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ABSTRACT:

Nature based soliwns are growing rapidly in order to mitigate in the near future the effects of climate change and rise of sea level
on most anthropogenic coasts. In that frathe, CHERbourg bLOC CHERLOQ project aims to study new coastal engineering
solutions (overtopipg, sediment transport) thanks to two new artificial unitdwo test sites (Normandy, France) considering
biodiversity preservation but also societal acceptability. This study details an efficient method to monitor such ceastattinfe

using terestrial Structure from Motion (SfM). In 2021, surveys were conducted to acquire pictures in April, May, June and
November. A time series of 3D photogrammetric models was generated using open source SfM software. The first model was
georeferenced using Gnodi Control Points (GCP) measured by Differentitdlfal Navigation Satellite Syste(@GNSS so that it

could be used as a reference for the following point clouds using surrounding ripraps assumed tmdigiladhrough the period

of the study. The georderencingRoot Mean Square Error (RMSEjs found to be 1.8 cior the April model whereas RMSEs of
relative registrations of the following dates were found tslilecentimetric These results cabe used to observe and measure
blocks displacements as las sand volumes evolution throughout the time sefies.biggest displacementafound to be 23 cm

between April and June. Sand topographic variation shows a continuous accumulation on seleetedtnsdzetween April and
November with an overaleight accumulation of about 30 cm. Sand volumes measurements show consistent results with an added
volume of 3.67 rfion the previous areas.

1. INTRODUCTION convenient with less field constraints such as wind conditions.
In this study, we present an efficient method to moniker

Structure fom Motion (SfM) photogrammetry is now widely main armour G L N Hi®férmation by terrestrial SfM
usedin geonorphologyasdemonstratedh Eltner et al.(2016)  photogrammetry. A 3D model times series dn aitu test dike
andZekkos et al. (2018passhown itto be accurate enough to is obtained by registering the different dates onto the first date
be used fogedechnicalapgications Oats et al. (2019) showed in a robust manner This limits the use of Ground Control
that SfM is suitable for displacements measureménis.thus  Points (GCP) during the surveys and, in turn, saves useful time
suited for coasl infrastructure applicaihs asillustrated for during pictures acquisitions that are constrained ol t
instanceby Guillot et al.(2015). conditions.

Most studies focus on Unmanned Aerial Vehicle (UAV)

photogrammetry such as Tournade e{20.14), Brauneck et al. 2. THE CHERLOC PROJECT
( RU +DVWDR<{2029) iHVérddd Qo monitor ] )

breakwatersRecent work oZhou et al(2019) even focuses on 2-1 A novel dike design

2:L?{S$§n.metrology with -UAV' photogrammetry forsuch The goal of the_CHERbourg hoC (CHERLO_C_) _projec_t is to
test two new kinds of blocks (concrete artificial units)for
coastal protection Although natural solutions are now
encouraged, protective imfstructurds still necessary. The new
design airs at improving the defence efficiency by increasing
the stability and limitingovertopping penomenon.In addition

Bakula et al. 2016) and Bakula et al2Q20) investigated the
use of coupled photogrammetric anbpographic Light
Detection And Ranging L{DAR) data in order to survey

ik Bakul . (201 h ; 4 ; .
Sgnr?sgeeheggivedldﬁ(se minlijtc{;lringet sy?stem( Ssi?])g rsrsgmwﬁid a it helps stimulate thénteraction between the blocks and the

remote sensing data. Antoine et al. (2019) presented anoth%po_hversny. The two blocksin F|gure1_ are a doublecube,
dike focused multsensor UAV including LiDAR, thermal esigned bythe laboratory of Continental and Coastal

infrared, neainfrared and visible sensors used to detect a IargMOtrE hodynamlciMZSj:) |rr:ANorrrt1)an:%/'&| llzlraorlmthat V;"Lb?felq
number of surface indicatofsr pluri-kilometric dikes as the main armowma anAccrober , aesigned by Artelia

that will serve aghe toe (foot base)ts hollow shape design
However, few studies focus on smaller dikes. According tq\t/)vlllld.both.tregucz thel enwronmengalbltfototpnnt atnd.t.lncreaﬁtla
Dering et al. (2019), at a lower scale, terrestrial SfM igemo . lodiversi yth yt ev¢te %pll'?ghne(\jllv—lElgL(I)%S oppcir uniies while
suitable than UAV photogranetry. For instance, it is more Increasing the toe sta llitfLhe project serveasa
testproject for these block#ccurate and regular displavents
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measurements is thus mandatoryvadidate this new kind of apgication, allowing of real time coverage checks as seen on
engineering solutionThe dike stability depends on surface Figure 3.
contactthat should not be higher than a few centimetres for

such concrete blocks. Kaidi et al. (2012) showed that numeric{
modek predict damages for displacements of 15 cm or more. ﬂ .-

2.2 Study sites

s
T

In this project, two test sites were chosen that are located
Normandy, France in the city of Cherbourg and Ouistreha
This paper will focus mostly on the latter as construction work
onthe first site was only recently achieved. r

Figure 3. Pole data acquisition

Two different camera models were used depending on the date
. - - and fixed focal lenses were chosen to improve picture quality
Figure 1. A: Accroberni™ Il (2.24 m diameter)B: p G R X E O khd reduce the risk of focal length changes during the survey.
FXEHYT XQLW P QRPLQDO G [ThePfiisiViddera was digital SingleLens Reféex (DSLR)
Cannon EOS 80D with a focal length of 18 mm. The second
camera was airrorlessSony A6000 with a focal length of 16
This new experimental dike was installed in March 2021 in thenm. Both camera have APSC sensor size andan capture
city of Ouistreham, France, at the end of the RivéaBeeach,  pictures with a 600@ixel by 4000pixel resolution A summary
close to the Ferry terminal. The oa# shape is a rectangle of of the caneras used along with the number of pictures taken per
30 m long and 1%n wide. It is composed of Aroberns™ I date can be found in Table 1.
on the aitside and blocks on the inside as shown on Figure 2.

3D Date 2021 Camera Focal Aperture
Model Model Length
g [mm]

08 1 April 28 Canon 18 F/11
N WSS EOS 80D to F/9
’l ’l ’l 0I_ ’q 2 May 11 Canon 18 F/22

LU N M | EOS 80D
’-’.’.’-Q 5 3 June 30 Canon 18 F/18
*e oo EOS 80D to F/16
Q.’.’ -..." 4 November 3 Sony 16 F/8
,"‘l.! LM AB000 to F/5.6

-..”

Table 1 Technical data of used cameras

3.3 Picture patterns

Figure 2. Test dike inOuistreham

Picture acquisition pattesras seen on Figurewasestablished

to ensure a good coverage with substantial overlaps as well as
maximizing the agle of parallax to ensure a good
reconstruction. More specifically, pictures were taken with the
camera mounted on tlilereemeterfishing rod every three steps
and going around the whole structure twice, changing the angle
The last block of the dike was installed in March 2021. Founf the camera for each round. lkaddition, pictures were
photogrammetridield surveys were conducted in March, April, acquiredon foot every three steps, going around the structure
June and November 202Rictures acquisition were constrained twice again, at two different distances of about 1 and 3 meters.
to low tides and overcast conditions were chosen to minimize

shadowsfollowing Gienko and Terrg2014).

3. METHOD

3.1 Data acquisition

3.2 Equipment

Pictures were taken with a camera mounted dhreemeter
fishing rod and triggered remotely using the dedicatddet
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process starting with an initial pair of picturekastly,
OpenMVS (OpenMVS, 2018)is usedfor densification as in
Froideval et al(2019). Table 2 indicates the number of pictures
taken, the number of pictures perly orientedthe number of
points generated for each datewell as thé&koot Mean Sjuare
Error (RMSE) of the picture orientation accuraay pixel. It is
interesting tonotice that the higher the number opictures
oriented is,the lower the error getdDue to the very high
number of points generatedpraputedpoint clouds were then
subsampled to 30 million pomresultingin anaverage surface
point density represented on Figusethat ranges from 2@
60x 10° pts/n? on the dike structure and oretsand.

Date Number of Number of RMSE
pictures points [million] [pixel]
oriented /
taken
April 557/ 557 391 0.77
May 561 /566 372 0.78
June 646/ 646 471 0.70
November 7221722 431 0.57

Table 2.Photogrammetric models

Figure 4. Pictureacquisitionpattern

3.4 GCPs

Two surveys made use GfCPsbased ortargets: the fst date

for georeferencing and the second onebé&used as control
points. Overallfen targets, represented on FigGrevere set on
the field, around the structure while performing the survey: 8
flat targets as well asvo spherical targets of known atheter
that will help in the accuracy assessment.

The pherical shape insures a more robust identificatii@m a
ruler as in Froideval et a2019) Randomly speckled hollow
concrete spheres were chosen to be carried easily on the fiel
and sustain weher conditions. All these targets were surveyed
using Differential @bal Navigation Satellite System
(DGNSS)

| m————— pts / m?
20000 60000 200000

Figure 6. Surface pointloud density in April

3.6 Registration

For this study, the first model was georeferenced usin$&
and the following models were in turn registered relatively to
the first modelusing the nosmobile riprap surrouridg the
structure.

Figure 5. Spherical (on the left) and flat (on the rigtjgets

3.5 3D models generation

Photogrammetric dense point clouds were generatgdgu
OpenMVG (Moulon et al., 2016with Scalelnvariant Feature
Transform SIFT) descriptors(Lowe, 2004 to compute the
features for each pictur@éhe camera is modelled by the classic
pinhole modelusing the focal, principal point, image size as
well as the radial distortion. Overlaps are then found by
establishing the corresponding putative photometric matches.
Results are then processed with robust geometric filtes.
pictures orientation, aequential SfM method ighen applied
based orMoulon, et & (2012). It is a growing reconstruction
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[:ocn Dates RMSE [cm]
i ' May - April 0.7
O( (,) fe) ) June- May 0.4
; S

November June | 0.7
May-November 0.6

Table 4. Error between the different dates
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Then, for each survey, the radius of the two modelled spherical
targets were compared to the actual radius of the target placed
on the field close to the structure. To measure the radius in the
model, automatic identification was made using the random
sampe consensus (RANSAC) algorithfBchnabel et al., 2007)
Mean error betweerthe modelled spherical targetand the
actual onsis of 2.15% for April and May, 2.05% for June and
2.35% for November. Detailed results per target can be found

2]
‘I

]
-
«n
a
3

Figure 7. Georeferening errors on each of the ten targets

on Tableb.

Georeferencing of the first model was made usiregentargets Target Radius Radius Error | Error
Survepd with DGNSS as illustrated on Figure .7The modelled theoretical [Cm] [%]
computation was made using CloudCompg@irardead [cm] [cm]
Montaut, 2011)and the RMSE was found to be 1.&m. April (1) 127 12.5 0.2 1.6
Registration of model 2 onto model 1 was made in two steps I April (2) 15.4 15 0.4 27
a coarse, or manual registration, followed by a fine registratiory- May (1) 12.7 125 02 16
For the first stepfour ses of five pointsspread homogeneously May (2) 154 15 0.4 27
were chosen on the riprap surrounding the structilife June (1) 126 125 01 0.8
average point density on this area was found to be ar2ird June (2) 155 15 05 33
10 pts/nt. These rocks are assumed to be perfectly stable . . .
throughout the whole study. Then, the fine registration was November (1) 15.5 15 05 3.1

. ' November (2) 14.8 15 0.2 1.6

made using the iterative closest point algoritihmplementation
in CloudCanpare (Besl and McKay, 1992)on the riprap.
Allowing a scale adjustmenti¢ RMSE difference betweewd
iterations was set to 1 x £Om with no furtherpoint cloud
subsampling. A final overlap of 100% was askd&able 3
summarizes the RMS& the coarsand fine registration for the

Table 5. 3D spherical target errsr

3.8 Differences

different models.For the first date, the RMSE of the coarse To compute the displacementsore easily point clouds were
subsampled to 3 million points correspondingptint density
of morethan 5x 10° pts/n?.

registration represents the georeferencing errdhese
differences were computed using 5 million poinfshe
registraion results are here below 1 cmeaning disgcements

above 1 cm can be considered significant.

Date RMSE Coarse RMSE Fine
Registration [cm] Registration [cm]

April 1.8 -

May 2.2 0.7

June 1.2 0.9

November 0.7 0.8

Point cloud normalswere computed using CloudCompavith

a quadric local modelsuited for curvy surfacesand the
suggested best fit neighbourhood size. The normal orientations
were computed witha +Z preference,insuring a better
consistency.

Differences between the firsha the last date were computed
using M3C2 algorithm in CloudCompa(kague et al., 2013)

The full 3 million points were used as well as previously
computed normals, depth of 1 m and automatically computed
cylinder diameter.

Table 3.Root mean square error of tregistration steps

3.7 Accuracy assessment 4, RESULTS

To check the registration, differences between April and May4.1 Time series evolution

May and June, June and November as well as May and

November were computed on the ripraRMSEs were  Overall dfferences between the first survey date, Apild the

computed using the mean and standard deviation of thkast one on November are shown on Fig8reAlthough most

differences obtained with CloudComparengsia local quadric areas do not present significant changes, some blocks

modelling.Results of these comparisons can be seen on Fabledisplacements as well as sand movement are noticédbte.

and are sufzentimetric. details about thacene evolution can be seen on Figaird0
and 11 showing differences between April and May, May and

Additional steps were taken to check the registration procesgune as well as June and November.

First, DGNSS measurements of the ten targets on date 2 were

compared to their coordites in the model already registered

with date 1 with a computed mean error of 1.25 cm and a

standard deviation of 0.7 cm.
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Figure 11. June / November differences [m]

4.2 Blocks displacements

We can take a closer look at the displacements of the blocks
with the 3D model time series as shown on Fig@evtiere the

S

) y@@@‘@ D) block on the left represents the Sodaist corner of he
.bi"‘-.ﬂ"\"lj'.i‘p ] structure Here, and for the following examples, dates are colour
OO g coded as follows: green for April, yellow for May, blue for June
e Ja and red for November. We first notice that the left block did not
XN Vs S move between April and November whereas the other tew sh

. ,,v'..-i"'-’!‘.' L

visible displacements between May and June.

10m

Figure 9. April / May differencedm]

Figure 12. Close view of thalisplacements

Using the point cloud of differensepreviously computed
between April and November, we measure a displacement
(overturning mainly and slight settlement) of 16 d¢on the
middle block and 23 cm for the block on the far right. Figi8e 1
shows a crossection of this block with consistent
displacements on both sides. We notice here again that the
Figure 10. May / June diffeences [m] biggest change is observed between April and June.
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Figure 15. Close view of theopographic variationfor C2

Figure 13. Crosssectionview of the displacemenfsn]

4.3 Sandtopographic variation

4.3.1 Crosssection

To observe the evolution of sat@pographywe show here two
examples with crossectionCl and C2 taken on the South
West corner of the structure as shown on Figur®n Fgure

14, we see the sand accumulation between the block and the
riprap over time through the 3D model time series. Over time,
we see a continuous accumulation from April to Noven(loey

wave energy periodyvith sand filling wholes while flattening
the suface. The overall height accumulation can be measured
and is ofthe order of 30 cm. It is also interesting to note that

both the blocks on the left and the rocks on the right side do not
show any significant displacement. 4.3.2 Volumes

Figure 16. Close view of theopographic vaations[m]

Figure 17. Close view of theopographic variationfm]

Furthermore sand volumes can be computed using the time
series. As an example, we compltelumes differences on
areaAl, shown on Figure8 between April and November.
Point density is here of about 50 1C° pts/nf. Using
CloudCompare, both point clouds were rasterized withcen1
grid step and millimetric numerical precision. Results show an
added sand volume of about 3.67.mJsing the computed
surface and the registratiaror, we obtain an uncertainty of
0.28 n?. This is consistent with Figur@. Indeed, the size of
area Alis of about 10 m by 1 m and would thtesults inan
order of magnitude of the heights difference of about 30 cm. As
a comparison, we then looked ataA2 where point clouds
differences show little differences. Similar sand volume
The second example is shown with cresstionC2 represented  COMPputation gives +0.16 with an uncertainty of about 0.13

3 . . 3 e
on Figurel15. In this area, sand tends to accumulate as wef[T> meaning there is only a 0.03’mignificant sand volume

. . . ) hich i I h f
through the time series. The overall difference between the flraﬁgd?efm‘zlv ich is very small compared to the surfaea af

and the last date is again around 30 crstamv on Figurel6.

Figure 14. Topographic variatinsfor crosssection C1

We notice on the side view of the cresection on Figurd? 5. DISCUSSION
that the nearby Accroberni™ Il does not show significant
changes. The registration process of date 2, 3 and 4 on date 1 gives

results of less than 1 cm in RESand is very robust with 5
million points used. This allows the use of targets measured by
DGNSS only for the first date, which is morefficient than
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using targets for every surveys. This will in turn simplify the Remote Sensing & Spatial Information Sciencé4.
survey process by saving time, crucial with tidal constraints.  https://doi.orgl0.5194/isprsarchivesXLI-B1-7732016

As we saw in this study, centimetric registration is enought % DNXOD . =HOD\D :]JL WHN ' HLQWULW

observe displacementsgher than the few centirtres required 7 B3LODUVND 0 ,.2018F Multtddlrced remote
for monitoring suchblocks but can also be used to anaf;se  sensing data in levees monitoring: case study of SAFEDAM
sandsurfacic and volumic changékat canpotentially bethe  project. The International Archives of the Photogrammetry,
FDXVH RI VRPH RI WKH GLNHYV UHDUULRemote Sensing and Spatial Information Sciend
https://doi.org/10.5194/isprarchivesXLIl -3-W4-101-2018
Considering the blocks results show the biggest change
between April ad June One possible reason would be frequent % DNXOD . 3LODUVND 0 6DODFK $
strong winds in the Nortkast direction at this period of time in Detection of Levee Damage Based on UAS DRabptical
the local vicinity of Ouistreharbut also an initial deficit of rock Imagery and LIDAR Point Cloud$SPRS International Journal
basement and the peripheral unit position, lacking contacts wi of Geclnformation9, 248.https://doi.org/10.3390/ijgi9040248
neighbournits and hence decreasing stability
Besl, P.J., McKayN.D., 1992. A method for registration ofC3
A similar mehod is applied on the second CHERLOC site inshapesIEEE Transactions on Pattern Analysis and Machine
Cherbourg. The blocks anticcrobermm™ Il were installed on  Intelligencel4, 239256. https://doi.org/10.1109/34.121791
ERWK VLGHV RI WKH (DVW SDUW RI V U
now, only one survey was made wB1 pictures resulting im Brauneck, J., Pohl, R., Juepner, R., 2016. Experiences of using
211 million points photogrammetric model witha  UAVs for monitoring levee l@aches, in:IOP Conference
reconstruction RMSE of 0.73 pixedn illustration of the model Series: Earth and Environmental Scient®P Publishing, p.
can be seen on Figuis8. 012046 https://doi.orgl0.1088/1755.315/46/1/012046
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Figure 18. Photogrammetric model of the dike@herbourg
Froideval, L., Pedoj&K., Garestier, F., Moulon, P., Conessa, C.,

. . . . Pellerin Le Bas, X., Traoré, K., Benoit, L., 201®.low-cost
Photogrammetricsurveyson the CHERLOC projects will still opensource workflow to generate georeferenced 3D SfM

be ongoingin_2022 on both sites. It will be_ interesting to photogramretric  models  of rocky outcrops. The
analyse the displacements afthe tseasonal winter storms in Photogrammetric Recor84, 365884 [https://doi.org/10.111}/
those areas. phor.12297
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