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Abstract ͳͶ UAVs have been used in engineering for at least two decadesǡ mainly focusing on structural ͳͷ health monitoringǡ geological surveys and site inspectionsǡ especially at cases where a rapid ͳ͸ assessment is requiredǡ for example after a natural disasterǤ While there is a wide range of ͳ͹ recognition algorithms for the automatic identification of structural damageǡ structural ͳͺ geological features etcǤ from the acquired imagesǡ the parameters affecting the resolution of ͳͻ these images are often overlookedǤ As a resultǡ the UAV technology is not used at its full ʹͲ potential and at timesǡ it is even regarded as leading to poor outcomesǤ This paper discusses the ʹͳ main parameters affecting the resolution of the images acquired by a UAVǤ We present a case ʹʹ study of the structural geological mapping of a coastal area carried out using two types of UAVsǣ ʹ͵ a fixed wing and a hexacopterǤ A comparison between the structural geological maps based on ʹͶ the orthophotos and one produced using conventional techniques shows that the level of detail ʹͷ is the same and the time spent is at least ͷ times less when using a UAVǤ The fixed wing is faster ʹ͸ and thereforeǡ can cover large areas while the copter gives better resolution images as it can fly ʹ͹ at lower heightsǤ The latter is cost and time effective only if it is used for surveys limited to small ʹͺ areasǤ The characterization of some structural geological features has not been possible based ʹͻ solely on the orthophotosǤ We show that in order to achieve the desired accuracyǡ a ground ͵Ͳ sample distance of at least half that value is requiredǤ We discuss technical aspectsǡ such as the ͵ͳ effect of topography and UAV orientation on the overlap valueǡ the camera calibrationǡ number ͵ʹ of control points and lighting conditionsǡ that should be taken into account prior to flying a UAV ͵͵ and provide recommendations on how to obtain optimum resultsǡ iǤeǤ orthophotos that suit the ͵Ͷ needs of the projectǤ   ͵ͷ 
Keywordsǣ UAVǡ fixed wingǡ VTOLǡ mappingǡ image resolutionǡ engineering geological survey ͵͸                                                         Ș Deceased on ͷth March ʹͲͳ͹ 
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ͳǤ INTRODUCTION ͵͹ Unmanned Aerial Vehicles ȋUAVsȌ allow for the effective monitoring of large areas of land and ͵ͺ existing infrastructure within a very short time compared to conventional techniquesǡ a ͵ͻ favourable characteristicǡ especially at cases where urgent intervention is requiredǡ eǤgǤ when a ͶͲ natural disaster occursǡ eǤgǤ a rock slide ȋGreenwood et alǤǡ ʹͲͳ͸Ǣ Tannant et alǤǡ ʹͲͳ͹ȌǢ ʹͲͳ͸ Ͷͳ Kaikura earthquakeǡ New Zealand ȋEricksonǡ ʹͲͳ͹Ȍǡ or when inspection is necessary but the Ͷʹ site cannot be accessed due to Health and Safety concernsǡ eǤgǤ ʹͲͳͳ Fukushima earthquakeǡ Ͷ͵ Japan ȋAckermanǡ ʹͲͳͳȌǤ The main principle is that a UAV takes aerial imagesǡ incorporated ͶͶ with spatial data based on GNSS andȀor Inertial Measurement Unit ȋIMUȌǡ over an area to finally Ͷͷ produce a high resolution ͵D point cloud that can be used for a wide range of geologicalǡ Ͷ͸ civilȀmining engineering applications and projectsǤ The images are all processed to form a Ͷ͹ single image ȋmosaicȌ representing the area of interestǤ This image is geometrically corrected Ͷͺ ȋorthomosaicȌ and georeferenced and can be used to extract information such as distances and Ͷͻ locationsǡ in the same way as a mapǤ  ͷͲ UAVs have significantly developed during the last decadesǤ They operate remotely in the form ͷͳ of small platforms carrying cameras andǡ for the majority of applicationsǡ are available as small ͷʹ or micro aircrafts or Vertical takeǦoff and landing ȋVTOLȌ copters with four ȋquadcoptersȌǡ six ͷ͵ ȋhexacoptersȌ or more propellers ȋHackney and Claytonǡ ʹͲͳͷǢ Jordanǡ ʹͲͳͷȌǤ Currentlyǡ most ͷͶ of them are equipped with GNSS receivers andȀor other sensors ȋeǤgǤǡ Inertial System sensorsǡ ͷͷ etcǤȌǤ Telemetry facilities are frequently deployed for data transmission andȀor management in ͷ͸ almost real time when an immediate reaction is necessary ȋJordanǡ ʹͲͳͷȌǤ The leading ͷ͹ application of UAVs is undoubtedly ͵Ǧdimensional ȋ͵DȌ mappingǡ visualisation and modelingǡ ͷͺ thus contributing to applications such as topographic surveysǡ photogrammetric solutionsǡ ͷͻ progress monitoringǡ disaster analysisǡ archaeological mappingǡ agriculture and forestry ȋeǤgǤǡ ͸Ͳ Remondino et alǡ ʹͲͳͳǢ Niethammer et alǤǡ ʹͲͳʹǢ Draeyer and Strechaǡ ʹͲͳͶǢ Cryderman et alǤǡ ͸ͳ ʹͲͳͷȌǤ A detailed discussion on the evolution of UAVs and the state of the art of this technology ͸ʹ is given in a review work by Watts et alǤ ȋʹͲͳʹȌ and Colomina and Molina ȋʹͲͳͶȌǤ The latter ͸͵ conclude that the majority of commercial applications is supported by UAVsǡ the market of ͸Ͷ which is progressively developedǣ the UAV productionǡ the civilȀ commercial applications and ͸ͷ the research on UAVs have increased by ͸ͺΨǡ ͹ͺΨ and ͷͷΨǡ respectivelyǡ between ʹͲͲͷ and ͸͸ ʹͲͳ͵ ȋColomina and Molinaǡ ʹͲͳͶǢ Table ͳǡ pǤ ͺͲȌǤ  ͸͹ With the ever increasing use of UAVs there have been a number of studies focusing on the ͸ͺ efficiency of UAVs in geotechnicalǡ geological and other engineering applicationsǤ Siebert and ͸ͻ 
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Teizer ȋʹͲͳͶȌ used a UAV technology for the estimation of position errors and volume ͹Ͳ uncertainty estimation in construction and other civil engineering projects ȋeǤgǤǡ roadworksǡ ͹ͳ excavationǡ mining worksǡ etcǤȌǤ Error in heights was determined at the level of about Ͷ cm when ͹ʹ the flight level was at ͵Ͳ m and the difference in a volume of ͶͶͲ m͵ was found to be ͹͵ approximately ͻΨ as compared to the figure obtained by conventional surveying using GPSǤ ͹Ͷ Similar results and techniques are also reported in Draeyer and Strecha ȋʹͲͳͶȌ for the ͹ͷ determination of stockpile volumes and in Raeva et al ȋʹͲͳ͸Ȍ for the case of mining in quarriesǤ  ͹͸ Engineering geology mapping surveys include detailed mapping of the outcropǡ annotation of ͹͹ all featuresǡ namesǡ dips and strikes that allow for the characterization of the siteǤ UAVs can ͹ͺ produce a very detailed image of the outcrop ȋeǤgǤ Peng et alǤǡ ʹͲͳ͹Ǣ MartínezǦMartínez et alǤǡ ͹ͻ ʹͲͳ͹Ȍ butǡ in most casesǡ there is the need for someone to go on site for reconnaissance ͺͲ ȋCawood et alǤǡ ʹͲͳ͹ȌǤ New developments on algorithms and image processing techniques ͺͳ permitted the automatic identification of types of rocksǡ faultsǡ dip and strike measurements so ͺʹ manual work can significantly be reducedǡ eǤgǤ Michlethwaite et alǤ ȋʹͲͳʹȌǢ Stumpf et alǤ ȋʹͲͳ͵ȌǢ ͺ͵ Vasuki et alǤ ȋʹͲͳͶȌǢ Bemis et alǤ ȋʹͲͳͶȌǤ  ͺͶ Based on the reviewed literatureǡ there are no easily accessible guidelines available regarding ͺͷ the choice of some of the parameters that greatly affect the quality of photos and consequently ͺ͸ the orthomosaic obtained from a UAV eǤgǤ overlap between photosǡ flight heightǡ light ͺ͹ conditionsǡ specifications of the lens and cameraǡ and weather conditionsǤ As a resultǡ if the user ͺͺ is not experienced or does not have a basic knowledge on surveying and photogrammetry ͺͻ ȋquite common considering the wide range of UAV user backgroundsȌǡ a poor quality ͻͲ orthomosaic is produced on which an automated image algorithm can do littleǤ This frequently ͻͳ leads to the misconception that a poor outcome is always due to limitations of the UAV ͻʹ technologyǤ This paper focuses on the use of UAVs for engineering mapping surveys and makes ͻ͵ recommendations on the parameters that should be considered prior to flying a UAV in order ͻͶ to achieve optimum resolution of the obtained imagesǤ A case study on the mapping of ͻͷ structural geological features at an outcrop along the coast of South Ayrshire ȋScotlandȌ is also ͻ͸ presentedǤ ͻ͹ 
 ͻͺ 
ʹǤ PRINCIPLES OF PHOTOGRAMMETRY AND CHOICE OF FLIGHT PARAMETERS  ͻͻ There are a number of technical parameters that need to be considered prior to flying a UAVǣ ͳͲͲ the required resolution of the orthophotosǡ the flight heightǡ the overlap between the photosǡ ͳͲͳ the lens and camera characteristicsǤ These parameters are important because theyǡ not only ͳͲʹ 
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affect the resolution of the obtained imagesǡ but also the time spent on site and the postǦͳͲ͵ processing time and effort for the production of the point cloud and the orthomosaicǤ In ͳͲͶ additionǡ the resolution of the final orthomosaic significantly affects the amount of information ͳͲͷ that can be extracted and any results obtained from the use of automatic feature detection ͳͲ͸ algorithmsǤ ͳͲ͹ For engineering geological mapping surveysǡ a spatial resolution of less than ͳͲcm is generally ͳͲͺ goodǤ This translates to a requirement of maximum ͳͲcmȀpixelǡ iǤeǤ the Ground Sample ͳͲͻ Distance ȋGSDǡ the distance on the ground between the centres of two adjacent pixelsȌ should ͳͳͲ be ͳͲcmȀpixel or lessǤ For a certain GSDǡ the flight height depends on the focal length FLǡ the ͳͳͳ sensor width Sw and the number of pixels per photo width PN ȋHe et alǤǡ ʹͲͳʹȌ ͳͳʹ      ܨு ൌ ܦܵܩ כ ௅ܨ כ ௉ಿௌೈ               ȋͳȌ ͳͳ͵ where ͳͳͶ 
FH is the flight height ȋmȌ ͳͳͷ 
GSD is the ground sample distance ȋmȌ ͳͳ͸ 
FL  is the focal length ȋmmȌ ͳͳ͹ 
PN is the number of pixels per image width ͳͳͺ 
Sw is the sensor width ȋmmȌ ͳͳͻ From eqǤ ͳ it is evident that keeping the flight heightǡ number of pixels per image width and  ͳʹͲ sensor width the same and increasing the focal lengthǡ results in a better GSDǡ iǤeǤ spatial ͳʹͳ resolutionǤ For exampleǡ for a flight height of ͹ͷmǡ a sensor width of ͵ͷǤͻmm and ͹͵͸Ͳ number ͳʹʹ of pixels per image widthǡ a lens with ͳͷmm focal length gives a GSD of ʹǤͶcmȀpixelǤ This value ͳʹ͵ becomes equal to ͳǤͷcmȀpixel and ͳcmȀpixel for a lens with focal length of ʹͷmm and ͵ͷmmǡ ͳʹͶ respectivelyǤ  ͳʹͷ Howeverǡ the GSD and the camera used are not the only parameters that should be considered ͳʹ͸ before choosing the flight heightǤ Other factors to be accounted for are the flight time and the ͳʹ͹ number of images required to cover a specific areaǤ Both depend on the overlap percentageǡ iǤeǤ ͳʹͺ the percentage of the same area on the ground covered by adjacent images as shown in Figure ͳʹͻ ͳbǤ In generalǡ an overlap value of more than ͸ͲΨ for the forward overlap and at least ʹͲΨ for ͳ͵Ͳ the side overlap is considered adequate in photogrammetry in order for an orthomosaic to be ͳ͵ͳ createdǤ In practiceǡ for UAVsǡ a higher overlap valueǡ eǤgǤ ͺͲΨǦͺͷΨǡ would minimize the ͳ͵ʹ possibility of gaps in the orthomosaic and is recommended ȋCampbell and Wynneǡ ʹͲͳͳȌǤ ͳ͵͵ Howeverǡ it might not always be achievable due to camera triggering limitations and the flight ͳ͵Ͷ 
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parametersǤ For exampleǡ in the absence of windǡ a UAV that flies at ʹ͵Ǥͷ mȀs equipped with a ͳ͵ͷ camera that has a triggering limitation of ͳ Hz will need a flight height at which ʹ͵Ǥͷ m ͳ͵͸ represents ʹͲΨ of the along track image footprint to achieve an ͺͲΨ forward overlapǤ For a ͳ͵͹ sensor size of ʹͶmm and a focal length of ͵ͷmmǡ it needs ͳ͹ͷ m above ground level to achieve ͳ͵ͺ an along track image footprint that lets the camera capture ͺͲΨ forward overlapǤ This flight ͳ͵ͻ height might not allow for the desired image resolutionǤ Furthermoreǡ there might be additional ͳͶͲ limitationsǡ eǤgǤ the maximum flight height in the UK is ͷͲͲft ȋapproximately ͳͷʹ mȌ ȋCivil ͳͶͳ Aviation Authorityǡ ʹͲͳ͸Ȍ which means that a flight height of ͳ͹ͷm is not permittedǤ ͳͶʹ From trigonometryǡ the Ground distance GDx ȋfootprint perpendicular to the flight lineȌ is ͳͶ͵ related to the flight height FHǡ the focal length FL and the sensor width Sw as ȋsee Figure ͳa for ͳͶͶ referenceȌ ͳͶͷ GDx α ȋFH ȀFLȌ ȗ Sw      ȋʹȌ ͳͶ͸ Similarly the Ground distance GDy ȋfootprint along the flight lineȌ is given by ͳͶ͹ GDy α ȋFH ȀFLȌ ȗ SL      ȋ͵Ȍ ͳͶͺ where SL is the sensor size in the direction perpendicular to the flight lineǤ ͳͶͻ The flight line spacing FLS ȋFigure ͳbȌ is fiven by ͳͷͲ FLS α GDxȗȋͳǦside overlapȌ    ȋͶȌ ͳͷͳ while the number of flight lines NFL is equal to  ͳͷʹ      NFL α W Ȁ FLS      ȋͷȌ ͳͷ͵ where W is the width of the surveyed areaǤ ͳͷͶ The distance between the images Di is given by ͳͷͷ      Di α GDyȗȋͳǦforward overlapȌ   ȋ͸Ȍ ͳͷ͸ The number of images per flight line of length L is ͳͷ͹      Ni α ȋL Ϊ GDyȀʹȌȀDi     ȋ͹Ȍ ͳͷͺ and the total number of images per flight is equal to ͳͷͻ      NTi α NFLȗNi      ȋͺȌ ͳ͸Ͳ 
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 ͳ͸ͳ 

For exampleǡ the Sony A͹R camera has a sensor size ͵ ͻǤͷmm x ʹͶmmǤ If the area to be surveyed ͳ͸ʹ is ʹ ͲͲm x ͳͲͲmǡ using a lens with a focal length of ͳͷmm and a flight height of ͹ͷm would result ͳ͸͵ in a ground distance ȋfootprintȌ for each photo of ͳͻ͹Ǥͷm x ͳʹͲm ȋequations ȋʹȌ and ȋ͵Ȍ ͳ͸Ͷ respectivelyȌǤ The spacing between the flight lines for an overlap of ͺͲΨ ȋͲǤͺȌ is ͵ͻǤͷm ȋeqǤͶȌ ͳ͸ͷ and the number of flight lines required for an area of width ͳͲͲm is ͵ ȋrounded up from eqǤͷȌǤ ͳ͸͸ The distance between the images is ʹͶm ȋeqǤ͸Ȍ and the number of images per flight line ȋlength ͳ͸͹ equal to ʹͲͲmȌ is ͳͳ ȋrounded up from eqǤ͹ȌǤ This brings the total number of acquired images ͳ͸ͺ for this area to ͵͵ ȋeqǤͺȌǤ ͳ͸ͻ For the Sony A͹R camera ȋmounted on Trimble UXͷ HP fixed wingȌ Figure ʹ summarises how ͳ͹Ͳ the GSDǡ the flight time and the number of acquired images change with the flight height and ͳ͹ͳ the focal length ȋlensȌ for an area of ͳkm x ͳkmǤ Numbers in Figure ʹa and c have been ͳ͹ʹ calculated using eqǤȋͳȌ ȂȋͺȌ while Figure ʹb numbers were calculated using the Trimble Flight ͳ͹͵ Calculator ȋhttpǣȀȀuasǤtrimbleǤcomȀcalculatorȌǤ ͳ͹Ͷ From Figure ʹ it is evident that the focal length of the camera plays a significant role on the ͳ͹ͷ flight height as it can result in the same or even better resolution at twice the flight height to ͳ͹͸ the one achieved by a lens with a smaller focal length ȋFigure ʹ aȌǤ Choosing a higher flight height ͳ͹͹ reduces the flight time ȋFigure ʹbȌ and the postǦprocessing time since the number of acquired ͳ͹ͺ images covering the same area is significantly smallerǤ ͳ͹ͻ When the camera and focal length ȋlensȌ do not changeǡ the impact of the flight height on the ͳͺͲ image resolutionǡ the flight time and number of images is more prominentǤ Figure ͵ȋaȌ  and ȋbȌ ͳͺͳ show the effect of the flight height on the change of the GSDǡ the number of images acquired and ͳͺʹ 

ȋaȌ ȋbȌ 
Figure ͷ ȋaȌ Schematic diagram ȋnot in scaleȌ showing the relationship between the flight heightǡ the focal lengthǡ the sensor 
size and the ground distanceǤ ȋbȌ Schematic representation of the flight lines ȋred solid arrow linesȌ above the area of interest 
ȋdashed lineȌ the forward and side overlap and the flight line spacingǤ The blue rectangles represent the footprint of images
on the groundǤ Figure not in scaleǤ 
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the flight time ȋcalculated using the Trimble Flight CalculatorȌ for a survey area of ͳkmʹ and ͳͺ͵ ͲǤͲͳkmʹǡ respectivelyǤ The results refer to an Olympus EǦPL͹ camera with a ͳͶmm lensǡ ͳͺͶ mounted on Trimble ZXͷ ȋhexacopterȌǤ This allowed for a wider range of flight height values ͳͺͷ compared to those for the fixed wingǤ ͳͺ͸ 

As can be seen from Figure ͵aǡ the resolution of the images ȋGSD valueȌ could be better than ͳͺ͹ ͲǤͳcmȀpixelǡ howeverǡ this would require ͵ʹ͸ flights ȋor at least ͶǤͷ days for a maximum time ͳͺͺ of ʹͲ minutes per flight for the ZXͷȌǤ Even if the flight time was acceptableǡ the total number of ͳͺͻ acquired images ȋ̱ͳǡͷͷͲǡͲͲͲȌ would have made the postǦprocessing impossibleǤ A relatively ͳͻͲ manageable number of imagesǡ iǤeǤ less than ͺǡͲͲͲǡ for a commonly used computerǡ would ͳͻͳ translate to a flight height of ͹ͷm or less for a ͳkmʹ survey areaǤ But the required flight time is ͳͻʹ still quite high at Ͷ͵ͷ min ȋmore than ͹ hoursȌ resulting in the need of ʹʹ flightsǤ Even at a flight ͳͻ͵ height of ͳͷͲmǡ the required number of flights to cover the ͳkmʹ area would be ͳͲǤ ͳͻͶ 

Figure ͸ Change of ȋaȌ the GSDǡ ȋbȌ the flight time and ȋcȌ the number of acquired images with the flight height and the focal length 
ȋlensȌ for a survey area of ͷkm x ͷkm as obtained for the Sony AͽR camera mounted on Trimble UXͻ HP ȋfixed wingȌǤ The dashed 
horizontal line in ȋbȌ denotes the threshold of ͹ͻ mins which is the maximum time per flight for the UXͻ HPǤ 



ͺ  

These numbers reduce by at least ʹ orders of magnitude if the area to be surveyed is smaller as ͳͻͷ shown in Figure ͵ȋbȌǤ While the value of the GSD does not change for the same flight height ͳͻ͸ between Figure ͵ȋaȌ and Figure ͵ȋbȌǡ the differences in the required flight times and number of ͳͻ͹ acquired images are significantǤ An area of ͲǤͳkm x ͲǤͳkm can be surveyed with a single flight ͳͻͺ ȋͳ͸ minutesȌ at ʹͷm flight heightǡ resulting in a GSD value smaller than ͳcmȀpixelǤ ͳͻͻ 

The choice in the range of values used for the flight height in Figure ʹ and ͵ was dictated by ʹͲͲ aviation regulationsǤ In the UKǡ the maximum flight height above ground level ȋAGLȌ and the ʹͲͳ maximum horizontal distance from the person in charge are defined by the Civil Aviation ʹͲʹ Authority ȋCAAȌ as ͳʹʹ m ȋͶͲͲftȌ and ͷͲͲm ȋVisual Line Of Sightǡ VLOS Ȍ and ͳͷʹm ȋͷͲͲftȌ and ʹͲ͵ ͹ͷͲm ȋExtended VLOSǡ EVLOSȌǡ respectivelyǤ In other European countries the flight height is ʹͲͶ ͳͷͲmǡ in the US it is ͶͲͲft ȋͳʹʹmȌǤ There are also limitations due to the UAV technology itselfǤ ʹͲͷ For exampleǡ for the fixed wing and the hexacopter used in this studyǡ the minimum flight height ʹͲ͸ is ͹ͷm and ʹͲm ȋfor an autonomous flightȌǡ respectivelyǤ ʹͲ͹ 
͵Ǥ CASE STUDYǣ STRUCTURAL GEOLOGICAL MAPPING OF A SEDIMENTARY OUTCROP IN ʹͲͺ 

SOUTH AYRSHIRE ȋSCOTLANDȌ ʹͲͻ 

Figure ͹ Change of the GSD ȋblueȌǡ the flight time ȋgreenȌ and the number of acquired images ȋyellowȌ with the flight height for 
an area of ȋaȌ ͷkm x ͷkm and ȋbȌ ͶǤͷkm x ͶǤͷkmǤ The focal length ȋlensȌ is ͷͺmm and the camera used is the Olympus EǦPLͽ 
mounted on Trimble ZXͻ ȋhexacopterȌǤ The dashed horizontal line denotes the threshold of ͸Ͷ mins which is the maximum time 
per flight for the ZXͻǤ Note that the yǦaxis for both plots is in logarithmic scaleǤ 
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We tested the UAV technology on a project demanding high resolutionǣ the structural geological ʹͳͲ mapping of a fault zone outcrop in Scotlandǯs southǦwest coastǤ The field area is located on ʹͳͳ Whitehouse Shoreǡ a rocky beach a few miles south of the town of Girvanǡ South AyrshireǤ The ʹͳʹ outcrop has well exposed sedimentary and structural geological features ȋFigure ͶȌ and is ʹͳ͵ located within an Ordovician inlier in the Midland Valley Terrane ȋMcCayǡ ʹͲͳͶȌǤ The area has ʹͳͶ been mapped in detail as part of previous projects ȋLawson and Weedonǡ ͳͻͻʹǢ McCayǡ ʹͲͳͶȌ ʹͳͷ and thereforeǡ constituted a favourable site that allowed for comparisons between the ʹͳ͸ previously generated maps from conventional geological mapping surveys and maps generated ʹͳ͹ as part of this case study based solely on orthomosaicsǤ  ʹͳͺ 

The UXͷ HP ȋfixed wingȌ and ZXͷ ȋhexacopterȌ of TRIMBLE were used for the data collection ʹͳͻ for this case study ȋFigure ͶinsetȌǤ Their main technical characteristics are provided in Table ͳǤ ʹʹͲ 
 ʹʹͳ 
Table ͳǤ Main technical characteristics of TRIMBLE UXͷ HP and ZXͷ ʹʹʹ 

 UXͷ HP ZXͷ Type Fixed Wing Rotary Wing Dimensions ͳͲͲ x ͸ͷ x ͳͲǤͷ cm ͺͷ x Ͷͻ cm Camera Sony A͹Rǡ ͵͸ MP                          Olympus EǦPL͹ǡ ͳ͸ MP                   Image dimensions ͹͵͸Ͳ x Ͷͻͳʹ pixels Ͷ͸Ͳͺ x ͵Ͷͷ͸ pixels Focal length ͳͷ mm ͳͶ mm Sensor size ͵ͻǤͷmm x ʹͶmm ͳ͹Ǥ͵mm x ͳ͵mm  ʹʹ͵ For the field measurementsǡ two flights were planned using the UXͷ HP and the ZXͷ copterǤ ʹʹͶ Table ʹ summarises the parameters considered for the flight planǤ ʹʹͷ  ʹʹ͸ 
 ʹʹ͹ 

Figure ͺ The outcrop along Whitehouse Shoreǡ South Ayrshireǡ ScotlandǤ Inset leftǣ the UXͻ HPǤ Inset rightǣ the ZXͻ hexacopterǤ 
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Table ʹǤ Flight plan parameters for the Whitehouse Shore outcrop surveyǤ ʹʹͺ  ʹʹͻ 
 UXͷ HP ZXͷ Flight height FHȋmȌ ͹ͻ ͵Ͳ Area lengthǡ L ȋmȌ ͳʹͲȗ ͷ͸ȗ Area widthǡ W ȋmȌ ͷͷȗ ͸Ͷȗ Forward overlap ȋΨȌ ͺ͹ ͺͻ Side overlap ȋΨȌ ͺ͹ ͺͻ ȗThese are nominal dimensions as the actual shape of the areas surveyed with the UXͷ HP and ZXͷ was not rectangularǤ ʹ͵Ͳ  ʹ͵ͳ The field measurements at Whitehouse Shore lasted about four hours including necessary work ʹ͵ʹ prior to the flights on the establishment of five control points along the beachǤ The take off of ʹ͵͵ the UXͷ HP took place at a location approximately ͷͲͲm away from the beachǤ The flight lasted ʹ͵Ͷ ͺ minutesǤ The flight with the ZXͷ lasted approximately ͳͶ minutesǤ The take off and landing ʹ͵ͷ took place directly on the beach areaǤ Figure ͷȋaȌ and ȋbȌ show the final orthomosaics obtained ʹ͵͸ from the UXͷ HP and ZXͷǡ respectivelyǤ  ʹ͵͹ Using the orthomosaics and software ǮTrimble Business Centreǡ TBCǯǡ two structural geological ʹ͵ͺ maps were produced and presented in Figure ͹Figure ͸ and Figure ͸Figure ͹Ǥ These maps ʹ͵ͻ contain the main geological formations of the area under considerationǡ such as thrust faultsǡ ʹͶͲ strikeǦslip faultsǡ fracturesǡ joints and other geological structuresǤ Several thrust faults ȋshown ʹͶͳ as red dashed lines in Figure ͹Figure ͸ and Figure ͸Figure ͹ǡ respectivelyȌ have been ʹͶʹ recognised over the field siteǤ Another significant geological feature of the field siteǡ clearly ʹͶ͵ observed and delineatedǡ is the middle or main strikeǦslip fault also shown in the mapsǤ It is ʹͶͶ represented by a thick red line labelled ǲMain Fault GullyǳǤ Alsoǡ a splay is illustrated close to ʹͶͷ the main strikeǦslip fault showing almost the same directionǤ The mainǦstrike slip fault contains ʹͶ͸ an extensive uncemented brecciated zone which is composed by pebbles and sand ȋblue area ʹͶ͹ in Figure ͹Figure ͸ and Figure ͸Figure ͹ȌǤ This zone is also present near the splay fault and is ʹͶͺ labelled ǲcovered zoneǳǤ The covered zone is surrounded by two rocksǢ red mudstone and green ʹͶͻ mudstone ȋshown as grey and green areaǡ respectivelyǡ in Figure ͹Figure ͸ and Figure ͸Figure ʹͷͲ ͹ȌǤ Sandstone bands are observed along the red mudstoneǤ Furthermoreǡ a series of joints and ʹͷͳ shear fractures are clearly detected mainly around the strikeǦslip faultǤ Shear fractures are ʹͷʹ primarily characterised over the study area by their small scale offsets of the sandstone bands ʹͷ͵ and thrust faultsǡ as it is also reported in McCay ȋʹͲͳͶȌǤ Shear fractures are quite different from ʹͷͶ the strikeǦslip faults not only concerning their smaller offset but also due to their simple ʹͷͷ compositionǤ Two typical cases of shear fractures labelled as ǮFracture with Green Haloǯ and ʹͷ͸ 
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ǮCarbonate Veinǯ were observedǤ The colour and resolution of the images did not allow for the ʹͷ͹ characterization of other visible fractures and joints ȋlabelled as ǮUnidentified FracturesǯȌǤ ʹͷͺ  ʹͷͻ 

Figure ͻ Orthorectified photos from the surveyed area ȋaȌ by the UXͻ HP and ȋbȌ by the ZXͻǤ  

ȋaȌ ȋbȌ 
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Due to the lower flight height and lower speed ȋ͵mȀsec as opposed to ʹ͵ǤͷmȀsec for the UXͷ ʹ͸Ͳ HPȌ the map produced using the ZXͷ orthomosaic is more detailed compared to the map from ʹ͸ͳ the UXͷ HPǤ According to the theoretical GSD value for the ZXͷǡ iǤeǤ ͲǤͺcmȀpixelǡ we should have ʹ͸ʹ 

Figure ͽͼ Detailed georeferenced map of the surveyed area using the UXͻ HP showing the distribution and locations of the 
geological structural featuresǤ The map is overlayed on the orthomosaic from the images obtained by the UXͻ HPǤ 

Figure ͼͽ Detailed georeferenced map of the surveyed area using the ZXͻ showing the distribution and locations of the 
geological structural featuresǤ The map is overlayed on the orthomosaic from the images obtained by the ZXͻǤ 
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been able to distinguish objects that ȋͳȌ have a length or width of at least ͺmm or moreǡ and ȋʹȌ ʹ͸͵ are ͺmm apart or moreǤ On the SW part of the surveyed area shown in Figure ͸Figure ͹ the ʹ͸Ͷ geological formation of green mudstone covers a larger area than that of Figure ͹Figure ͸ due ʹ͸ͷ to the high resolution of ZXͷ that made possible to identify the limit of the green mudstone in ʹ͸͸ the orthomosaicǤ This was not possible to achieve in the orthomosaic of UXͷ HP where the limits ʹ͸͹ of the formation were not distinctǤ In additionǡ in the area covered by red mudstone ȋNE areaȌǡ ʹ͸ͺ more fractures are detected in the map based on the ZXͷ orthomosaic ȋFigure ͸Figure ͹Ȍ ʹ͸ͻ compared to those in the map based on the UXͷ HP orthomosaic ȋFigure ͹Figure ͸Ȍ despite the ʹ͹Ͳ fact that for the vast majority of themǡ their nature remains unidentified on both mapsǤ  ʹ͹ͳ In an attempt to determine some of the main geometrical characteristicsǡ iǤeǤ width and lengthǡ ʹ͹ʹ of the structural geological features that were identified in the orthomosaicsǡ we selected a wellǦ ʹ͹͵ defined joint ȋFigure ͺaȌǤ Its length and width were measured in the field and found equal to ʹ͹Ͷ ͲǤͻ͵͸ m and ͲǤͲ͵Ͷ mǡ respectivelyǤ The length was measured using a measuring tapeǤ The error ʹ͹ͷ of these measurements was within ͳmmǤ The determination of both the width and the length ʹ͹͸ of the joint using exclusively the orthomosaic was not straight forwardǤ Althoughǡ the GSD value ʹ͹͹ 

Figure ; Determination of geometrical characteristicsǡ iǤeǤ length and widthǡ of a jointǤ ȋaȌ zoomed area of the orthomosaic of 
Figure ͻbǤ The yellow arrow points at the selected jointǤ ȋbȌ Zoom at the right end of the selected joint in ȋaȌǤ The width of the joint 
could be determined as the length of the yellow line or the length of the yellow and blue linesǤ ȋcȌ Zoomed area included in the 
rectangle ȋyellow dashed line in ȋbȌȌǤ There is an ambiguity as to where the joint and the splay joint endǤ 

ȋaȌ 

ȋbȌ ȋcȌ 
A B 
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is very small ȋͲǤͺcmȀpixel for the ZXͷȌǡ this does not mean that the accuracy that can be ʹ͹ͺ achieved is the sameǤ As shown in Figure ͺc the width of the joint could be defined as the length ʹ͹ͻ of the yellow line ȋͲǤͲʹ͵ mȌ or the length of both the blue and yellow lines ȋͲǤͲͶ͹ mȌǤ The ʹͺͲ discrepancy is approximately twice the pixel lengthǤ For the joint lengthǡ the uncertainty is ʹͺͳ higherǣ the end of the joint could be defined at any location along the line defined between A ʹͺʹ and B in Figure ͺcǤ The uncertainty here is approximately ʹͶ mm ȋiǤeǤ three pixelsȌǤ The ʹͺ͵ ambiguity in recognizing the edges of faultsǡ fractures and joints is extensively discussed in ʹͺͶ studies focused on the development of automated recognition algorithms such as that by Kovesi ʹͺͷ ȋͳͻͻͻȌǤ ʹͺ͸  ʹͺ͹ 
ͶǤ DISCUSSION  ʹͺͺ This study focused on the optimum use of UAVs for engineering geology projects and presented ʹͺͻ a structural geological mapping survey as a case studyǤ   ʹͻͲ  ʹͻͳ 
ͶǤͳ Comparison with conventional geological mapping surveys  ʹͻʹ There are two main advantages for the use of a UAV in engineering geological mapping surveysǤ ʹͻ͵ Firstǡ it requires significantly less time and effort to map an area of the same or even much ʹͻͶ bigger size compared to commonly used mapping techniquesǤ In this studyǡ we focused on an ʹͻͷ outcrop along the Whitehouse shore that had been mapped before by McCay ȋʹͲͳͶȌ using ʹͻ͸ conventional mapping techniques ȋFigure ͻȌǤ The smallest area that was surveyed in our study ʹͻ͹ was that obtained by the ZXͷǤ This area is approximately ͵  times bigger than the area presented ʹͻͺ in Figure ͻǤ  Yetǡ it took about a fifth of the time ȋincluding the time in the field and the postǦʹͻͻ processing timeȌ to produce a structural geological map of the same dimensions and of the same ͵ͲͲ level of detail as that in Figure ͻ ȋpersonal communication with Alistair McCay on ͳʹȀͻȀʹͲͳ͸ȌǤ ͵Ͳͳ 

Figure Ϳ Detailed geological map of the Whitehouse Shore produced based on conventional geological mapping survey 
techniques ȋafter McCayǡ ͸ͶͷͺȌ 
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The second merit of using a UAV for structural geological mapping is that the produced ͵Ͳʹ orthomosaic is georeferencedǤ Where it lacks is the identification and characterization of some ͵Ͳ͵ structural geological featuresǤ Although in our study it was possible to identify the feature type ͵ͲͶ for most of themǡ there were some for which visual inspection was necessary and no safe ͵Ͳͷ conclusions could be made based only on the imageǤ It should be noted that the amount of ͵Ͳ͸ information that can be extracted from an image also depends on the camera calibration ȋas ͵Ͳ͹ discussed in the following paragraphȌ and the experience of the observerǤ A more experienced ͵Ͳͺ geologist or engineer would be more likely able to identify more feature types on an image ͵Ͳͻ compared to those identified by a less experienced personǤ This number would differ again if ͵ͳͲ using an automated recognition algorithmǤ  ͵ͳͳ  ͵ͳʹ 
ͶǤʹ Technical considerations ͵ͳ͵ We show that for favourable weather conditions such as those prevailed in our studyǡ the ͵ͳͶ achieved resolution of the orthomosaic depends on the flight height and the sensor size and ͵ͳͷ lensǤ The flight height is restricted by the type of the UAVǡ iǤeǤ copter or fixed wingǡ the aviation ͵ͳ͸ regulations and the application itselfǤ As shown in Figure ʹa the flight height can be increased ͵ͳ͹ if using a lens with a bigger focal length or as derived from eqǤ ͳǡ a bigger sensor sizeǤ The last ͵ͳͺ two imply a high resolution camera whichǡ on one handǡ might conform with the resolution ͵ͳͻ requirements of a project but on the otherǡ results in increased cost and payload requirementsǤ  ͵ʹͲ For a flight height of more than ͺͲmǡ a sensor size of ͹͵͸Ͳ pixels and a ͳͷ mm lens can achieve ͵ʹͳ a GSD better than ͺmmȀpixelǡ a value that is adequate for most engineering projectsǤ If a lower ͵ʹʹ height is adoptedǡ for example when using a copterǡ another factor to be considered is the ͵ʹ͵ number of images acquired as it significantly affects the postǦprocessing timeǤ The latter ͵ʹͶ depends on the processing software used and the cameraǤ UASmaster ȋTrimble Business ͵ʹͷ CentreȌǡ the software used for the processing of images in this studyǡ can process ͳͲͲ images ͵ʹ͸ within ͳǦʹ hoursǤ For ͳͲͲͲ images it takes ͸ Ǧ ͺ hours ȋthis includes tasks such as tie point ͵ʹ͹ extractionǡ Ground Control Point ȋGCPȌ measurement and camera calibrationȀexterior ͵ʹͺ orientationǦEOȌ plus ͳǦʹ hours for deliverable creationǤ For ͺͲͲͲ images the processing time ͵ʹͻ consists of ʹͶǦ͵͸ hours each for point extraction and GCP measurementȀEO and ͶǦ͸ hours for ͵͵Ͳ deliverable creationǤ These times refer to an Intel Xeon dual processor ̷ ʹǤ͸ GHz and ͶͺGb ͵͵ͳ RAM and indicate an almost perfect linear relationship between the number of images and the ͵͵ʹ processing timeǤ It should be noted here that for the same processor and number of imagesǡ the ͵͵͵ 
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camera also affects the processing timeǤ For exampleǡ a ͷ͸MP camera will result in a ͵͵Ͷ significantly differentǡ iǤeǤ three times higherǡ number of pixels per image compared to a ͳ͸MP ͵͵ͷ cameraǤ ͵͵͸ The number of ground control points ȋGCPȌ can significantly affect the accuracy of the ͵͵͹ orthomosaic ȋTonkin and Mingleyǡ ʹͲͳ͸ȌǤ The number of GCPs required depends on the ͵͵ͺ topography and the method used to establish a GNSS positionǤ For exampleǡ postǦprocessing ͵͵ͻ kinematic ȋPPKȌ and RealǦtime kinematic ȋRTKȌ only require one GCPǤ  This is the minimum ͵ͶͲ GCP number recommended to allow for the control of the height component of the GNSS ͵Ͷͳ measurementsǤ The minimum number in all other cases is at least four or five per flight and ͵Ͷʹ their geometrical distribution should be suitable for the site topography ȋTonkin and Mingleyǡ ͵Ͷ͵ ʹͲͳ͸ȌǤ  ͵ͶͶ GCPs are also used for the calibration of the cameraǤ The calibration of the camera models the ͵Ͷͷ lens distortionǤ In most cases it is also important to calibrate for white balanceǤ The latter does ͵Ͷ͸ not affect the accuracy of the produced orthomosaic but it affects the true colours of the ͵Ͷ͹ acquired imagesǡ which might be significant for projects related to geological mappingǤ The ͵Ͷͺ calibration of a camera for photogrammetric purposes has been extensively discussed in the ͵Ͷͻ international literatureǡ eǤgǤ Zhangǡ ʹͲͲͲǢ Wang et alǤǡ ʹͲͲͺǢ Balletti et alǤ ʹͲͳͶǤ   ͵ͷͲ 
ͶǤ͵ User errors  ͵ͷͳ As with every other technologyǡ UAVs require sensible useǤ In many casesǡ the result of a UAV ͵ͷʹ survey reflects user errorsǤ One of the parameters that are controlled by the user and affect the ͵ͷ͵ quality of the orthomosaic is the forward and side overlapǤ The recommended value for the ͵ͷͶ forward and side overlap is at least ͺͲΨ for mapping surveys that require high accuracy ͵ͷͷ ȋGatewingǡ ʹͲͳ͵ȌǤ This might not be always achievable if the shutter speed of the camera is too ͵ͷ͸ slow for the chosen flight height and UAV speedǤ Also it can be compromised by not anticipating ͵ͷ͹ the effects of topography and the UAV orientation overlapǤ An example of the effect of ͵ͷͺ topography on the overlap value is shown in Figure ͳͲǤ  Figure ͳͲa shows the orthomosaic of a ͵ͷͻ hill areaǤ The black spots visible at the top left of the image are areas that lacked sufficient tie ͵͸Ͳ points ȋiǤeǤ common points among the imagesȌ for the images to be tied togetherǤ That particular ͵͸ͳ area of the orthomosaic should depict a hillǤ Figure ͳͲb shows the point cloud focusing on that ͵͸ʹ hillǤ It is rotated so that the noise in the point cloud corresponding to the black spots in the ͵͸͵ orthomosaic ȋFigure ͳͲaȌ is apparentǤ In this case the overlap that was chosen by the user was ͵͸Ͷ ͺͷΨ and the flight height ͻͳm AGLǤ Howeverǡ the topography was not flat ȋpresence of a hillȌ ͵͸ͷ 



ͳ͹  

and the take off point was not at the top of the hill but approximately at mid heightǤ As a resultǡ ͵͸͸ the effective overlap value for the area close to the top of the hill was much smaller ȋsee Figure ͵͸͹ ͳͳaȌ than ͺͷΨǤ  ͵͸ͺ The effect of the UAV orientation and how it compromises the overlap value is shown in Figure ͵͸ͻ ͳͳbǤ The pitchǡ roll and yaw values are known and provided by the inertial systemǤ They help ͵͹Ͳ orientate the images correctlyǡ howeverǡ that requires a high standards IMUǤ Even thenǡ if the ͵͹ͳ image isn̵t taken in the right orientationǡ eǤgǤ due to excessive yaw because of unfavourable ͵͹ʹ wind directionǡ no amount of reǦorientation will make the photos overlapǤ  ͵͹͵ The wind direction is not the only meteorological factor affecting the quality of a UAV surveyǤ A ͵͹Ͷ UAV flight should take place in good light conditionsǤ Although the AutoISO can compensate for ͵͹ͷ unfavourable light conditionsǡ this function might be limited in some camerasǤ A detailed ͵͹͸ discussion on poor light conditions during a UAV flight and the resulted artefacts on the ͵͹͹ acquired images is presented in Whitehead and Hugenholtz ȋʹͲͳͶȌǤ ͵͹ͺ 

Figure ͷͶ Effect of poor overlap on the orthomosaicǤ ȋaȌ orthomosaic of a hill areaǤ The black spots at the top left are due to poor 
overlapǤ As a result the top of the hill is missingǤ ȋbȌ Point cloud of the area where the black spots in ȋaȌ appearǤ The result is noiseǤ 
Images courtesy of Survey Solutions Scotland LtdǤ 
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ȋaȌ ȋbȌ 
Figure ͷͷ Overlap compromise with ȋaȌ topographyǤ and ȋbȌ with yawǤ In ȋaȌ the overlap value is the one specified by the user at 
the elevation of the launch pointǤ At higher elevationsǡ the effective overlap is lessǡ at lower elevations the effective overlap is moreǤ 
The change might be significant if the changes in the topography of the surveyed area are majorǤ In ȋbȌ the size of the area that is 
overlapped for two casesǡ numbered ͷ and ͸ǡ is shown for the same nominal overlap value for a flight with yaw ȋbǦleftȌ and without 
ȋbǦrightȌǤ Figures not in scaleǤ 
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Another very common misconception is that the accuracy of measurements based on the ͵͹ͻ images acquired by a UAV survey is equal to the value of the GSDǤ Our case study has shown ͵ͺͲ that this is not trueǤ The GSD value should be at least half the accuracy required by the project ͵ͺͳ in order to minimize the ambiguity introduced by the pixel colourings as shown in Figure ͺǤ ͵ͺʹ A UAV is a tool and as such it should be used for the right applicationǤ For mappingȀmonitoring ͵ͺ͵ of small areasǡ iǤeǤ less than ͳͲǡͲͲͲmʹǡ a VTOL ȋvertical takeǦoff and landingȌ is more ͵ͺͶ appropriateǡ while a fixed wing is more suitable for covering larger areasǤ Figure ͳʹ shows how ͵ͺͷ the survey of a small areaǡ as the one along the Whitehouse shore presented in this paperǡ is ͵ͺ͸ affecting the shape of the flight lines for a fixed wing aircraftǤ For the fixed wing aircraft ȋUXͷ ͵ͺ͹ HPȌ the flight lines are not strictly straight above the area under survey as would have been in ͵ͺͺ an optimum case ȋFigure ͳʹaȌǤ Insteadǡ they are curved along at least half the length of the area ͵ͺͻ of interest due to the turning circle required by the UXͷ HPǤ This results in images that have a ͵ͻͲ compromised overlap as shown in Figure ͳͳbǤ On the contraryǡ Figure ͳʹb shows the flight lines ͵ͻͳ for the ZXͷ hexacopter ȋVTOLȌ over the same areaǤ In this caseǡ all flight lines are straight and ͵ͻʹ parallelǤ ͵ͻ͵  ͵ͻͶ 

 ͵ͻͷ 
ͷǤ CONCLUSIONS ͵ͻ͸ UAVs are a promising technology with great potential as a tool in engineering geology projectsǤ ͵ͻ͹ As every toolǡ it requires sensible use and more importantlyǡ a good understanding of the ͵ͻͺ surveying principles involvedǤ This technology has already become the Holy Grail in mapping ͵ͻͻ surveysǡ in many cases totally replacing terrestrial surveying equipmentǣ its ability to cover ͶͲͲ large areas in very little time is a highly desirable characteristic in an era where quick and ͶͲͳ 

ȋaȌ ȋbȌ 
Figure ͷ͸ UAV survey at Whitehouse shoreǤ Flight lines for ȋaȌ the UXͻ HP ȋred linesȌ and ȋbȌ the ZXͻ ȋwhite linesȌǤ The yellow 
boxes in ȋaȌ and the white dots in ȋbȌ indicate the locations where the camera was triggeredǤ 
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effective intervention has become the normǤ As shown from this studyǡ this comes with a costǢ ͶͲʹ high resolution images require more expensive sensors or lower flight heights and computers ͶͲ͵ with high processing capacity to allow for processing of large numbers of imagesǤ An ͶͲͶ engineering approachǡ such as a compromise between the flight height and the detail that can ͶͲͷ be derived from the orthomosaicsǡ is required almost at all timesǡ ifǡ for exampleǡ cost and time ͶͲ͸ are the driving parametersǤ Due to the wide availability of UAVs and their ease of useǡ the ͶͲ͹ number of operators with limited surveying and photogrammetric knowledge is constantly ͶͲͺ increasingǤ This study offers comprehensive guidance on the consideration of the main ͶͲͻ technical parameters in order to utilize UAVs to their maximum potentialǤ  ͶͳͲ  Ͷͳͳ 
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