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Abstract

Over  the  past  decade,  underwater  photogrammetry  has  been  experiencing  an
increased  interest  due  to  the  enhancement  of  camera  performance  and  computing
power.  This  study  describes  the  test  of  two  new methods to  perform georeferenced
underwater photogrammetry. The first one uses the coupling between photogrammetry
by scuba diving and positioning with acoustic data from a multibeam echo sounder; the
second  one  utilises  direct  positioning  technology  with  a  surface  floating  device
(photogrammetric platform). When compared with one another, the platform had a higher
mapping efficiency, while being limited by depth and underwater visibility. Georeferenced
underwater photogrammetry is expected to have a wide range of applications in the field
of  marine  habitats’  conservation  such  as  seagrass  meadows  and  the  survey  of
submerged artificial structures such as artificial reefs and port infrastructure.

KEYWORDS: underwater  photogrammetry,  georeferencing,  marine  habitats,  mapping,
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INTRODUCTION

PHOTOGRAMMETRY ALLOWS THE EXTRACTION of three-dimensional (3D) data by analysing
two-dimensional  (2D)  images,  and  is  commonly  divided  into  three  fields  of  study:
terrestrial (close range), aerial and satellite. Aerial photogrammetry has been commonly
used  over  the  last  two  decades to  map landscapes with  airborne  platforms such  as
unmanned aerial vehicles (UAVs or drones) (Honkavaara et al., 2009). Derived from the
techniques developed through terrestrial and aerial methodology, close-range underwater
photogrammetry by scuba diving has, over the past few years, become a common tool for
mapping marine archaeological  sites and creating 3D models  of  underwater  artefacts
(Balletti  et  al.,  2015;  Drap  et  al.,  2015).  Indeed,  its  early  usages date  back  several
decades,  as  exemplified  by  Pollio  (1968),  Hohle  (1971)  and  Leatherdale  and Turner
(1983). In parallel, innovative devices have been built to map deep ocean resources on a
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large spatial scale (Kwasnitschka et al., 2016). Other recent studies have focused on the
use of photogrammetry to map and study marine habitats and benthic species such as
seagrass meadows (Rende et al., 2015b), sparse coral colonies (Drap et al., 2014) and
coral reefs (Burns et al., 2015).

Although underwater  photogrammetry  benefits  from the advances made by terrestrial
(close-range) uses, several issues limit their application as a precise mapping tool of the
seafloor. The first issue comes from the optical properties of water and more specifically
from its  refractive index. This characteristic leads to an apparent increase in the focal
length of the lens and thus a decrease of the camera’s field of view in water compared
with land-based photography (Menna et al., 2016). This fact, added to light absorption by
water and the resulting reduction of visibility, reduces the portion of the underwater scene
photographed and thus the area mapped.

The second issue is also linked with the optical properties of the water and the focal
length of the camera lens. It consists of camera lens distortions, primarily radial distortion
and chromatic aberration. The former will reduce the geometric accuracy of the imagery
and, by extension, affect the shape of the 3D model generated by photogrammetry. This
issue has already been tackled in the field of aerial mapping by UAV photogrammetry
which  may  use  short  focal  length  lenses  (such  as  fisheye  lenses)  which  have  high
distortion  but  cover  a  wide  field  of  view  (Covas  et  al.,  2015).  In  underwater
photogrammetry, calibration techniques must take into account the lens distortion as well
as the type of lens port for accurate measurements (Shortis, 2015; Menna et al., 2016).
Ports are either of  the  flat or  dome type. With a flat  port objects are magnified,  thus
apparently increasing the focal length, With dome ports refraction, radial distortion and
chromatic aberration are reduced (especially if the dome’s radial centre is close to the
front node of the lens), thus effectively preserving the focal length of the lens.

The last limitation to the use of underwater photogrammetry as an accurate mapping tool
of  the  seafloor  lies  in  the  georeferencing  precision.  To  date,  no  accurate  and
transportable underwater positioning system that can be handled without boat assistance
exists (Cheng, 2005). A few existing systems rely on acoustic methods and a surface
buoy but their deployment is limited due to their cost and limited range (Alcocer et al.,
2006; Tan et al., 2010). These technical issues for underwater positioning appear to be a
clear limitation for accurate underwater photogrammetric mapping by scuba diving.

Prior  to  any photogrammetric  studies,  whether  on land or  underwater,  terminology to
describe output quality must be clearly determined. Thus, throughout this work, the term
precision is  used  as  the  repeatability  of  a  result  (Granshaw,  2016).  Accuracy is  the
closeness of  the result  of  a measurement,  calculation or process to an independent,
higher-order reference value and is broadly used as an indicator of quality (Remondino et
al.,  2017).  Spatial resolution is used as the estimation of the detail  perceptible on an
image (Granshaw, 2016). Lastly,  georeferencing refers to fixing photogrammetric output
(for  example  orthophotographs  or  digital  elevation  models)  to  a  geodetic  framework
(Granshaw, 2016).

Taking  into  account  the  optical  issues  linked  with  water  properties  and  tackling  the
positioning issue, this work developed two different methods to generate georeferenced
underwater maps through photogrammetry. The aims of this study were:

1. Develop  and  test  a  method  to  georeference  underwater  photogrammetric
mapping performed by scuba diving with acoustic data acquired with a multibeam
echo sounder (MBES).
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2. Develop  and test  new surface  equipment,  namely  a  floating  photogrammetric
platform  incorporating  GNSS  for  georeferenced  underwater  photogrammetric
mapping at shallow depths.

3. Highlight georeferencing and accuracy issues of underwater photogrammetry.

4. Investigate  the  potential  use  of  these  techniques  to  map  and  study  marine
habitats and submerged artificial structures.

The detailed analysis of the precision and accuracy of the two methods developed is not
intended in this paper, which rather aims to describe these techniques and investigate
their  potential  applications  in  underwater  photogrammetry  for  biological  studies  and
bathymetric measures. From this perspective, a qualitative approach was used that relies
on the analysis of georeferenced photogrammetric output through the use of new simple
metrics.

MATERIAL AND METHODS

Study Area

Study sites were located in La Ciotat Bay(43°10.00561’ N; 5°39.11212’ E) in the South of
France (Fig. 1). Two test sites for each type of method, that is photogrammetry coupled
with  MBES and the floating  photogrammetric  platform,  making four  sites in  all,  were
selected according to the variety of their seafloor characteristics:

1. The P38 wreck (P38) is a Second World War aircraft that crashed in January
1944 and sank to a depth of 38 m.

2. Mugel Creek (MC) is an inlet with shallow rocky beds (from 3 to 14 m in depth)
covered by the endemic Mediterranean seagrass Posidonia oceanica (L.) Delile.

3. The area mapped in the Marina (M) is located on the outer part of the artificial
dike built along a P. oceanica meadow.

4. Canonnier Nord (CN) is a shallow rocky bottom with numerous faults and sparse
P. oceanica meadows.
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FIG. 1. Study sites within La Ciotat Bay. Blue circles: photogrammetry coupled with multibeam echo sounder.
Orange circles: data acquisition with the floating photogrammetric platform. Blue lines: bathymetric contours.

Underwater Photogrammetry Coupled with MBES Data Acquisition

Acoustic sampling on the MC and P38 sites was performed, respectively, in August 2016
and  June  2017  with  a  R2SONICTM 2022  MBES.  Acoustic  data  were  sampled  at  a
frequency of 450 Hz with an individual beam width of 0.9° x 0.9° for a maximum swath
sector of 160° with 256 soundings per swath. An inertial navigation system (INS) Applanix
I2NSTM was integrated with the MBES and encompassing a full global navigation satellite
system (GNSS) mode providing a positioning precision of 1.0 cm along the X and Y axes
and  1.5 cm  vertically,  a  rolling  and  pitching  precision  of  0.015°  and  a  precision  for
heading trajectories of 0.02°. Underwater sound velocity was constantly checked using a
Valeport miniSVS sound velocity sensor mounted on the MBES. Additional underwater
sound  velocity  profiles  were  performed  with  another  miniSVS  to  detect  the  possible
presence of a thermocline (abrupt temperature gradient) impacting sound propagation.
MBES data were processed using the ViewMap software developed by Viala (2015) to
obtain a digital elevation model (DEM) for each site. The assessed XY accuracy of MBES
derived products is 0.78 cm and the minimum Z accuracy is 2.8 cm.

Images for photogrammetric reconstruction on site P38 were shot underwater by scuba
diving with an 18 megapixel Canon 600D digital single-lens reflex (DSLR) camera in an
Ikelite watertight case fitted with a Tokina 10-17 mm fisheye lens with an 8-inch dome
port and an Ikelite DS160 external strobe. On the MC site, images were taken with an
AEE  S70  MagiCam  action  camera  providing  photographs  with  a  resolution  of  16
megapixel. The stability of cameras inside their housing was tested and found to be good
for precise photogrammetric measures; cameras were tightly fixed within housings with a
screw to avoid any movement, and the whole system was moved in every direction to
check its stiffness.  VisualSFM software developed by Wu (2011) was to be used for
processing  both  the  P38 and  MC sites,  but  as  it  may have  issues  in  correcting  the
inherent radial distortions of fisheye lenses, both cameras in their watertight housing were
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pre-calibrated using in-air  distortion test  targets prior to underwater measurements.  A
lens  profile  was  then  generated  using  Adobe  Lens  Profile  Creator.  Finally,  a  finer
calibration of  both cameras was performed using the automated process provided by
VisualSFM using a block-invariant solution. VisualSFM uses the scale-invariant feature
transform (SIFT) detector to extract points of interest in each photograph. The sparse
reconstruction of the point-of-interest cloud was then run using the sparse reconstruction
process , followed by a dense reconstruction using Yasutaka Furukawa's PMVS/CMVS
(Patch-  and  Clustering-  Multi-view  Stereo;  Furukawa  and  Ponce,  2010)  used  in
VisualSFM.  An  N-View  Match  (NVM)  file  containing  point  cloud’s  information  (point
coordinates and camera positions) was finally obtained.

In order to georeference the point cloud generated by photogrammetry, NVM files were
exported to the ViewMap software (Viala, 2015) where they were combined with DEMs
from the MBES data to create a photogrammetric DEM. This process, based on a simplex
algorithm, also known as a similarity, 3D conformal or seven-parameter transformation,
as described by Press et al. (1996), takes place in two steps:

1. Both  models  were  manually  oriented  by  successive  scaling,  rotations  and
translations in three dimensions to provide a best fit and optimising the simplex
algorithm calculation.

2. The simplex algorithm calculation was then run. The simplex method developed
by Dantzig  et  al.  (1955)  relies  on the minimisation of  constraints  through the
optimization of a cost  function which corresponds to the mean of  the altitude
differences between the two models. In this case, the usual seven variables were
considered: X, Y, Z offsets (translations), scaling and three rotations. The simplex
algorithm is executed using constraints which force computing around the results
of the first manual solution to avoid divergences toward false solutions due to a
high number of local minima.

Direct Positioning with the Floating Photogrammetric Platform

In order to compare the efficiency of both photogrammetric methods to generate DEMs
with the one of MBES techniques, acoustic data on M and CN sites were sampled in
August 2017 and September 2016, respectively. Photogrammetric data on M and CN
sites were collected in August 2017 and September 2017, respectively, using a floating
photogrammetric platform developed in the framework of this study. This new surface
device consisted of a camera protected by a waterproof case mounted on the underside
of a floating system on a stiff aluminium support and linked with a real-time kinematic
(RTK) GNSS placed on the upper side on a PVC , together wirh a GNSS antenna (Fig.
2(b)). The camera is a mirrorless Sony A6000 in an Ikelite housing fitted with a Sony 10-
180 mm OSS lens protected by a 6” dome port. Since the camera was not mounted with
a  fisheye  lens,  the  whole  system,  i.e.  camera  and  lens  in  the  watertight  case,  was
calibrated using the automated calibration provided by VisualSFM using a block invariant
solution. The RTK GNSS was a North GNSS RTKite Module Receiver integrated on the
floating  platform  (Fig.  2(a))  and  providing  real-time  positioning  with  about  centimetre
accuracy (8 mm horizontally and 15 mm vertically). The camera and GNSS system were
linked  with  a  transistor-transistor  logic  (TTL)  cable,  modified  from  underwater
photography equipment, to trigger positioning when a photo was shot.

The platform is light (about 10 kg) and compact (115 cm x 70 cm). It can be handled by a
single  person  on  the  surface  who  swims  slowly  to  allow  a  high  overlap  between
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photographs and avoid blurring from camera shake. Photographs are taken using a time-
lapse mode at a rate of one picture per second, each image being georeferenced through
the GNSS synchronisation. Vertical and horizontal offsets between the GNSS antenna
reference  point  (ARP)  and  the  camera  sensor  were  measured  directly  on  the  whole
system  through repetitive measurements with a rigid ruler.  These offset values were
incorporated into the data treatment and analysis process.

Fig. 2. (a) North RTK GNSS modified for synchronisation with the camera. (b) The underwater photogrammetric
platform producing georeferenced photographs. Photographs: Arnaud Abadie.

Raw positioning data from the RTK GNSS were treated in ViewMap to match with the
photos using time synchronisation. “Real” camera trajectories were then computed from
offsets. Photographs were treated in VisualSFM through the same process as for images
shot by scuba diving, with the difference that the pairwise matching option was activated
using the location data to generate a pair list and optimise calculation time. The NVM file
was finally exported to the ViewMap software where a DEM was built by computing the
point-cloud characteristics and corrected positioning data.

XYZ Accuracy and Spatial Resolution Estimation

The two photogrammetric DEMs generated with the floating platform were compared with
MBES-based models. It should be noted that MBES models in this work were considered
as references for comparison with photogrammetric results, due to the proven accuracy
of the acoustic equipment employed. The root square mean (RMS) discrepancy between
the  photogrammetric  and  MBES models  was computed  for  X,  Y and  Z in  ViewMap
according to the following equation:

(1)

where X2
X,  Y2

Y and Z2
z,   represent the variances of the X,  Y and Z coordinates,  ΔX,  ΔY

and ΔZ are coordinate differences, and nX, nX and nZ are the number of differences. Maps
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synthesising the RMS error on both sites were generated using the ViewMap software.
This  estimation  required  direct  GNSS  data,  so  only  results  provided  by  the  floating
platform could be analysed.

The ground sampling distance (GSD) for the floating platform (the distance between the
centre of two pixels on the ground) was calculated as follows:

 (2)

where SW is the sensor width of the camera in millimetres,  H the distance between the
sensor and the seafloor in metres,  fR the real focal length of the camera in millimetres
(taking into account the capture size and the water’s optical properties) and imW is the
image width in pixels.

2D and 3D Reconstruction

Two  types  of  representation  were  obtained  for  each  site  from  computation  of  the
georeferenced  DEM  and  the  photogrammetric  data,  namely  camera  position  and
orientation  for  each  image.  2D  representation  was  in  the  form  of  a  mosaic  of
georeferenced underwater orthophotographs; a 3D model (mesh) was textured with the
pictures.

Orthophotographs  with  a  pixel  resolution  of  2 mm  (including  DEM  information)  were
generated using a specific function of the ViewMap software. The orthophotographs’ high
resolution proved to exceed standard image formats (such as .png or .jpg) and had to be
exported in tile matrix set (TMS) format. Thus, a software extension was developed in the
framework  of  this  study to  produce georeferenced photographs with  zoom properties
based on the tile system (Fig. 3).  Through their  computation, tiles provide an optimal
resolution at each zoom level without superfluous calculation. A set of photographs was
chosen in ViewMap to allow the texturing process using mesh software whilst avoiding
the  intensive  calculation  requirements  for  large  numbers  of  photographs.  NVM  files
containing  the  photogrammetric  characteristics  of  the  selected  photographs for  mesh
texturing were finally produced with ViewMap for 3D reconstruction.
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FIG. 3. Illustration of the tile system used for underwater orthophotographs mosaics.

Analysis of Photogrammetric Techniques and Features of 3D Models

Four simple quantitative metrics were calculated to investigate the functioning of the two
photogrammetric  methods  and  highlight  the  complexity  of  3D  models.  The  first  two
metrics  concern  the  photograph  requirement  and  the  sampling  efficiency.  The  photo
density (PD), meaning the number of photographs per square metre, was calculated for
each site as follows:

PD = PNDEM/TA (3)

where PNDEM is the total number of photographs used for DEM reconstruction and TA the
total area mapped (in m²). PD is expressed in photos.m-2 and highlights the sampling
effort required according to the area mapped. A high PD indicates an important sampling
effort  for  a  relatively  small  area.  The  second  metric,  the  mapping  efficiency  (ME),
corresponds to the area mapped per time unit:

ME = TA/AD (4)

where AD is the acquisition duration in minutes. ME is expressed in m2.min-1: the higher is
its value, the more efficient is the mapping process.

The other two metrics investigate the 3D models’ complexity and the texture quality. The
face density (FD) provides information on the complexity of the 3D structure by computing
the number of faces forming the mesh and the area mapped:

FD = FN/TA (5)
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where FN is the face number. FD is expressed in faces.m-2. Complex 3D reconstruction
has a high FD while simple 2D meshing has a lower FD. 

The last metric describes the texture quality (TQ) by computing the density of faces per
photograph:

TQ=FN/PNtext (6)

where  PNtext is  the  total  number  of  photographs  used  to  texture  the  mesh.  TQ  is
expressed in faces.photo-1. A low TQ indicates a higher photographic resolution per face
and thus a finer texture of the whole model.

RESULTS

The  area  mapped  ranged  from  111 m²  (P38)  to  4080 m²  (CN)  and  the  number  of
photographs from 790 to 4800 (Table I). The photo density showed differences between
the sites sampled by scuba diving (7.1 and 5.8 photos.m-2 for P38 and MC respectively)
and those mapped with the floating photogrammetric platform (1.8 and 0.9 photos.m-2 for
M and CN respectively). Similarly, the mapping efficiency was higher on photogrammetric
acquisitions  made  with  the  floating  platform  (10.7 and  17.0  m-2 min-1 for  M  and  CN
respectively) than for those performed by scuba diving (1.2 and 6.9 m-2.min-1 for P38 and
MC respectively). XYZ accuracy was of several decimetres (0.48 m and 0.51 m for M and
CN sites respectively). The two maps of DEM comparison between photogrammetry and
MBES showed that most of the negative X, Y, Z errors where found at low depths where
the seascape was uneven. Positive errors were the highest at the greatest depths and on
areas covered by seagrass meadows (Fig. 6).  

TABLE I. Characteristics of the photogrammetric acquisition on the four study sites.

P38: P38 wreck. MC: Mugel Creek. M: Marina. CN: Canonnier Nord.

Site

Data

Acquisi-
tion

Min.

depth

(m)

Max.

depth

(m)

Area

mapped

(m2) 

Number

of

images

Image

density

(photo.
m-2)

Duration

(min)

Mapping

efficienc
y

(m2.min-

1)

Orthophot
ograph

resolution
(cm)

XYZ

accuracy

(m)

P38
Scuba
diving

37.0 38.5 111 790 7.1 90 1.2 0.10 -

MC
Scuba
diving

4.1 14.3 823 4800 5.8 120 6.9 0.36 -

M Platform 1.6 7.6 1284 2360 1.8 120 10.7 0.28 0.48

CN Platform 4.3 18.6 4080 3746 0.9 240 17.0 0.28 0.51

A finer DEM was obtained by photogrammetry than by MBES on the P38 site (Figs. 4(a)
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and 4(b)). On the MC site as well, the DEM’s resolution was higher by photogrammetry
than MBES (Figs. 4(c) and 4(d)). On the sites sampled with the floating photogrammetric
platform, a finer DEM was produced by photogrammetry on the M site (Figs. 5(b) and
5(b)).  DEMs on the CN site  appeared similar  with some disparities at  the shallowest
depths  (Fig.  5(c)  and  5(d)).  Disparities  between the  depth  measured  were  observed
between DEMs generated by MBES and those computed by photogrammetry (Figs. 4
and 5).

Although the orthophoto mosaic of the P38 wreck showed high distortions due to the
complex three-dimensional characteristics of the submerged aircraft and their projection
onto a 2D representation (Fig. 8(a)), details of the wreck structure were clearly visible (for
example  wheels,  engines,  helix).  The  orthophotographs’  resolution  of  Mugel  Creek
allowed the identification of the P. oceanica meadow on rocky beds (Fig. 8(b)) as well as
the detection of  several  sessile  species (for  example the algae  Asparagopsis  armata
Harvey and the starfish  Echinaster sepositus Retzius).  Similarly,  P. oceanica meadow
was observed on the rocky seafloor of the Canonnier Nord’s mosaic (Fig. 8(d)). Smaller
species were also identified such as the algae  Codium bursa (Olivi)  Agardh.  On the
Marina  site,  an  extensive  P.  oceanica meadow  with  sand  patches  was  clearly
recognisable  (Fig.  8(c)).  Wreck  parts  as  well  as  miscellaneous  waste  and  discarded
objects (such as. tyres) were identified within the sand patches.

FIG. 4. Digital elevation models (DEMs) georeferenced with a multibeam echo sounder (MBES). (a) P38’s DEM
by MBES; (b) P38’s DEM from photogrammetry by scuba diving; (c) Mugel Creek DEM by MBES; (d) Mugel

Creek DEM from photogrammetry by scuba diving.
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FIG. 5. Digital elevation models (DEMs) georeferenced with a multibeam echo sounder (MBES) or the floating
photogrammetric platform. (a) Marina DEM by MBES; (b) Marina DEM by the photogrammetric platform; (c)

Canonnier Nord DEM by MBES; (d) Canonnier Nord DEM by the photogrammetric platform.
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FIG. 6. Map of negative (red to orange) and positive (shades of green) X, Y, Z RMS errors from comparison of
photogrammetric and MBES DEMs. (a) Marina; (b) Canonnier Nord.

FIG. 7. Ground sampling distance (GSD) in centimetres given the sensor altitude of the floating platform.
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FIG. 8. Orthophoto mosaics generated by photogrammetry. (a) P38 wreck; (b) Mugel Creek; (c) Marina; (d)
Canonnier Nord.

All the meshes created during this study can be freely viewed online (in low resolution to
ease web navigation) at the https://sketchfab.com/seaviews. Textured 3D models showed
the highest image details on the P38 site (Fig. 9) with a texture quality (TQ) of 2998 faces
per photo while the structure complexity of the aircraft was the highest among the four
sites studied with a face density (FD) of 16 477 faces.m-2 (Table II). The MC and CN sites
had a similar TQ of 22 752 and 24 578 faces.photo-1 respectively, while the complexity of
CN site was higher than MC with 7 665 faces.m-2 versus 1 539 faces.m-2 (Table II).
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TABLE II. Mesh characteristics for each site and their quality and complexity metrics. P38: P38 wreck. MC:
Mugel Creek. M: Marina. CN: Canonnier Nord.

FIG. 9. Perspective and detailed views of the textured 3D models generated by underwater photogrammetry with
their numbers of vertices and faces at: (a) and (b) P38 wreck; (c) and (d) Mugel Creek; (e) and (f) Marina; (g)

and (h) Canonnier Nord.
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Site P38 MC M CN

Number of vertices
Number of faces

Area mapped (m²) 111 823

317

No. of texture photos 610 143 60 99

961 452 1 740 290 1 375 875 1 295 119
1 828 978 3 253 545 2 585 202 2 433 226

1 284 4 080

Vertix density (vertices.m-2) 8 662 2 115 1 072

Face density (faces.m-2) 16 477 1 539 2 413 7 665

Texture quality (faces.photo-1) 2 998 22 752 43 087 24 578



DISCUSSION

This research investigated the potential of two methods (scuba diving with an MBES and
a  floating  photogrammetric  platform  incorporating  GNSS)  to  georeference  various
products from underwater photogrammetry such as DEMs, orthophotographs and photo-
textured  3D  models.  Given  the  results  of  this  first  study,  the  authors  were  able  to
determine  advantages  and  limitations  of  the  two  approaches  as  well  as  identifying
potential applications for marine habitat mapping and monitoring.

Advantages and Limitations of the Two Methods

Both  methods  proved  their  capacity  to  provide  georeferenced  output  through
photogrammetry. However, many disparities concerning their efficiency were highlighted
by these initial tests. The first difference, which is quite obvious, lies in the maximum
depth at which each technique can be applied (Table III). Although photogrammetry by
scuba diving was performed at a maximum depth of 38 m in this study, it can also be
performed by deeper divers, autonomous underwater vehicles (AUVs) (Kwasnitschka et
al., 2016) and remotely operated vehicles (ROVs), while remaining in the depth range of
a  MBES for  positioning.  The same cannot  be said  for  the floating platform,  which is
limited by underwater visibility as it is operated at the water surface. The maximum depth
at which photogrammetric measurements were performed was 16 m with good weather
conditions. The maximum depth to generate  usable pictures appears to be around 10 m
in the Mediterranean Sea (Fig. 10). This is mainly due to the light absorption by the water
column  thus  leading  to  issues  for  human  interpretation  and  computer-based  image
analysis (Bryson et al., 2016).

Fig. 10. Comparison of the orthophotograph mosaic from Canonnier Nord at: (a) 16 m depth and (b) 10 m
depth.

What the floating platform lacks in depth range it gains on many other aspects of the data
acquisition  and  treatment,  in  particular  at  the  level  of  the  operability.  The  platform
required just a single swimmer and operated by snorkelling, while a team of divers is
compulsory to take the pictures by scuba diving. The better operability of the floating
platform over photogrammetry by scuba diving leads to its higher mapping efficiency and
thus a reduction of the image density required to map an area (Table II). In summary, for
the same acquisition time, areas about two times wider are mapped with the floating
platform.

By allowing a direct positioning of each photograph taken, the platform provides a more
precise geolocation of all photogrammetric output. This characteristic also greatly reduces
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the photograph treatment required in VisualSFM by facilitating the use of the pairwise
matching option. The use of such an option results in a linear increase of processing time
when the number of pictures increases,  instead of  an exponential  one in the case of
photographs shot by scuba diving without positioning data.

The final advantage of the floating platform over photogrammetry by scuba diving is its
cost effectiveness. Considering that a scuba diving team, as well as a boat equipped with
recent MBES technologies operated by technician specialised in underwater acoustics,
are required to obtain georeferenced output from photogrammetry, it appears safe to say
that the use of the platform is more cost effective (Table III).

TABLE III. Advantages (+) and limitations (-) of the two techniques of underwater photogrammetry.

MBES geolocation
and scuba diving

Photogrammetric
floating platform

Depth range + + -

Operability + + + +

Mapping efficiency + + +

Area mapped - + +

Positioning precision + + +

Data  processing
efficiency

- + +

Cost effectiveness - - + +

Positioning Accuracy and Resolution of Photogrammetric Products

Although previous work on underwater photogrammetry uses various positioning systems
and  methods  to  georeference  output  from  their  underwater  data,  the  evaluation  of
positioning accuracy by underwater photogrammetry remains scarce at best. Depending
on the purpose of the study, photogrammetric outputs are frequently not referenced at all
(Eric et al., 2013; Raoult et al., 2016), are merely scaled (Drap et al., 2014; Figueira et al.,
2015)  or  are  referenced  only  in  a  local  system (Burns  et  al.,  2015).  Georeferenced
underwater photogrammetry is rarer. It may be performed by unmanned vehicles such as
AUVs through their  navigation system (Kwasnitschka et  al.,  2016),  or  by  underwater
remotely  operated vehicles (ROVs) with acoustic  transducers (Drap et  al.,  2008) and
towed  devices  (Rende  et  al.,  2015a).  Although  producing  high-resolution
orthophotographs and 3D models, these techniques have a low positioning accuracy, of
the order of several metres, due to the distance between the AUV/ROV and the main ship
providing geolocation for the first two (Paull et al., 2014); and the uncertainties generated
by the length and angle of the cable towing the device for the latter (El-Hawary, 2000).
Finally, a direct positioning method was performed by Balletti et al. (2015) using a GNSS
antenna mounted on a rope to position salient points at very shallow depths (under 3 m).
This technique is an easy way to georeference photogrammetric output but is strongly
limited by depth and is only suitable for small areas (about 200 m²).
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When compared with all these georeferencing methods, the use of the photogrammetric
platform  with  mastered  offsets,  repetitive  settings,  a  direct  location  with  the  GNSS
synchronisation and a “hull” camera fixed directly under the GNSS antenna, produces the
most  accurate  (decimetre)  photogrammetric  output  in  positioning.  In  many  ways,  the
platform adopts the conceptual model and the direct georeferencing method of unmanned
aerial  vehicles  (UAVs)  which  has  already  proved  its  capacity  in  providing  accurate
positioning (Mostafa and Hutton, 2001; Grayson et al., 2018).

One of the main factors degrading the positioning accuracy lies in the distortions of the
camera lenses used. Distortions induced by wide-angle lenses and the dome ports, which
mandatory  for  underwater  data  acquisition,  are  thus  one  of  the  main  drawback  of
photogrammetry  in  general  (Shortis,  2015).  The  present  study  chose  to  use  the
automated calibration provided by VisualSFM which provides the most optimal solution
after  trying  additional  software  to  correct  lens  distortions,  such  as  Photoshop  and
RawTherapee.  Obviously  optical  distortions,  even  when corrected  through calibration,
lead to positioning issues. This phenomenon has been studied in aerial photogrammetry
by several authors including Yastikli and Jacobsen (2005) who found a root mean square
difference between 6.6 and 7.1 cm in the X direction and between 8.6 and 28.5 cm in Z
(height),  depending on the rigour  of  the calibration method. Underwater,  it  is  hard to
assess in what proportion of the distortions affecting positioning accuracy are due to the
optical properties of the water itself; these are not always predictable and may change
during  the  photogrammetric  capture  of  images  (for  example  water  layers  with
heterogeneous temperatures and particle charging).

Although  this  issue  has  not  been  documented  yet,  the  authors  can  provide  some
precautions  that  must  be  taken  prior  to  data  acquisition  and  processing  to  reduce
underwater positioning uncertainty. First, all the lever-arm offsets between the positioning
device and the camera must be identified and precisely measured. Secondly, a cautious
air,  rather than underwater, calibration of the optical devices used must be performed
(Lavest et al., 2003; Shortis, 2015). Then, during the data acquisition phase, the smooth
running of  the positioning system must be regularly  checked.  It  is  also mandatory to
consider the sea level at the time of the acquisition when using a floating device, even in
areas with low tides such as Mediterranean Sea. Finally, positioning data should be used,
if  possible, prior to the 3D reconstruction process to improve the accuracy of camera
positions.

When comparing DEMs (or bathymetric equivalents) obtained from photogrammetry with
those obtained from MBES, a wide range of variation (up to a couple of metres in extreme
cases) was observed in the vertical (Z) direction. Since bathymetry using MBES has a
proven  capacity  to  provide  very  accurate  underwater  DEMs  with  a  georeferencing
precision of a few centimetres in the X, Y and Z directions, it seems logical that the range
of  measured  variation  of  up  to  several  decimetres  reflects  the  low  Z accuracy  of
underwater DEMs derived from photogrammetry. These differences can be explained by
a combination of XY systematic errors, an inadequate calibration of the camera and the
optical properties of the water environment. Moreover, major positive X, Y, Z RMS errors
were observed on the canopy of the seagrass meadows, which is continuously shifting,
as well as on complex 3D underwater structures such as the blocks comprising the dike
and  faults  of  rocky  substrates.  To  the  authors’  knowledge,  no  previous  study  has
confronted the bathymetric output of those two techniques and further investigations are
required  to  produce  accurate  underwater  DEMs comparable  to  those  generated  with
acoustic techniques.
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When looking at the GSD, it can be seen that the results were always under 0.4 cm, even
when  approaching  the  extreme  range  of  the  floating  platform  (Fig.  7).  The  spatial
resolution of the underwater photogrammetry performed from the surface was therefore
far  higher  than  that  from  aerial  photogrammetry,  which  is  of  several  centimetres
(Colomina and Molina,  2014).  This pattern was mainly due to the sea level  (floating)
nature  of  the  platform  and  the  water’s  optical  properties.  The  spatial  resolution  of
photographic products derived from underwater photogrammetry from the surface is thus
high enough to perform advanced picture analysis.

Potential  Applications  to  Surveying  Marine  Habitats  and  Artificial  Underwater
Structures

Georeferenced underwater photogrammetry allows marine surveys to be conducted in
various fields of science. As mentioned earlier, its main current use concerns submerged
archaeological sites (Drap et al., 2008). However, it may be used for other purposes and
more specifically in the field of seascape studies (Rende et al., 2015a) and the survey of
artificial underwater structures. 

A wide range of data on marine habitats and species is expected to be extracted from the
output  of  georeferenced  underwater  photogrammetry.  3D  models  seem  particularly
relevant to study the complex 3D structure of seagrass seascapes (Abadie et al., 2018;
Rende et al., 2015b) and coral reefs (Figueira et al., 2015). Orthophotographs appear as
the most interesting type of output. Their potential for millimetre pixel resolution allows the
identification of sessile benthic species such as algae and echinoderms. Moreover, they
have  proved to  be an accurate  data  source  to  map the limits  of  marine  habitats  by
providing information equivalent to ground-truth photographs (Bryson et al., 2017). The
coupling of orthophotographs with 3D models is also expected to be an accurate method
to  assess  and  survey  mechanical  impacts  such  as  anchoring  damage  to  seagrass
meadows. In the framework of seagrass seascape studies, the two positioning methods
in  this  paper,  namely  using  a  floating  platform  or  an  MBES,  are  complementary,
depending of the depth investigated.

Submerged  artificial  structures  are  another  potential  subject  of  study  through
georeferenced photogrammetry. It has already been proven to be a useful tool to model
shipwrecks (Eric et al., 2013; Menna et al., 2013). Given the high resolution of photo-
textured  3D  models,  it  seems  conceivable  to  monitor  the  colonisation  processes  of
marine life on ship and aircraft wrecks through photogrammetry. This use, however, does
not require georeferenced data since scaling alone is sufficient to identify and measure
the fixed fauna and flora. Georeferenced underwater photogrammetry is expected to be
more useful  to survey the physical  evolution of  submerged structures such as dikes,
artificial reefs and fragile wrecks.

CONCLUSION

Georeferenced underwater photogrammetry is possible through various techniques and is
accurate enough to provide valuable data on marine habitats and artificial submerged
structures.  However,  it  will  not,  in  the near future,  replace other  underwater  mapping
methods. Currently only acoustic sensors, such as side-scan sonar and MBES, are able
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to provide extensive and accurate maps of the seafloor. Compared with such acoustic
techniques, photogrammetry requires very significant computing power to generate high-
resolution models for areas extending to several hundreds of square kilometres. Due to
this limitation together with other issues such as reliable colour reproduction, it is currently
only practicable to map small marine areas photogrammetrically. There is also a strong
need for an improvement in the georeferencing accuracy of photogrammetric output from
underwater scenes for the operational use of bathymetric data.

Maybe  the  true  interest  of  underwater  photogrammetry  lies  in  aspects  other  than
extensive  maps  of  the  seafloor.  First  of  all,  photogrammetry  is  currently  the  only
technique that provides a sub-centimetric resolution for underwater mapping. This key
characteristic is particularly appreciated in underwater archaeology and for the monitoring
of  deep  technological  infrastructure.  It  has  also  great  potential  for  photo-realistic
referenced data providing non-destructive ways of studying marine diversity and habitats.
Additionally, the 3D models produced may enhance public awareness of the impact of
human activities on marine ecosystems. Since it is predicted that underwater positioning
accuracy  will  increase  within  the  next  decade,  it  is  now  time  to  apply  underwater
photogrammetry  to  conservation and start  to  consider  how to  couple  it  with  classical
monitoring techniques.
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Résumé

Au cours de la dernière décennie, la photogrammétrie sous-marine a suscité un intérêt grandissant grâce à
l’amélioration des performances des appareils photo et de la puissance des ordinateurs. Ce travail décrit le test
de deux nouvelles méthodes de photogrammétrie sous-marine géoréférencée. La première utilise le couplage
entre la photogrammétrie réalisée en plongée sous-marine et le positionnement avec des données acoustiques
d’un sondeur multifaisceaux ; la seconde utilise une technique de positionnement direct avec un dispositif de
surface (plate-forme photogrammétrique).  La comparaison entre ces deux  techniques montre que la plate-
forme offre une meilleure précision de positionnement,  limitée toutefois par la profondeur  et  la visibilité.  La
photogrammétrie sous-marine géoréférencée possède un vaste potentiel d’applications dans les domaines de
la  conservation  des  habitats  marins  comme  les  herbiers,  et  de  la  surveillance  des  structures  artificielles
submergées comme les récifs artificiels et les infrastructures portuaires.
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