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Abstract In the present study, the potential use of unmanned aerial vehicles
(UAVs) as a platform to flexibly obtain sequence of images along coastal areas
from which producing high quality SfIM-MVS based geospatial data is tested. A
flight campaign was conducted over a coastal test site covering an area of around
4 has near Malaga (Spain). Images were taken on 1st December 2015 at a height
above the ground ranging from 113.5 to 118 meters by using a Sony 06000® con-
sumer camera mounted on a UFOCAM XXL v2® octocopter. 40 RTK-GPS sur-
veyed ground points were evenly distributed over the whole working area. Fur-
thermore, a very dense and accurate point cloud was collected by using a FARO
Focus 3D X-130 terrestrial laser scanner (TLS). The photogrammetric block was
computed by using two widely known SIM-MVS commercial software implemen-
tations such as Inpho UASMaster® and PhotoScan Professional®. PhotoScan
provided a highly accurate bundle adjustment with errors of 1.5 cm, 1.5 cm and
6.1 cm along X, Y and Z axis respectively. The triangulation errors computed
from UASMaster turned out to be slightly poorer along Z axis. In this sense, the
very high resolution Surface Model built up from the corresponding photogram-
metric point cloud depicted higher Z-differences with respect to the reference TLS
derived surface model in the case of the UASMaster workflow. Summing up, the
high degree of automation and efficient data acquisition provided by UAV-based
digital photogrammetry makes this approach competitive and useful to be applied
in high resolution 3D coastal mapping.
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1 Introduction

Mediterranean coastal areas are being progressively degraded mainly because they
are withstanding a high pressure linked to an increasing economic activity that
provides large profits from the tourist industry. This process is causing the emer-
gence of new infrastructures (harbors, roads, urbanizations, engineered structures,
etc.) which are seriously affecting coastal environment [1]. In this sense, it is
worth noting that urban development of coastal areas and resource use conflicts
spawn environmental degradation and increasing hazard vulnerability [2]. As a re-
sult, some specific programs have been developed for the Mediterranean Sea (e.g.
United Nations Environment Program/Mediterranean Action Plan) in order to
study the degradation and conservation processes along Mediterranean coastal ar-
eas.

Among the coastal environments, sandy beaches constitute the most dynamic
natural system as well as the most exposed to morphological variations. Further-
more, they are usually under a large anthropic influence. Sandy beaches behave
differently regarding the spatial and temporal scales. On one hand, seasonal
changes along shoreline cross-profiles may be observed from winter to summer
and also due to specific atmospheric events such as storms surge [3]. On the other
hand, the general trend of coastal evolution can be assessed by means of a long-
term evolution study [4].

Historically, the shoreline has been used as the main indicator of the coastal
dynamic [4, 5]. Hence the geomatics techniques utilized for its extraction have
been extended to a wide set of fields such as researching, engineering, manage-
ment, land-use planning and environmental issues. Notice that long coastlines and
dynamic processes make the application of traditional surveying difficult, but re-
cent advances made in the geomatics discipline allow for more effective method-
ologies to be investigated.

The development of some techniques that make possible to efficiently obtain
high accuracy Digital Surface Models (DSM), such as Digital Aerial Photogram-
metry or airborne LiDAR technology, have pointed out to the datum-coordinated
shorelines, based on either tidal or vertical reference datums, as the most suitable
shoreline indicator [5], since a shoreline extracted from a stable vertical datum can
be treated as a reference shoreline and used to accurately compute shoreline
change rates at local scale so allowing the reliable simulation of coastal erosion.
Moreover, coastal geomorphology requires accurate topographic data of the so-
called beach systems to carry out a number of simulations related to flooding phe-
nomena and assessment of the coastal sediment budget [6]. In this way, the emer-
gence of Structure from Motion (SfM) with Multi-View Stereo (MVS) in recent
years has revolutionized 3D topographic surveys by significantly boosting effi-
ciency in collecting and processing data. Coming from the fields of computer vi-
sion and photogrammetry, SEIM-MVS can produce, under certain conditions, very
dense and accurate 3D point clouds of comparable quality to existing laser-based
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methods (e.g. Airborne Laser Scanning (ALS) or even Terrestrial Laser Scanning
(TLS)) [7]. In fact, the image-based approach [8], supported by recent develop-
ments in computer vision [9], is helping to provide additional automated methods
for both image orientation and 3D reconstruction at different scales [10].

The main goal of the present study was to test the potential use of unmanned
aerial vehicles (UAVs) as a platform to flexibly obtain sequence of images along
coastal areas from which efficiently producing high quality and dense SfTM-MVS
based geospatial data.

2 Study site and dataset

An UAV-based flight campaign was conducted over a coastal test site covering a
target area of around 4 has near the city of Malaga, located at south of Spain (Fig-
ure 1). The working area consisted of a sandy Mediterranean beach (foreshore)
and a shrubland zone (backshore). The flight pattern consisted of three strips com-
posed of 97 vertical (nadir) images with a forward and side overlap of 90% and
50% respectively.

Fig 1. Location of the coastal study site.

Images were taken on 1st December 2015 at a height above the ground ranging
from 113.5 to 118 meters by using a Sony 06000® consumer camera mounted on a
UFOCAM XXL v2® octocopter whose acquisition rate was automatically set on
one shot per second. The high redundant set of images acquired facilitated the ap-
plication of SfM-MVS approach. The camera, equipped with a 24.3 megapixel
APS-C CMOS sensor (4.19 pym/pixel), was set at 30 mm focal length, therefore
capturing RGB images at approximately 1.5 cm Ground Sample Distance (GSD).
40 ground points, constituted of different targets (marks painted on the ground, ar-
tificial targets, etc.), were evenly distributed over the whole working area and sur-
veyed by applying Real Time Kinematic (RTK) GPS technique from using a cou-
ple of base and rover Trimble R6 receivers (Figure 2).
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Fig 2. Orthomosaic (GSD = 2 cm) depicting ground points distribution and artificial targets. 8
(top), 24 (bottom-left) and 16 (bottom-right) GCPs configurations.

A range from 8 to 24 ground points (Figure 2) were employed as Ground Con-
trol Points (GCPs) manually marked on the digital images to carry out the triangu-
lation and bundle adjustment process to obtain the external orientation parameters
for each photogram belonging to the photogrammetric block. It allowed the trans-
formation of the structure-from-motion point cloud into real world coordinates
(UTM 30N ETRS89 and orthometric heights EGM08 REDNAP). They were also
used to carry out a camera self-calibration process, except focal length (fixed at 30
mm), headed up to optimize the camera model (principal point offset and radial
and tangential distortion). The remaining ground points were used as independent
check points (ICPs) for assessing the 3D accuracy of the bundle adjustment. A
very dense and accurate point cloud, representing a proper ground truth for com-
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parison purposes, was also obtained by co-registering four independent point
clouds collected through a FARO Focus 3D X-130 terrestrial laser scanner (TLS).
This reference TLS point cloud was georeferenced by applying a 3D conformal
coordinate transformation based on the surveyed RTK-GPS world coordinates of 6
spheres evenly located over the whole working area. Finally, the photogrammetric
block was computed in the same way but using two SfM-MVS commercial soft-
ware implementations such as Inpho UASMaster® and PhotoScan Professional®.

3 Results and discussion

Regarding the photogrammetric triangulation accuracy assessment results, com-
puted at ICPs and working on only 8 GCPs evenly distributed over the test site
(corners and sides of the photogrammetric block. Please see Figure 2, top),
PhotoScan software provided a highly accurate bundle adjustment with errors
(measured as root mean square error or rmse) of 1.5 cm, 1.5 cm and 6.1 cm along
X, Y and Z axis respectively. The triangulation errors computed from UASMaster
bundle adjustment turned out to be slightly poorer along Z axis, with rmse, = 10.6
cm, performing very similar with respect to planimetric accuracy (rmse, = 1.3 cm
and rmse, = 1.6 cm). Table 1 depicts that the residuals of the bundle adjustment
transformation measured at ICPs decreased when increasing the number of GCPs.
The accuracy results at this first stage (SfM phase) between PhotoScan and
UASMaster turned out to be quite similar only when the number of GCPs was
equal or higher than 16 GCPs. Note that the output of the SfM stage is a sparse
and unscaled 3D point cloud in arbitrary units along with camera models and pos-
es. At least three GCPs with XYZ coordinates are needed to scale and
georeference the SfM-derived point cloud by means of a seven parameter linear
similarity transformation [11]. Therefore, and unlike conventional photogramme-
try, each photograph does not require to contain visible GCPs. Nowadays, it is
even possible to undertake the so-called “direct” georeferencing, so avoiding pho-
togrammetric ground control, through known attitude and camera positions given
by RTK-GPS measurements and an Inertial Measurement Unit [12].

Table 1. Accuracy results computed at the Ground Points not used in the photogrammetric bun-
dle adjustment computation (32, 24 and 16 independent check points respectively).

rmse, (cm) rmse, (cm) rmse, (cm)

PhotoScan® 1.5 1.5 6.1

8 GCPs
UASMaster® 1.3 1.6 10.6
PhotoScan® 1.2 1.2 3.7

16 GCPs
UASMaster® 1.1 0.9 3.9
PhotoScan® 1.2 1.0 3.4

24 GCPs
UASMaster® 1.2 0.9 3.8
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With regards to the second stage, that is point cloud densification or MVS
phase, which is very related to 3D surface reconstruction, MVS algorithms usually
increase the density of the initially sparse point cloud by at least two orders of
magnitude applying, among other approaches, depth-maps merging methods [7].

Table 2. Vertical accuracy results computed at N = 2041997 points for the digital surface models
(5 cm grid spacing) provided by the SEIM-MSV commercial software implementations tested.

Z-differences (cm) Z-differences (cm)
TLS — PhotoScan TLS — UASMaster
Mean error -1.5 -11.0
8 GCPs Median -1.5 -8.8
Standard Deviation 4.1 9.0
Mean error -3.3 -1.0
16 GCPs Median -3.1 1.5
Standard Deviation 3.1 8.8
Mean error -2.7 -1.6
24 GCPs Median -2.3 0.7
Standard Deviation 3.1 8.8

The very high resolution DSM built up from the corresponding photogrammet-
ric point cloud (5 cm grid spacing), strictly computed over the sandy beach land
cover and only using eight GCPs , depicted higher Z-differences with respect to
the reference TLS derived surface model (ground truth) in the case of UASMaster
workflow, providing a non-negligible systematic error of -11 cm (given as the
mean of Zp g — Zyasvaser differences) and a random error, measured as standard
deviation, of 9 cm (Table 2). Notice that, on the contrary, the mean error comput-
ed for the Z-differences between TLS data and PhotoScan derived DSM took a
value of -1.5 cm, also presenting a standard deviation of 4.1 cm significantly low-
er than that calculated in the case of UASMaster (Table 1). Furthermore, the
standard deviation of Z-differences remained fairly steady when increasing the
number of GCPs on which the photogrammetric block was computed (SfM stage)
in the case of UASMaster approach. In this sense, there was little improvement
from adding more GCPs to compute the photogrammetric triangulation and the in-
itial sparse point cloud regarding random error. Yet, systematic error was clearly
lowered after increasing the number of GCPs constraining the photogrammetric
block. PhotoScan software performed better and showed more stable vertical error
regardless the number of GCPs used to adjust the photogrammetric block.

The corresponding histograms of Z-differences, given as TLS minus
photogrammetrically derived point cloud, both for the case of PhotoScan and
UASMaster and eight GCPs, are shown in Figure 3. It is important to highlight
that PhotoScan vertical residuals fitted better a Gaussian distribution (overlaid on
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the histogram) than UASMaster ones, proving the better performance of the MVS
algorithm implemented in PhotoScan software. This finding was clearly corrobo-
rated by plotting the 2D spatial distribution of residuals (Figure 4), where a sharp
mosaicked effect can be made out in the case of the UASMaster-derived DSM.

s oz 600000

400000 o

E : 400000
E 300000 i

2 E 300000
2 2
Emm i

[

o 100000

. s - A

038 235 038 023 A8 013 0,08 905 0@ OW 092 QAT

.14 212 .10 .08 0.06 0.04 4.02 0.00 0.02 0.04 0.06 0.08 0.10 D.12
Zafterences (m)

Z-differences (m)
Fig 3. Histogram of Z-differences within the sandy beach land cover between TLS point cloud
minus PhotoScan-derived DSM (left) and UASMaster-derived DSM (right) (5 cm grid spacing).
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Fig 4. Z-differences (meters) within the sandy beach land cover given as PhotoScan (left) and
UASMaster (right) point cloud (both based on eight GCPs) minus TLS point cloud.

4 Conclusions

The approach proposed in this work integrates Structure-from-Motion (SfM) and
Multiview-Stereo (MVS) algorithms and, in contrast to traditional photogramme-
try techniques, it requires little expertise, few control measurements and, moreo-
ver, processing is practically automated. Although the absolute accuracy of TLS
point clouds is superior to SEIM-MVS photogrammetry when working over a range
of several meters, the high degree of automation and efficient data acquisition
provided by UAV-based SfIM-MVS digital photogrammetry makes this approach



888 F.J. Aguilar et al.

extremely competitive and useful to be applied in high resolution 3D coastal map-
ping. It is worth noting that the quasi-flat surface surveyed in this work would not
be the best 3D surface to perform camera auto-calibration. In this sense, a pre-
flight camera calibration would be required in order to improve the current results
by accurately modeling the inner camera geometry.

Among other added-value geospatial products provided by SfM-MVS, we can
highlight the 3D photorealistic models made up of high quality 3D textured trian-
gular meshes ready to be 3D printed or inserted in 3D immersive environments.
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