriskgsweight to the
helicopter and will reduce the speed and endurance of the helicopter, however only
slightly. The digital camera is a Cannon EBGI with a 28mm focal length which

can be purchaseat any camera retail. The attachment from the base toaimera is

two hinges that compensate for the abrupt small movements of the UAV, as the UAV
would not provide a stablglatform in the air. This compensation allows the camera

to continually point towards gravity unless a large movement occurs, allowing a
more reliable capture of @aat their respected camera location and orientation. The
camera does not have a Forward Motion Compensator (FMC) so the photographs
will need to be takewhen he UAV stops and hovers in ohacation this will mean

longer flight times for the project. The camera optical zoom will be fixed to take
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pictures at the designated flying height. The shutter speed will be set t&' b2&0
second to avoid brf; this mean that photographs will require to be taken between the

hours betwen 10am and 3pm to maximize sunlight exposure.

The Rotomotion software can import coordinates and an aerial image or map
allowing the dictation of movements of the UAV. The system &asay point
(coordinates, heading, altitude, speed and othermpway attributesyoute plan mode
where thehelicopter flies a preprogrammed series of poimtsigure 16 can be seen

some of the software that is provided with the UAV flight controls.

Autopilot
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Figure 1.6 Rotomotion software that is used to drive the UAV viatd@ connected
to a wireless routerThe blue line indicates a waypoint route (drawn in)
(Rotomotion: AFCS R3.4 Software Release)

The software allows a preflight and reémhe way point simulation to confirm that
the UAV will, and has flown the designated flight plan, show Figurel.6 (top
right). This softwarealso allows a video of theperating control display seen in
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Figure 1.4 (top left)'he video camera mounted on the UAV allows the laptop driver
and safety controller to visualise the route the UAV is taking as iboard. This is
very important if the UAMs in close proximity to another aircraft orust adjust to a
drastic change in topography. Other important telemetry data sent to the operator
continuouslyinclude:
1 Communication uplink and down link via safetontroller and
wireless router,
Level,
Speed,
Altitude,
Position (latitude and longitude)
Roll, pitch raw,
Engine power,
Flight control system,
Servos power,
the battery power
PDOP and VDOP of GPS, and

=4 =4 A 4 A4 4 -4 A4 A -

1 Number of Satellites
This telemetry ensusdhatthe operator is always in contral the UAV, allowing it
to successfully manage the aircraft in flight, when landing, when taking off and when

there is a communication or power failure.

The SR20 UAV electric helicopter from Rotomotion offars approprite means to
succesfully complete a test/AV-borne photogrammetrgurvey over an open pit

area.

1.4  Aim of this Research

The aim of this research is to télse new SR20 UA\klectric helicopteSystemin
carrying outautonomousaerial mappingover an opn pit mine and to evaluate the

accuracyof the systemThis will be investigated in three chapters, these include the
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Experimental Methodology and Procedure, Photogrammetric Analysis and a DEM

Comparison othe UAV -borne photogrammetry

The Experiment Mthodology and Procedure was conduaiedr St lvesGoldmine
Revenge pit 0  ksoudhof Kalgoorlie The aimof this wasto:
1 choose aeal mining scenario fahe experiment
1 conduct a safeUAV-borne photogrammetrysurvey within the
guidelines set out biyre Civil Aviation Authority
1 plan and run @ aerial photogrammetry flight design that will
satisfactorily cover and gerage a 3D object of Revenge pit
1 design and build @und control and check pointisat can be used to
convet image points to object pds and used to independently chettle
accuracy of this conversiagrspectably
1 examine the gccess of a UAV flightand suggest improvement to
UAV -borne photogrammetyand
1 examine theUAV-borne photogrammetrymage qualityand suggest
improvements
The methodology of theUAV-borne photogrammetrylight research aims to
understand the success and failures of conducting a UAV flight over one particular
open pit. The aims mentionea this paragraphvill be covered in chapter 2 of this
thesis.

The next aimis to do a photogrammetry analysis of iheage points and object
points gathered from the UAV flight over the Revenge pit. The aims of the
photogrammetry analysisill include,

1 acalculation of the precision that is expected with the UAV
1 analyse the pcision of thdmage point precisign
1 analyse the antrol point precision

1 find the accuracy of thdJAV-borne photogrammetryrom the
checkpointsand
1 to find the accuracy of using a @@rcentsterecoverlapcompared to

an 80percentsterecoverlap
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The photogrammetryanalyss aims to produce grecision and accura@ssessment
of the UAV survey over the Revenge pit. The aims mentiomekis paragraphvill
be cowered in chapter.3

The final aim is to do a DEM evaluation of the Revenge Pit. The evatuaiib
include
1 DEM detail comparison of the RTK GPS technique and e/ -
borne photogrammettgchnique
1 DEM repeatabilityof the UAV -borne photogrammetryver the pit
1 DEM differences found between the RTK GPS dddV-borne

photogrammetryechnique ovethe pitbetween the two different techniques

and
1 a volume comparison between the RTK GPS d&mwiV-borne
photogrammetrfDEM

This aim is to analyse th&AV-borne photogrammetr\DEMG& repeatability,
accuracy and precision in determinwwgetherit is a viabletool for a mine surveyor,

geologist or engineer.

Ultimately, this project will serve the Spatial Science communifyrovidinga new
strategy in data acquisition in the miningndustry, where other conventional

surveying techniques proved to be too egiee or time consuming.
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2 EXPERIMENT METHODOLOGY AND PROCEDURES

This chapter will detail methodology and procedumdsch took placeconducing
the UAV-borne photogrammetrpver at a St lves GoldmineThis chapter will
discuss theprojectsTest Area,Safety, Neat Model, Ground @ntrol and Check
Points, RTK GP$Sflight times Radio and Visual Rang®it Imageryand Quality,

and UAV Autonomous Precision

2.1 Test Area

The first step was to da&le which area of the mine woulest suitehe test flight.
Revenge Open Pits &t Ives Goldmine Kambaldwere chosen because of the
following reasons:

| beingaway from mining activity

1 havepreviousy beenmapedby RTK GPS

1 havea recent conventiwl aerial photo of the arga
1 the open pit mindasvariableand steep structures, and
1 permission was given by the chief surveyor of St [Bekdmine

A diagram of the pican be seen inigure 2.1.This diagram is not a contour map

rathera string file created directly from a RTK GPS pickickup describes the
surveyor o0s di scretion I n mapping points
separated by 180 metres depending on the level of change in the oljjeet.zig

zags represent large fflaurfacesThe terrain is very variable and undulating which

offers a god insight to the capacityfahe UAV-borne photogrammetryWest

Revenge in particularly variable with a pillar like structure inside the opegivyas

the Pit narrow corridors inside. Ideally this project aimed to survey ajllptsever

in the threedays spent in data collection only West\Rnge ana Sectionof Central

Revenge werphotographed.

The pits will be used as a comparison with eV -borne photogrammetityowever

as it will be discovered in chapter 3 the pits will be significantly differ&his is
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because the RTK pickup of the pit was done over seven months prior WAthe

borne photogrammetrmyver its two year operation.

Figure 2.1: Revenge Pit: the area that will be tested usingU#R¥-borne
photogrammetrywhere top left imagesia side view, the bottom left is an isometric
view and the right i mage is a biStldeés eye
Goldmine Kambald2007)

2.2  Safety

The nex stageof this project was texaminingthe safety procedure and regulaso

on UAV flight in Australia. This was particularly important in convincing St Ives
Goldmine management that a UAV flight was safe. The UAV has the potential to be
very dangerouss it weighs 9kgsor the reason thdalling from the air or running

into ar traffic could be potentially fatalThis Sectionprovidesa brief overview of

the limitations and regulations of UAV fliglais set out by the Civil Aiation Safety
Authority (CASA) and a brief overview of safety procedures thasundertaken at

St lvesGoldmine.



