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MOBILE 3D MAPPING FOR SURVEYING EARTHWORK
USING AN UNMANNED AERIAL VEHICLE (UAV)

ABSTRACT

Unmanned Aerial Vehicles (UAV) as a data acquisifpatform and as a measurement instrument haventec
attractive for many surveying applications in cieilgineering. However, their performance is notl watlerstood
for these particular applications. The specificpgeof the presented work is the performance evaluatf a UAV
system that was built to rapidly acquire mobile BBpping data for large earthmoving constructioassiDetails to
the components of the developed system (hardwadecantrol software) are explained. A novel progréon
photogrammetric flight planning and its execution the generation of 3D point clouds from digitadliite images
is explained. A performance model for estimating gosition error was developed and tested in skveadistic
construction environments. Results to these testp@sented as they relate in particular to lageavation and
earth moving construction sites. Results and egpess with the developed UAV system are in padicuseful for
researchers or practitioners in need for succdgsfdhpting UAV technology for their application(s)
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INTRODUCTION

Until recently, Unmanned Aerial Vehicles (UAV) orathes were mostly developed and used for military
applications. These systems were remotely-conttaiecrafts or helicopters. They were equipped witbcision
sensors (e.g., inertial motion units (IMU) and gaapes) for recognizing the alignment and positibthe aircraft.

A microcomputer made autonomous navigation witlmmuth manual involvement of a pilot possible. Dughe
cost and size of these sensors, a non-military asgecially in small UAV system was not feasible foany
commercial applications. With the recent availapitif highly accurate and low-cost Global PositmaniSystems
(GPS), the possibility opened up to maintain a UA¥stem’s position in a global reference system Ipear
everywhere in the world and in real-time. Howevaglective availability of such GPS signals preventeost
commercial applications. It was until mid-1990 whér accuracy of GPS for commercial applicatiorapded to
just a few meters (GPS 1995). The development sf-efficient and light gyroscopes to measure alignirand
orientation primarily for smart telephones enabtadny hobby modelers to update their airplane oicteter
models to a fully functional UAV. Most of the UAVedtelopers gained their first experiences with madteirafts.

With the arrival of precise GPS and gyroscope teldgy the performance, especially the payload,
endurance, and flexibility for diverse and reliableplication of UAV systems was significantly impeal. Most
recently, light-weight digital photo or video carasrconverted autonomous UAV to highly mobile semdatforms.
However, few applications in civil engineering hayet been explored, but promise to provide cost task-
efficient approaches to conventional approachegalmicular surveying applications which in the tpesdied on
GPS, Robotic Total Station (RTS), laser scanniaghymetry, air- or space-borne technology are eigjnheund or
aerial-based, and depend on the terrain, areelimih range, very labor intensive and costly, hingh
measurement errors, and/or time consuming to parfdihese approaches can — if UAV technology prduese
accurate and reliable — eventually be assistedplaced for a specific segment in surveying apfiioa. Although
several researchers have previously introducedJt¥ technology to civil engineering applicationsig&nbeil3
2009), its performance in the harsh constructiorirenment has yet to be explored and evaluated.

The potential range of surveying tasks which UAsht@ology is able to perform is shown in Figure hisT
figure also displays the UAV system the researchait. The worldwide use of UAVs is regulated e tspecific
national federal administrations. For safety andusty reasons commercial UAV use is typically rieséd to
flights within line-of-sight (LOS) of an operatdFypically the operator is referred topdot. It ensures a pilot has
permanent control and interaction in case of unetgueevents, e.g., other aircraft(s) operatinglmear changes of
any of the environmental conditions that mightuefice the flight conditions, e.g. wind parameters.
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Figure 1 — Potential UAV application area in suingytasks (modified; Eisenbeif3 2009) and the degaddJAV.
DESIGN, COMPONENTS, AND ASSEMBLY OF UAV

The developed UAV system was specifically desigtwesiuccessfully complete surveying tasks in civigjieeering
applications. The system is based on a quadrocpgtariple. Quadrocopters have distinct advantagespared to
other existing UAV approaches. Some of the advasage its low purchase, operation, and mainteneosts, its
flexibility to operate (start and land) in very dimsurveying assignments, the easiness to steeglidbly in

autonomous and pilot mode, and to keep it undetrabwhen harsher ambient environments exist, efgang
winds. Its main limitations, e.g., limited rangedaftight time, are secondary since many federalleggpns allow
line-of-sight (LOS) operation only.

The design of the developed quadrocopter is basedcamponents of the Mikrokopter Quad XL
(Mikrokopter 2013). The quadrocopter that was asdethhas four brushless electrical motors and tBea long
carbon fiber propellers. Its total size in diaméseone meter. The quadrocopter is able to prodncabsolute thrust
of 9 kg. It's empty (without battery and camerajl gmoss weight is 1 and 2.6 kg, respectively. Ttméuim polymer
battery weighs 0.6 kg and provides 14.8 volts eaacity of 6,600 mAh. A payload of 1.5 kg can dded. Some
of it was used to mount a Sony NEX5N (16 mm fixedal length, 16.1 MP per image) camera system.

The frame of the quadrocopter is made out of lighght materials such as aluminum and carbon fiber
reinforced plastic. It has space for the motorstelyg electronic parts, and the camera mount. Hlight Control
Unit (FCU) is the core part of any UAV. It is alile process and implement the input commands franptlot or
the autonomous navigation routine into certain gatwnal tasks. The Inertial Measurement Unit (IM&§lesigned
to recognize the actual alignment, acceleratiom barometrical altitude. The four brushless motontmwllers
receive their commands from the FCU to trigger tbetional speed of the motors. The FCU is alseatly
connected with a low cost differential GPS receiaerd a magnetic compass. It is designed to extbed t
navigational capabilities of the quadrocopter,,dugnctions become possible like position hold, ocagrhome, and
flight according to pre-identified waypoints.

The flight trajectory data for a waypoint routetypically stored in a digital file that is submitt¢o the
UAV with a wireless data upload link from a groucwhtrol station, a mobile computer or smartphorfeariks to a
XML-based file structure of the waypoint file it possible to create a waypoint route with an extesoftware
solution. The current waypoint file is limited t®Q points which specify global position, flying iaitle above
ground, heading, speed, and the external contrgdifoh and triggering of the camera. It also allospecifying the
time the quadrocopter spends at a waypoint locadiwh the required accuracy before the camera takasoto.
Photos are normally taken on the fly. The cameramon the bottom of the quadrocopter includes $&ovo
motors which control the pitch and roll angles loé tamera. This allows the camera to stay in ar naafiition
during the flight. The camera shutter is controlléth an infrared-trigger device that is connediethe FCU.

In the current design, the quadrocopter is ablstay about 16 minutes in the air and can traveital t
distance of about 1 km at a flying altitude of nmxm 400 m. Although these technical characteristics



available, the surveying assignments the quadrecaypds given in this research required it to trady about 400
m at a time and at an altitude of about 100 m. dbadrocopter can be both manually controlled oripuan

autonomous flight mode. A commercially-availablé &Hz transmitter (as it is used to steer many ramlerafts

or helicopters) was used for manual control purpAse868 MHz data link provides the possibilityrtaintain real-
time flight information and wireless waypoint tram#ting. Equipped with a differential GPS receivehe

guadrocopter was able to follow autonomously adefned 3D flight trajectory of up to 100 waypoints

Essential building expertise for the hardware as$gnboth researchers have was assisted by a
professional. The modular UAV design allows addingeplacing quadrocopter components as a useeségjLe.g.,
camera mount and wireless data signal transmisdibis is particularly helpful in optimizing the dgs for
practical uses in civil engineering applicationbeTotal hardware cost is estimated to a few thudiskollars only
(about $6,000), thus offering attractive investragttirn opportunities for users.

FLIGHT PATH PLANNING AND DATA COLLECTION PROCESS

At an early research stage it was realized thatcthamercially-available flight preparation tool was
insufficient in handling photogrammetric surveyiagplications. The Mikrokopter Flight Planning TdMK FPT)
was modified to minimize the manual effort in thiglit planning process. The modified version of dwemputer
program addressed some specific aspects of adrabgrammetry for surveying applications in ciuilggneering,
e.g., overlapping of photo imagery to guaranteeagiigropriate overlapping coverage. All that is fefta pilot is to
select the region of interest (survey area) onnéeractive map, camera model, photo size and reso]ulight
altitude above ground, flight speed, and the lamtital and traversal coverage area of each phdte. flight
planning software uses these parameters to conwutdl flight plan consisting of the waypoints wkethe
guadrocopter takes along its flight path the phata®matically. The file format that stores thglli plan is .WPL.
Up to 100 waypoints can be entered in an userfagerwith very little manual effort. The user clickn a satellite
map to define start and end point of the flighthpa®ased on a preset resolution, an optimized ffljgdtth is
automatically generated.

The following flight process was developed: (1)gaee UAV for flight, e.g., check its hardware intilug
frame, motors, propellers, battery, sensors, aviditla of signal, (2) turn on the (photo) camerg) (pload the
waypoints for the flight path, (3) check the enwmimental conditions including surrounding airspagmd, human
hazards, (4) turn quadrocopter on, lift it off f@und manually, and switch to autonomous flightdmaoAfter lift-
off, the quadrocopter is following its preset tasksonomously. At each waypoint the quadrocoptezda photo.
In case of an unexpected event, a manual intesergipossible at any time. When the last waypisintached, the
UAYV returns automatically to its lift-off locatioby switching to the “coming home” mode. The landican be
performed either manually or automatically. Theadatquisition is now complete. If the size of thevey area is
too large for one flight, additional flights can performed.
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Figure 2 — Flight methodology (left) and developdtlV flight path planning interface with waypointsght).



PHOTOGRAMMETRIC DATA PROCESSING AND GENERATION OF 3D POINT CLOUDS

Photogrammetric data processing is needed to generageo-referenced 3D point cloud from the
unordered, overlapping, and surface image collectixisting Structure from Motion (SfM) algorithrase used to
automatically extract features in the images, ecgntour lines, edges, and feature points. Homalsgareas,
interior and exterior orientations are computedaibundle adjustment. The Exchangeable Image Fofiaf)
metadata from each digital image further providgsraximate values for the focal length and image.si

A detailed review how to generate 3D point cloudsrf photo imagery can be found in related literatoy
Lowe (2004) and Snavely et al. (2007). They appBBT (Scale Invariant Feature Transform) for keyap
detection. Furukawa et al. (2010) proposed a nstdtieo-view approach for large unorganized databetsikawa
and Ponce (2010) presented an algorithm for gengrateferenced 3D point clouds that are based @n th
computation of rectangular patches in overlappiegsa of adjacent images.

A commercially-existing software solution by Agi$&fhotoScan (2013) was used to establish the oalati
between the unordered image data collection. Tdfisvare has been recently optimized for the usé WiV. The
software’s professional edition allows to geo-refere the results in a specific coordinate systesxgorts these to
a digital elevation model or orthophoto. The recanded computer processing requirements for sucfe ldata
gathering projects with more than 100 images &+-hit operating system with at least 16 GB RAM.

The data processing is not complicated. First, abdal images are imported from the camera to the
computer. It is necessary that the images havedaguate overlap between each other. From the Exihadata,
their approximated interior orientation (focal Iéimgnd image sensor size) is determined. Therahfeprocessing
of the image collection begins. It is split in tArenain parts: (1) align photos, (2) build geometmd (3) build
texture (if required). Each part gives several fmiises to adjust parameters, which have an iefice on the
accuracy and structure of the results and the psirog time. It is possible to export these resadts: colored point
cloud, a digital elevation model with matched te&tlor an orthophoto. An automatically generatgubreassesses
the quality and accuracy to each step in the da&ieegsing process.

It is essential to geo-reference the data for &rtise in surveying applications. This task caedrapleted
in two different ways within PhotoScan: direct dandirect geo-referencing.

Direct geo-referencing can be achieved by using-#tamped GPS data which is recorded during the
flight. Synchronization of the internal camera tianed GPS time is achieved automatically. The exgoposition
of the image will be integrated in the Exif data geographical coordinates in the WGS84 format. &bhcan
integrates all data and makes an adjustment t@xterior orientation of the images. As a resulpoint cloud is
transferred to the given coordinate system.

Indirect geo-referencing can be applied by meaguéfierence targets that were deployed on the graun
the area of interest before the flight. These targeust be clearly visible in the images. Shouldjdts not be
available, it is also possible to use existingudesd in the environment which are fixed, e.g., nadalgovers or road
markings. These reference points must be surveyidd avsuitable survey method (e.g., differential SSBr
tachymetry). During the data processing processatso necessary to manually identify the refeegmaints in the
model provided by PhotoScan. The measured coosdinaf the targets will be referenced to the model.
Accordingly, the complete model will be geo-refared using a spatial transformation. At least tmeference
points are needed for this process, but it is renentded to use significantly more.

Direct geo-referencing offers the advantages tbagnound-based surveying and neither manipulation o
the 3D point cloud are necessary. It is faster tihdirect geo-referencing. However, indirect geferencing can
take full advantage of using the GPS data thatreesrded during flight and relate it easily to BBS data which
was collected in the field. As such, the user lbadetcide if the final product of a referenced paioud should be
achieved faster (preference should then be givea tiirect geo-referencing method) or if higher aacy is
required (indirect geo-referencing should be pref#y. Existing commercially-available photogramretdata
processing software can perform the referencink) ¢éAL00 images taken during a UAV flight withinali three
hours.



ERROR ANALYSISAND EVALUATION IN A TEST BED ENVIRONMENT

For the use in surveying applications an absolg®uracy analyses of the point cloud is mandatory.
Preliminary results from a first approach were @h#d in Neitzel et al. (2010) and Neitzel and Kiaski (2011).
Their purpose was to compare several low cost eaal oftware solutions for SfM under similar coidtis. The
error of their UAV and data processing softwaraigsohs was measured using a test bed environmeheisize of
100 by 150 m. Corner points of a parking lot wemeveyed in height and position using tachymetryate500
control points were measured for the error analysing PhotoScan. An average positional error 6fcin and a
height error of 2.5 cm were measured. In theirasdg they further reported that the results largielpend on the
topography of the test bed area.

The research presented in this paper conductedexpariments in the same test bed, however, using
additional and modified features: integrated gderemcing, advanced export functions, script supmptimizing
camera parameters, and point clouds with the helpeasured reference points. This new measureneeuired
fewer photos from an altitude of only about 50 rheTTmages taken at the new altitude had also magdapping
areas with each other. Finally, instead of usingr,fmine reference points on the ground were used (X’ in
Figure 3). Adding more features to the referenginaress significantly contributed to a reducedres shown in
Table 1, the maximum error of a single point watuced to 4.9 cm. The maximum height error was reddo +/-

6.4 cm. Even better results can be expected witetter UAV design and camera with higher resoludicmused.

The errors of the conducted measurement in 2012atsn be visualized and compared to the ones of
Neitzel et al. (2011) in 2010. No significant cheaagan be observed for the positional errors ifledige in Figure
3). The thickness of the arrows displays the sizb@error at a given location (marking stripestioa parking lot).
However, much more moderate height errors in thboright area of the test bed area can be séght (mage).

Table 1 — Errors of the same UAV system in the stesibed environment but operating with diffeneatameters.

Neitzel et al. 2011 2012
Software Agisoft PhotoScan Standard 2010 Agisoft PhotoScan Professional 2012
Flying altitude (resolution) 30 m (0.7 cm/pixel) 50 m (1.2 cm/pixel)
Reference points 6 9
Image count 99 49
Average positional error 5.6cm 0.6 cm
Average height error -2.5¢cm -1.1cm

Figure 3 — Results of the 2012 measurements: Ariogisating the size and orientation of errors asition (left)
and circles indicating the size of errors in heiglght).



UAV PERFORMANCE MEASUREMENT IN A FIELD-REALISTIC SCENARIO

Existing performance results relate mostly to optitest bed scenarios and conditions. Measuring iroe
performance of a UAV system ultimately requiresleaion in a realistic field study. Various testesi under
realistic conditions were selected to measure ther @erformance of the developed UAV system andighlight
its advantages and current limitations. A seconadnjgctive of these field trials was to generateyvdense 3D
point clouds from aerial photogrammetry (orthoplsotdth more than 100 points per square meter). @fdruth
data was measured using conventional survey tegbsjce.g., processes which generate highly accataface
models from differential GPS receivers and tachyye®ince obtaining such models is time consuming a
resource (personnel and instrument) intensive, fibld user had in mind estimating large earth-vadsmn
excavation and hauling applications rapidly forgmtial later use in advanced productivity and peggrmonitoring.
As earth volume estimates generated by a UAV-bagdeying approach may differ from any conventional
surveying method, great interest was put on meagtie errors in the generated 3D surface models.

The location of the test site was Friedewald, Geymdhe widening of an existing highway required th
removal of an old clay pigeon shooting range (dgar€ 4). Since such clay material is considerezhigous waste
under German law, the site required specializeéeation and treatment before any of the clay mateould be
repurposed. The estimated area of specialized akoavhad a size of 17,000 m? (200 x 85 m) andegifipd depth
of several centimeters over the entire area. GP8alted excavators were proposed to excavate théaminated
top soil applying lean principles (reducing if pibds any waste such as rework, too much, or tdke léxcavation).
The general contractor asked the research teaonttuct a performance analysis of the developed Wydtem. As
explained earlier, survey and documentation ofltesuith a RTS-based surveying approach was condpi@réhe
automated UAV-direct geo-referenced mapping apgro@oth results were referenced to a global coatdin
system that was eventually used to control thewetogg equipment. The following explains proceduand results.

Figure 4 — Field trial environment (left) and plaew of the generated ortho-image with the seleetath piles that
were used for the comparative study (right).

The UAV survey was prepared as previously explaibgd1l) measuring and marking of eight ground
control targets in the observation area using a &NX&eiver and SAPOS (German DGNSS Reference Btatio
System) and (2) planning the flight trajectory witte developed flight planning tool and the follagiattributes:
camera (Sony NEX5N with 16mm fixed focal lengthyjrfg altitude of 70 m, longitudinal overlap 80%téral
overlap 60%).

A total of 64 images were recorded providing a gubuesolution of 2 cm per pixel at an estimated rmea
error of 2 cm (horizontal) and 6 cm (vertical). Ara detailed error analysis was performed in sohtheoselected
excavation area, e.g., a larger area (8,300 m2)tlme@ smaller earth piles. All were measured whin RTS and
UAV. The terrain did not change between both memments. Potentially existing interferences frometation in
both surveys were removed. Since the area wasededready from trees and large bushes, this maaskltook
only a few minutes for both surveys. 3D surface et®@dased on data from both survey methods werergeul.
The results were compared.



The points recorded and measured by the RTS and W&ke 202 and 122,275, respectively. The
overlapping area between the two models was 7,76 Anriangulated surface mesh model was geneffategach
point cloud. Subtracting both models from each othsulted in a volume difference of 149 m? or werage height
difference of 1.9 cm (=149/7,761 m) over the entiverlapping area. Table 2 displays more intergstésults as
they relate to the RTS and UAV comparison. It alsdudes a comparison how long each survey tecleniqak.
The circles in Figure 5 explain at what locatioosnter or circles) the error of the UAV system \Wwagh and small
(large and small circles, respectively). The numshkiarFigure 5 indicate the differences in elevatbmiween the
RTS and UAV measurements which were taken from d@&ssible locations on the project. The mean &f th
height error between the RTS and UAV measuremeass42 cm with 5.9 cm as the standard deviation.

Table 2 — Comparison of results to RTS and UAV syrapplied to a larger excavation area.

Survey method RTS survey UAV-mapping
Coverage area 14,330 m? 24,900 m2
o Preparation 120 min 60 min
03 Recording 420 min 15 min
£33 Evaluation 120 min 60 min
== Overall 660 min 135 min
Point count 350 More than 2,000,000
Point density 0.02 points/m? Up to 561 points/m?
Mean accuracy of Horizontal 0.3 cm Horizontal 0.9 cm
the transformation Vertical 0.2 cm Vertical 0.2 cm
Pixel error 0.5 pixels
Accuracy of targets Horizontal 0.7 cm Horizontal 3 cm
Vertical 0.3 cm Vertical 0.5 cm

Figure 5 — Error location and size (in m) of UAVrgeated survey data in a field-realistic environtnen

The UAV surface model was on average about 1.9 igheh than the RTS surface model. Potential
reasons for this observation are: (1) thicknesthefground control points (reference targets hadight of 1 cm),
(2) the general tendency of measuring too low witRTS (e.g., having the surveying pole/rod sligipéyetrating
the ground surface), (3) impact of vegetation amdlase conditions (e.g., areas with standing wetat cannot or
hardly be measured using a RTS), and (4) nhumbsumviey point (a higher number of measured poinenially



makes a UAV-based measurement technique more &ea@inge the measurement resolution is densererliato
reasons were specifically observed and noted ifiefteexperiment.

For these reasons, three isolated earth pilesHigeiee 4) were measured in more detail. Resultslaoan
in Table 3. The differences in the surveyed eadlumes for the three piles were between 8-16%. eSfeaver
points were taken with the RTS, it is assumed tlagarement with the UAV provides a more accuratéhea
volume estimate. However, to avoid over- and urgterating of the volumes a terrestrial dense polioatid laser
scanning approach should have been utilized to eoenthe results more accurately. Although suchrredtese
surveying methods need to be applied in futurearese it may provide little practical value becawesathwork
estimating work which is conducted frequently thgbuield inspection and personal site visits reggiifast data
collection and analysis. Most earth volume estimate measured with a RTS because it offers serfftigi accurate
data. It is often preferred over laser scanningesihis less expensive, collects fewer points, iarehsier to setup.

Table 3 — Survey results of RTS and UAV on threthegiles

Area RTS UAV Error
[Mm?] | [m?] |Points | [m3] |Points| [m3] | [%]
Pilel | 443 | 730 29 789 |[3,877| 59 8%
Pile 2 | 440 | 997 40 1,090 | 2,617 | 93 9%
Pile3 | 95 81 24 95 454 14 | 16%

DISCUSSION AND CONCLUSION

This paper presented an approach for evaluatingghfermance of an Unmanned Aerial Vehicle (UAV) in
test bed and field-realistic environments. It ekpd the hardware components as well as a nowghtflpath
planning tool that allows a pilot to launch the UAd automated surveying tasks. The methodologh@n photo
images taken by a camera attached to the UAV avaeferenced was explained. The UAV was evaluateal test
bed environment and its performance was assessedolmparing its results to other research publicatio
Furthermore, test trials in field-realistic enviroents were conducted to demonstrate the applibabfiUAV and
photogrammetric surveying for civil engineering bggttions. The evaluation focused in particulartio@ magnitude
of the errors of a UAV-based photogrammetric apghoas it compares to conventional surveying tearaschat
were used for ground truth measurements. Factod emors influencing UAV-based photogrammetric
measurements were defined and discussed. ResuhesH tests demonstrate improvements comparewiops
research. However, some technical limitations magdnresolution, such as the battery life limitimg tflight
duration. Future work may also address on devetppase studies of using UAV in harsh work envirents.
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