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ABSTRACT

This paper presents a multi-temporal underwater photogrammetric survey of a reef patch located in Moorea, French
Polynesia designed to detect a coral growth of 10-15 mm\year. Structure from Motion photogrammetry and underwater
imagery allows the three-dimensional quantification of reef structural complexity and ecologically relevant
characteristics at the patch scale. A high degree of accuracy and fine resolution are required in order to guarantee the
repeatability of surveys over time within the same reference system meaning a proper geodetic network and acquisition
scheme are mandatory. Measuring tools and reference points were properly designed in order to constrain the
photogrammetric reconstruction. The network adjustment, performed with distance and height difference observations,
provided an average accuracy of £1.2 mm and 2.9 mm in the horizontal and vertical component respectively. The final
accuracies of photogrammetric reconstructions are on the order of 1 centimetre and few millimetres for the 2017 and
2018 monitoring campaigns respectively. This results in realized errors in the comparison of about +1 cm. Coordinate
variations larger than this magnitude can be reasonably interpreted as coral growth or dissolution. The direct
comparison of the two subsequent point clouds is effective in order to evaluate trends in growth and perform
morphometric analyses. For highly accurate quantitative assessment of local changes, an expert operator can create and
analyse specific 2D profiles that are easily produced from the point clouds.

KEYWORDS
Underwater photogrammetry, coral growth, change detection, accuracy assessment, deformation monitoring

1 INTRODUCTION

Coral reefs have declined globally over the past several decades in response to anthropogenic threats such as warming
ocean temperatures and decreasing ocean pH (Bellwood et al. 2004; Fabricus et al. 2017; Gardner et al. 2003; Hughes et
al. 2017; Pennisi et al. 2002) At local-to-regional scales, coastal development, destructive fishing practices and
pollution phenomena also have contributed to a loss of reefs (Cinner et al. 2018; Mora 2008; Suchley and Alvarez-Filip
2018).

A range of survey methodologies including satellite sensing (Hedley et al. 2016), airborne investigations, vessel-based
acoustic and light detection and ranging (LIDAR) technologies (Collin et al. 2018), visualizations using underwater
robotic vehicles (Kocak and Caimi 2005; Johnson-Roberson et al. 2010) and in-situ operations based on underwater
photogrammetric surveying (Burns et al. 2015; Royer et al. 2018) have been used to document declining trends in coral
reef cover. These studies have focused on the description of biogenic habitats and characterizing factors at varying
spatial scales and levels of image resolution. However, while remote sensing enables the investigation of large extents
of reef areas, the costs to obtain the imagery can be quite high. Further, boat-based surveys can be difficult to conduct in
shallower waters or in areas with high coral cover due to difficulties in accessing these areas and unfavourable
acquisition geometry. Increasingly, field surveys of coral reefs carried out by robotic vehicles (Johnoson-Roberson et al.
2010) or divers equipped with consumer-grade cameras are now allowing the three-dimensional (3D) quantification of
ecologically relevant characteristics at the patch scales and have opened the way to obtaining detailed and accurate
surveys for the monitoring of coral growth, reef structural complexity (Ferrari et al. 2017) and as predictors of reef
organismal abundance, biomass and diversity (Burns et al. 2015).

Conventional ecological studies of coral reefs with two-dimensional (2D) planar surveys are inadequate in the
delineation of most of the above-mentioned characteristics due to difficulties in the quantitative assessment of
parameters which are based on 3D features. On the contrary, morphometric characteristics such as rugosity and colony
shape volume and surface area could be better quantified by suitably accurate 3D surveys at appropriate spatial scales
(Reichert et al. 2016). Moreover, 3D metrics could provide useful information on the ability of a diversity of organisms
to use corals as shelter as well as the influence of reef structure on local hydrodynamics and the amount of light
received by the coral colony (Collin et al. 2018; Palma et al. 2017; Lenihan et al. 2015; Hattori and Shibuno 2015). To
date, difficulties in collecting 3D data at even modest spatial scales of 1 to 10s of meters has limited the usefulness of
these studies. Also, relatively few studies have been carried out to quantify the precision and accuracy of the metrics
derived from 3D models of coral reef habitat structural complexity (for examples see Bryson et al 2017; Ferrari at al.
2016).

In recent years, thanks to the use of Structure from Motion (SfM) photogrammetry, images acquired by unmanned
underwater vehicle and divers can be used for the reconstruction of geomorphic features, archaeological sites and
benthic communities at cm-to-mm spatial resolution, depending on the camera settings used and the distance to the
imaged object (Capra et al. 2017, 2015; Drap et al. 2013; Sarakinou et al. 2016). The general SfM workflow and the
achievable accuracy have been documented in many papers based on aerial and ground-based surveys (see Aglera-
Vega et al. 2016; Eltner et al. 2016; Fonstad et al. 2013; Harwin et al. 2015; Mancini et al. 2013; Nex and Remondino
2013; Rupnik et al. 2014; Toschi et al. 2013 among others). These studies reported that absolute positional accuracies of
the 3D models were achievable at the cm level when a reliable reference frame was established using Ground Control
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Points (GCPs) that had been surveyed using methods accurate enough to generate standard deviations ranging from
several mm to one cm.

Little has been published about the metric accuracy of 3D models obtained by the processing of datasets containing
underwater images based on the SfM approach. As such, it represents a fundamental topic for studies devoted to
monitoring tasks by multi-temporal photogrammetric surveys of coral reefs complexity. Figueira et al. (2015) evaluated
the precision (by repeated surveys) and accuracy (using a laser reference model as a benchmark) of 3D models
representing marine benthic habitat by underwater photogrammetry at the coral colony and patch reef spatial scales.
Using off-the-shelf equipment in the replication of surveys in a controlled environment, they found average differences
in colony morphology of 1-6 mm and 25 mm for patch reef areas. Information about the accuracy achieved by the
underwater photogrammetric surveys is essential whenever these data are planned for monitoring purposes and plays a
crucial role in future studies aimed at determining the rate of growth and changes detection from multi-temporal
underwater photogrammetric surveys.

In the monitoring of growth or loss in coral 3D structure and from the surrounding environments at the patch scale, 3D
models and shapes obtained from multi-temporal photogrammetric datasets must be keyed to a common reference
frame in order to allow for successive comparisons. Such a comparison procedure must be accurate enough to precisely
detect typical rates of changes occurring in the structural properties of corals on the order of 1 cm/yr (Bessat and
Buigues 2001; Skarlatos et al. 2017; Neyer et al. 2018). The choice of an accurate reference frame and the
implementation of the operational condition is still an open problem in the upcoming application of underwater
photogrammetry to coral health.

This study presents photogrammetric, multi-temporal surveys of a patch reef located in Moorea, French Polynesia. with
the specific aim of providing a workflow for the 3D monitoring and mapping of coral reefs at the level of accuracy
required to detect annual changes in the 3D structure of the reef. Because of the cm-level accuracy needed in such
investigations, an accurate geodetic network must be established to guarantee a common unambiguous reference frame
for further comparison of the photogrammetric models reconstructed from underwater photographic surveying over
time (Guo et al. 2016). In this case, the reference frame was established by installing and surveying a high-quality
underwater control network, composed of benchmarks in fixed positions. The local network adjustment produced GCPs
coordinates at sub-centimetre level of accuracy that were used as reference markers in the external orientation of
photogrammetric models. The investigation at a patch scale, ~100m?, was performed within the context of the Moorea
Island Digital Ecosystem Avatar (IDEA).

1.1 The Moorea IDEA Project

The Moorea IDEA project was initiated in 2013 by a group of international researchers to create a digital Avatar of the
island of Moorea, French Polynesia. The project involves an interdisciplinary group of experts in order to develop a
system of complex relationships where ecological data and social information are assembled into a comprehensive time-
evolving model of the island (https://mooreaidea.ethz.ch/project). Understanding and modelling complex socio-
ecological systems provides a predictive, personalized, participatory approach to policy making aimed at achieving
local sustainability. Moorea is strategically located in the middle of the South Pacific Ocean and offers several of the
most complex ecosystems on Earth that can be studied to reveal the effects of natural and anthropogenic stressors on
ecosystem processes. The precise 3D measurements of changes in the amounts and 3D structure of living coral over
time is an essential component of future investigation of the impacts of climate change (i.e. ocean warming, increases in
cyclones, ocean acidification). Several tests, surveys, equipment designs, and upgrades have been carried out since the
first attempts at using underwater photogrammetry in Moorea were initiated in 2015 in order to obtain 3D models with
sufficient accuracy and precision to allow the monitoring of ecologically relevant reef characteristics. In this paper, we
present the results of our 2017 and 2018 monitoring campaigns.

1.2 Site description

Moorea (17°30'S, 149°50'W) is a high volcanic island with an offshore barrier reef and narrow (~0.8-1.5 km wide)
lagoons (mean depth ~5-7m) that surround its ~60 km perimeter. Most recently, the island’s coral reefs have
experienced a series of natural disturbances beginning in 2007 with a severe outbreak of crown-of-thorns sea stars
(COTS). At the conclusion of the COTS infestation in 2010, the cover of live coral had declined from an island-wide
average of ~40% to <5%. In February of 2010, large waves associated with a Category 4 cyclone (Cyclone Oli) that
passed to the southwest of Moorea removed large amounts of dead coral, primarily on the north shore of the island,
effectively eliminating much of the small-scale 3D structural complexity associated with the reef (Adam et al. 2014).
The Moorea Coral Reef Long Term Ecological Research project (https://mcr.lternet.edu) has censused the coral reef
communities of Moorea since 2005; documenting the rapid recovery of coral on the fore reefs and within the lagoons of
the island since 2010 (Holbrook et al. 2017). Much of the observed coral recovery on the fore reef was driven by high
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levels of recruitment to the reef by coral larvae (Holbrook et al. 2018; Edmunds 2017) and rapid initial rates of increase
in coral linear extension of between 1 and 3 mm mo™ (Trapon et al. 2013) and coral planer area of up to 3-5 cm? per
year for corals in the genera Pocillopora, Acropora and Porites (Kayal et al. 2018) have been observed. While standard
diver surveys and photo-quadrats are enough to quantify patterns of coral percent cover and the degree of coral
community re-assembly, they are not capable of quantifying the return of reef 3D structure.

Our study area is located on the fore reef at a depth of approximately 10 m. The site is comprised of 20 5m x 5m
experimental plots that have been monitored for live coral cover annually since 2009 was selected due to its high
diversity of coral. The specific test plot investigated in this paper (Plot 17) is a part of this larger area of interest
(hundreds of meters). Plot 17is one of five sample plots that have been used for testing the performance of underwater
photogrammetry for use in ongoing monitoring surveys.

Fig. 1 Test site: a) map of the western south Pacific Ocean. The location of French Polynesia is highlighted in purple.
The red square on the map of Moorea shows the approximate location of investigated area; b) an image of the
investigated coral reef; c) graduated surveyor rods used for the validation of the generated 3D models

2. METHODS

Underwater photogrammetry performed by experienced divers provides a reliable technique to generate a highly
accurate 3D reconstruction of a coral reef. It is a non-invasive investigative technique able to provide sufficient
resolution for change detection in reef architecture resulting from coral growth and mortality. However, in order to
guarantee the repeatability of photogrammetric measurements over time within the same reference framework, it is
mandatory that a proper geodetic network be installed.

2.1 Geodetic reference network

2.1.1 Design and installation

The geodetic reference network is defined by means of several well identifiable points, i.e. Ground Control Points
(GCPs), with known coordinates that can be used as constraints in the photogrammetric processing and provide metric
content to the generated 3D models resulting in a reduced degree of mis-orientated of images. The GCPs should 1)
cover the investigated area (both in horizontal and vertical planes) as homogeneously as possible, 2) be visible in a high
number of images and 3) allow topographic measurements of the network. GCPs require an installation that is
temporally constant in order to enable divers to relocate the marker in precisely the same position during future
monitoring campaigns. In our study, multiple GCPs were installed by drilling into the reef matrix to a vertical depth of
approximately 40 mm and permanently cementing a threaded, expansion anchor into each hole. GCPs were then
deployed on the tops of 9.5 mm threaded rods screwed into the expansion anchors. GCPs were removed after each
survey, but the expansion anchors were left in place for use in subsequent surveys. This design reduces the chances of
loss of reference points due to a range of natural events, does not visually impact the environment does not result in a
disturbance to live coral and provides a permanent network of GCPs to enable the comparison of 3D models
constructed at different time points. Our geodetic network was installed on the fore reef in 2016 and consists of 5 GCPs
homogeneously spaced over our fore reef test plot encompassing a total reef area of 25 m? (Table 1).

2.1.2 Equipment design and data collection

Change detection of coral reef biocenosis is a demanding application in terms of the required accuracy of the estimates

of the GCPs coordinates. The most common geodetic instruments used such as GNSS (Global Navigation Satellite

Systems) receivers, total stations and laser scanning cannot be used easily for surveying photogrammetric GCPs

underwater. In order to obtain accurate and precise measurements of distances and height differences between GCPs,

we have developed several specialized pieces of equipment to deliver a practical, easy to implement and cost affordable
solution for measuring GCPs in the underwater environment that allows the unambiguous identification of our GCPs
during the image processing step. These devices include:

- A series of 9.5 mm diameter, 30 cm long stainless steel rods that can be screwed into expansion anchors cemented
into the reef matrix. This method allows GCPs to be installed quickly on the reef for data collection, and then
removed at the conclusion of the survey in order to avoid damage to or the loss of the GCPs during periods of high
wave intensities on the fore reef (Fig. 2a, bottom).

- Headers devoted to the identification of the GCPs within the acquired imagery (photogrammetric target). These
headers are 80 mm in diameter and 40 mm in height with a pre-printed, computer-generated black and white coded
number glued to the top surface of the header (Fig. 2a, top). These headers fit into specialized adaptors (see below)



©CO~NOOOTA~AWNPE

- Headers devoted to distance measurements (measuring ring) (Fig. 2b). These headers are designed with a bottom
pin that fits into the specialized adaptors allowing azimuth rotations while preventing any vertical slip. This header
type has a ring on the top of the header with a lateral small opening that can be used as a reference for distance
observations. Distance observations are performed by means of a measuring tape with millimeter gradation.

- A number of aluminum adaptors with a diameter of 30 mm and a length of 160 mm that can be screwed onto each
threaded rod and can accommodate the installation of one of two interchangeable headers devoted to the
measurements of the geodetic network or to the identification of individual GCPs within the acquired imagery (Fig.
2¢). These adaptors together with threaded rods also allow the GCPs to be raised above the height of the surrounding
corals making it possible to observe and measure any GCP from any other point within the network.

The two headers are designed so that the GCP target and the center of the ring used in distance measurements have the

same elevation when installed on the top of the aluminum poles (Fig. 2f).

- A commercially available, underwater green laser pointer (Fig. 2d) used in conjunction with a millimeter-scale
graduated leveling rod to carrying out leveling observations within the geodetic network. The laser pointer is
mounted onto a standard surveyor’s tripod equipped with a bubble level and then positioned between two GCPs.
Aiming the laser at each GCP in succession allows divers to precisely determine the difference in elevation between
the two GCPs.

- A special mounting system for the laser pointer (Fig. 2d). This mount allows the laser to be rotated and locked into
one of two positions. Tests performed prior to our surveys identified a deviation in the laser pointers optical axis
from the main axis of the laser housing. As a result, the location of the laser on the graduated leveling rod differs
depending on the rotational orientation of the laser. To correct for this effect, two elevational measurements are
taken underwater with the laser locked into successive positions oriented 180° relative to one another. The designed
mounting system also allows for the flat, horizontal rotation of the laser through 360° without modifying the
elevational position of the laser pointer.

- An adapter that could be connected to the permanent anchor of each GCP. This adapter was developed for the
precise positioning of the leveling rod above each GCP anchor, allowing a repeatable positioning and facilitating the
ability of a diver to keep the leveling rod vertical during leveling measurements (Fig. 2e).

All devices were manufactured from aluminum in order to avoid corrosion resulting from prolonged immersion in
seawater. Importantly, all adapters were manufactured to a standardized height guaranteeing that the final elevation of
the assembled GCPs remained constant irrespective of the specialized header type installed. The material production
cost of each unit was about 50 euros not including design and labor costs involved in metal machining by a skilled
technician. Installation of the ten stainless steel, expansion anchors for the GCPs required two divers on SCUBA
approximately one to one and a half hours.

Several operative strategies were developed to optimize data collection and improve the final accuracy of 3D models.
When measuring distances between GCPs, divers extended the measuring tape between the measuring ring adapters
installed on two of the GCPs (Fig. 2g) taking care to keep the metal measuring tape taught while not bending the
stainless-steel rods supporting the GCPs. All distances were measured twice, with divers alternating positions between
the two GCPs. Distance measurements were made between all sets of GCPs in order to provide a redundant set of
distance observations. Leveling measurements were made by positioning the surveyor’s tripod supporting the laser
pointer at a point approximately equidistant to the two GCPs being measured (Fig. 2h). In this way, the residual small
misalignments of the measuring device resulting from errors in vertically leveling the tripod will result in the same
amount of measurement error in reading the position of the laser on the leveling rod when alternatively placed on the
two expansion anchors marking each GCP. Levelling measurements required three divers; two divers to accurately
position the leveling rod and read the position indicated by the laser and a third diver to position the surveyor’s tripod
and operate the laser. We first made measurements of our installed geodetic network on August 2017. We repeated
these measurements again in August of 2018 in an attempt to improve measurement accuracy. The present paper reports
GCPs coordinate results we obtained in 2018 while implementing the above described optimized protocols.

Fig. 2 Geodetic reference network: equipment and data collection. a) on site installation of GCP with threaded bar, pole
and mounted photogrammetric target; b) measuring ring header for distance measurements; ¢) aluminum pole; d) laser
pointer with special mounting system installed over the tripod; e) adapter for the levelling rod; f) technical drawings of
the mentioned devices (photogrammetric target header on the left, measuring ring header on the right); g) collection of
distance measurements in operative conditions; h) collection of leveling observations in operative conditions

2.1.3 Network adjustment
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As described in section 2.1.1, the geodetic network establishes the local reference frame which needs to be
conventionally fixed by defining one GCP to act as the origin and then taking a bearing from this origin point to a
second GCP (minimal constraint network). The local reference frame adopted at our fore reef test site was fixed using
GCP #6 as a benchmark origin with the x-axis pointing towards GCP #9. In order to avoid negative values in the z-
direction, the origin elevation was set a priori to 5.00 m (Table 1). Raw observations were first pre-processed to detect
outliers and to compute the input for the network adjustment process. For each distance segment, we computed the
average distance between the raw observation pairs. We then computed the elevation differences between sets of GCPs
by averaging the two raw leveling readings as obtained by rotating the laser pointer. Closure errors in the network were
verified by combining elevation differences in order to ideally perform our analyses on closed leveling rings. Pre-
processing of the raw observations provided estimated values for the a priori standard deviations of measurement
observations of 1 mm for distance observations and 5 mm for elevation differences.

The network geometry and the number of observations were sufficiently redundant to allow a high-quality computation.
The whole dataset used as input for the network computation was characterized by 18 observations obtained from the
sum of the average distances and differences in elevations. The geodetic network was composed of 5 benchmarks and
12 unknowns consisting of the coordinates of each GCPs except for the origin which is conventionally fixed (minimum
constraint strategy). Therefore, the number of redundant observations was six. We computed a least square adjustment
using STAR*NETPRO v. 6.0.36 Commercial Suite (Starplus Software Inc., Oakland, CA).

2.2 Underwater photogrammetric campaigns

The photogrammetric surveys were performed annually by experienced SCUBA divers operating in depths of 12-14 m
in areas of the reef characterized by coral colonies of small to medium size (~ 5-30 ¢cm in diameter). Divers also
installed the GCPs containing photogrammetric targets prior to image collection and periodically checked the integrity
of the geodetic network.

2.2.1 Image collection

Several models of cameras either singly or in multiple camera combinations were used to acquire imagery in order to
test camera performance in the underwater environment and identify optimized camera settings. A Lumix DMC-GH4
and a Nauticam underwater housing equipped with a dome port to reduce the distortion effects generated by the aquatic
medium (Menna et al. 2016) was used as the standard reference camera. This camera has been used by us to acquire
photogrammetric imagery of reefs in Moorea since 2015 (see Fig. 1b for an example of acquired images). The reference
camera was used with a nominal focal length as fixed in air of 20 mm in 2017 and 22 mm in 2018; an effective lower
focal length is expected when the camera is used underwater due to the magnification effect equal to 1/4 produced by
the water medium (Capra 1993). Short focal lengths should be avoided in order to reduce metric distortions in the
acquired images and a proper underwater case and dome port should be used to reduce distortion effects due to the
aqueous medium. We used an exposure time of 1/90 s during our 2017 survey and 1/125 s in our 2018 survey in order
to optimize image capture and reduce motion blur. We used the camera’s autofocus procedure to focus the camera and
variations in the acquisition distance of the images were so slight that the autofocus setting did not produce significant
changes in the focal length. Images were collected with a frame acquisition rate of 1 s two meters above the reef
surface during the 2018 campaign and five meters above the reef during the 2017 campaign. These parameters were
determined by considering the average diver swimming speed required in order to obtain an adequate ground resolution.
The photographic survey was designed to guarantee the desired degree of image overlap, > 90%, required for SfM
processing (Harwin et al. 2015). Divers swam paths orthogonal with respect to the main photographic survey lines to
improve photographic coverage of the imaged plot. Finally, to strengthen the image surveying geometry, both nadir and
off-nadir inclinations of the main camera axis were used. The need for a high degree of accuracy in the final 3D model
requires a robust acquisition geometry that was achieved by having the divers follow a grid superimposed over the test
site. This method ensured that divers acquired photographs in both longitudinal and orthogonal directions and that the
images are acquired with a slightly off-nadir asset of the camera (ranging from 0° to 30°). The fore reef test area was
surveyed using several different viewing angles that allowed us to improve the intersection of optic rays, detect vertical
sides of corals concretions and avoid occlusions in valleys between colonies (Rossi et al. 2017). Image collection was
performed under conditions of natural lighting and low current speeds to avoid shadows, suspended materials and
obtain the highest quality images possible.

2.2.2 Image processing and 3D model comparisons
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Photogrammetric processing was performed using the SfM algorithms contained in the software package Agisoft
PhotoScan v.1.3.4 to generate a 3D model reconstruction from the acquired images. When performing successive
surveys, repeatability is critical to enable the comparison of the resulting 3D models. In terms of repeatability, we also
recommend using the same software package and settings. Our processing workflow consisted of first removing all poor
quality images (i.e. out of focus, motion blurred) from the processed dataset. Then a preliminary image orientation was
performed through the automatic identification of tie-points within a bundle adjustment. Tie points with a high degree
of reprojection error (mainly those outside the investigated area or detected in only two images) were removed and the
GCPs coded targets automatically identified in the images. The orientation of images was further refined and
constrained by introducing GCPs coordinates, along with their related accuracies obtained from the geodetic network
adjustment (see Table 1). The refinement orientation was performed through a non-linear, least squares minimization
during the bundle adjustment. The external constraints given by introducing GCPs coordinates allowed us to obtain the
real positions and orientations of the cameras, calculate the internal camera parameters and generate a geo-referenced
3D model. The use of a self-calibration procedure, estimating internal camera parameters based on the actual collected
imagery considering real operative conditions, further served to guarantee accurate results (as demonstrated by Snavely
et al. 2006). A dense point cloud was generated using a dense image matching algorithm to match pixels located on
different images, thereby allowing the reconstruction of a depth map and the creation of a high-density point cloud. We
use the terms “point cloud” and “3D model” synonymously to refer to the 3D reconstruction of the test plot. Only the
original 3D point cloud was used in subsequent analyses as any surface modelling may introduce interpolation and
smoothing effects on the reconstruction. The validation of the generated point clouds and the estimation of their final
accuracies was performed by using points/objects whose coordinates/dimensions were not previously employed in the
photogrammetric processing (Toschi et al. 2013). In the present case, graduated bars with known lengths were
positioned in the surveyed test area (only in 2018 dataset) prior to image collection so that they were included within
our collected images and available for validation (Fig. 1c). The differences between real values and 3D reconstruction
estimations of distances identified on graduated bars were used to determine the accuracy of the computed 3D point
clouds. 3D models obtained from images collected in 2017 and 2018 then were compared in order to detect any
significant changes in reef geometry over time. The multi-temporal comparison was performed through the calculation
of cloud-to-cloud distances using the Multiscale Model to Model Cloud Comparison (M3C2) algorithm as implemented
in the open source software Cloud Compare v. 2.9 (Lague et al. 2013). This algorithm considers both the 3D model
complexity and the point cloud noise to provide the correct calculation of distance vectors. The definition of a normal
direction to the reference 3D model, along with the calculated distances between the two point clouds, is crucial as the
coral reef in the tested area exhibits a great degree of 3D complexity. In order to calculate the direction for distance
measurements M3C2 allows the user to define a search diameter on the reference model that creates a surface for which
the normal is calculated. In this case study, the diameter varies between 0.002 m and 0.02 m according to geometrical
features of the reef. The 3D distances between models were computed by defining the 3D model obtained in 2017 as the
reference model and then comparing the 3D model obtained in 2018 to this reference model.

3. RESULTS

3.1 Ground control points adjusted solutions

The final GCPs coordinates and the achieved accuracies (at 68% level of confidence) are reported in Table 1. The
geodetic network adjustment provided encouraging results with an average accuracy of +/- 1.2 mm in the horizontal
component and +/- 2.9 mm in the vertical component. Figure 3 shows the adjusted results in terms of the input
observations and the error ellipses for each of the GCPs (at a 95% level of confidence, exaggeration factor of 100). The
ellipses are well balanced, with increasing values when moving away from the origin, as expected due to error
propagation.

Table 1 Geodetic network adjustment results. Resulting coordinates and accuracies (68% level of confidence)

Fig. 3 Geodetic network adjustment results. Geometry of the geodetic network with the error ellipses (95% level of
confidence, exaggeration factor of 100), the observed distances (blue lines) and the leveling trajectories (dashed black
lines)

3.2 3D models
Results of the photogrammetric processing are shown in Table 2 for both the 2017 and 2018 field missions. Image
orientation was performed in the processing of the imagery from both surveys by introducing the same adjusted
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coordinates for the GCPs (see values in Table 1). The two datasets differ in terms of the number of images collected and
the image acquisition height above the reef. This resulted in slightly different degrees of image resolution. As shown in
Table 2 (line 0), both acquisitions were enough to ensure a high degree of image redundancy (>9), but the survey
acquisition geometry was further improved in 2018 by increasing the number of times the divers passed over the reef
test area. In order to reduce the differences in resolution of the generated products, a dense point cloud with high quality
settings was computed for the 2017 dataset, while medium quality settings were used for the 2018 dataset. This strategy
downscales processed images (high means a downscale factor of 4 with respect to original images size; medium
indicates a factor of 16) and results in a similar number of points in the two point clouds at the expense of longer
processing times (one more day is required for computing the 2017 dataset with respect to the computational burden
required by 2018 dataset — Table 2, line g).

Table 2 Main SfM processing results: acquisition settings, number of reconstructed points, time for processing,
discrepancies on GCPs and accuracy check on graduated bars

Generated point clouds were delivered within the same reference system as defined by the geodetic network based on
the adjusted GCPs coordinates. The photogrammetric model adapts its geometry to the imposed constraints, but also
computes the discrepancies between imposed and estimated coordinates of the GCPs. Both datasets show average
discrepancies of a few millimeters along the three directional axes and these discrepancies are similar to the accuracies
of the input GCP coordinates. The mean 3D discrepancy of the GCPs were 3.6 mm in 2017 model and only 0.4 mm in
2018 model (Table 2, line h). For both time periods, the discrepancy of each GCP was spatially displayed on a map
where the error ellipse sizes represent the horizontal values of discrepancy and the error ellipse colors represent the
discrepancy in elevation (Table 2, line 0). The accuracy of the generated 3D models was evaluated by comparing the
known lengths of graduated bars to the measured length of the graduated bars as detected within the models themselves:
several lengths were identified and verified along the three main axes. The measured differences were normalized to the
reference distance of 1 meter and then averaged in order to obtain a representative value for the realized final accuracy.
The most accurate reconstruction (<1 mm) is obtained around point 6 (origin of the reference system), while the least
accurate (1.1 mm) was detected at the opposite position (areas around point 8) (Table 2, lines I-m-n).

3.3 Multi-temporal analysis

A multi-temporal analysis was performed involving the evaluation of coral growth over one year by calculating the
oriented distances between the two 3D models using the M3C2 algorithm. The results of this comparison obtained by
projecting the calculated distances on the 2017 model (previously subsampled at 0.005 m in order to speed up the
computation and results analysis) are shown in Figure 4. We obtained values ranging from -60 mm and 60 mm. These
values are within the range of coral growth rates observed in studies of in situ coral growth conducted on Moorea (Fig.
4a) (Trapon et al. 2013). Absolute values for coral growth at the higher end of these estimates are mainly due to errors
in our distance calculation, the presence of unrelated objects, or to the loss of whole coral colonies (Fig. 4b and 4c).

The statistical comparison of the distribution of differences between the two 3D models shows a peak centered at
approximately 5 mm and a median value of 12 mm (see right Fig. 4a).. In order to investigate these results in more
depth, we generated new maps showing only differences in model point clouds corresponding to values exceeding 15th
and 85th percentiles. This equals positive distances values ranging from +35 mm and +60 mm (Fig. 4b), and negative
distances lower than -6 mm (Fig. 4c). Particularly large positive distances are well distributed throughout the test area
and were mainly associated with the outer surfaces of coral colonies where the growth of corals is greatest. The color
scale represents distances of 30 mm in yellow that are considered reasonable values of growth. Distances equal to and
higher than 50 mm are shown in red and may be more related to the comparison of the 3D models than to higher values
of coral growth. Negative difference values exceeding -50 mm appear in blue (Fig. 4c). These negative values are more
sparse than positive values and appear to be restricted to areas of little coral cover. The map also clearly points out
small blue portions representing the displacement of corals at the whole colonies level due to natural or anthropogenic
events.

Fig. 4 Comparison and coordinate variations between the 2017 model (reference) and the 2018 model (compared) as
projected on the 2017 model. a) Map of calculated distances (values between +/- 60 mm), distribution of values and
statistical parameters. b) Extraction of large positive values (> 35 mm, 85th percentile), yellow color states 30 mm
values. c) Extraction of largest negative values (between -200 mm and -6 mm, the 15th percentile) to better report
damaged coral concretions
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The multi-temporal comparison based on our distance calculation is well suited to detect main areal trends and provide
measures of growth as well as areas of coral loss. More detailed analyses require the creation of vertical sections of the
3D models and the punctual comparison of the two profiles through a manual measurement of the point distances (Fig.
5). Figures 5a and 5b focus on small portions of the mapped site: black lines specify the chosen vertical sections; white
arrows indicate the viewing direction for the extracted profiles. Figure 5¢ shows a specific area of Section 2 that was
selected in both models and displayed with natural colors in order to facilitate the comparison between the two models.
Blue values represent negative distances, in this case corresponding to a loss of material related to the breakage of a
coral colony; the detached material lays on the seabed close to the damaged area and is visible as a red area in the map
(see area around Section 2 in Figure 5a). The results obtained with the automatic distance calculation, as performed
with M3C2 algorithm, were confirmed in terms of average changes. There is a good geometric agreement between the
two models (see extracted profiles at the bottom of Figure 5). Positive distances are bigger at the top of the coral
colonies and decrease on the sides. In red areas, manually identified distances are maximally 30 - 35 mm. Breakages of
coral can lead to high negative distances (i.e. -135 mm shown in Section 2) as well as occlusions that, in vertical walls
and narrow valleys, decrease the accuracy of the reconstruction.

Fig. 5 Multi-temporal comparison — detailed analyses: vertical sections of the two models. a, b) Maps of the extracted
sections in black lines and white arrows indicating the view direction. ¢) View of the two models around Sect.2. At the
bottom, n. 5 extracted profiles with punctual measures of changes

4. DISCUSSION

As previously discussed, the role of the geodetic network is essential for the definition of an unequivocal reference
frame that allows for the multi-temporal comparison and the determination of the magnitude and the geometrical
features of changes in the 3D structure of a coral reef. By the introduction of accurate GCPs coordinates obtained from
a least square adjustment, the 3D models produced by the photogrammetric process are directly and immediately
comparable with no need to introduce other data manipulations (such as adaptation procedures) that would compromise
the reliability of the final comparison between single epoch dataset. In this study, a full datum definition was achieved
by the introduction of a point of constraint and an orientation. Specifically, we used average distances between GCPs to
improve the accuracy of observations in the adjustment procedure.. This limits the redundancy of adjusted observations
and reduces the chances of overestimation of the final accuracy of our GCPs with more reliable results in successive
multi-temporal comparison of surfaces representing the habitat evolution as changes in reef 3D geometry. Our strategy
used in the datum definition (i.e. a bringing to minimally constrained reference system) relies on the need to adopt a
common and stable reference system to frame solutions at successive epochs and, thus, preserve continuity in
monitoring actions even in case of a lost GCPs through time. This is an essential condition whenever 3D models are to
be used in a monitoring program.

The presented datasets are based on different capturing strategies following improvements that had been adopted during
our 2018 field mission. Specifically, the photo acquisition distance was reduced between 2017 and 2018, the camera
was aligned with an off-nadir position and the diver operating the camera swam a regular grid pattern above the area of
interest guaranteeing higher covering and redundancy. This reduced the mean ground resolution from 1.3 mm/pix in
2017 to 0.5 mm/pix in 2018, resulting in different features within the generated point clouds. Changes in the dense point
cloud creation settings allowed us to obtain products with a similar number of points and resolution. The profiles shown
in Figure 5 highlight a similar capability of the two products in the reconstruction of small details. The lower number of
images in the 2017 dataset also affected the robustness of the reconstruction geometry reducing the usable information
and variability of viewing angles per reconstructed points (James et al. 2017). Not all reconstructed areas in the final
products are related to occlusions during images acquisition, areas of no data were located mainly in valleys between
coral colonies (Fig. 4c) and affected the comparison of the two 3D models. Collecting images from a greater distance
above the reef ensured an excellent coverage of the area but provided a lower ground resolution that may not produce
the accuracy desired in the final reconstruction. Collecting images from a distance closer to the reef surface in a
convergent way, ensures a higher resolution in the reconstruction, but some narrow valleys may not be fully detected
because of the reduced frame area and the complex 3D geometry of the reef. The acquisition of images from different
distances above the reef structures (for instance in a range from 2 to 5 meters) could overcome these critical issues. We
plan to test such a solution during our planned 2019 surveys. Increasing the distances of acquired images could improve
the relative orientation of images, ensuring the coverage of a large area, whereas images closer to the objects will
guarantee the high quality and resolution of generated 3D models.
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Discrepancies in the GCPs coordinates (see Table. 2, line h) represent the adjustment of the 3D model to imposed
external constraints; values of 3.6 mm and 0.4 mm were found for the 2017 and 2018 datasets respectively. These
differences may be related to unstable reference points or differences in the image collection. If the reference points are
unstable, coordinates measured in 2018 would not fit the 2017 dataset and this could lead to larger discrepancies in
GCPs. The stability of the reference system forms the basic hypothesis of a geodetic reference network and is
mandatory for reliable multi-temporal comparisons. Thus, the geodetic network needs to be periodically verified in
order to avoid misinterpretation of the results of the final multi-temporal comparisons. Considering the short time
between our two campaigns and the method by which the benchmarks were installed, it is reasonable to assume that the
GCPs were not subject to changes or modifications and are therefore stable. In the long term, their continued stability
should be confirmed by repeating the ground measurements in order to verify the consistency of their coordinates. In
our case, the most probable cause of the observed variations in the positions of the GCPs (line h of Table.2) was the
different protocols used to acquire the 2017 and 2018 imagery. The acquisition geometry affects the accuracy of the
entire 3D reconstruction (Harwin et al. 2015). As suggested by James and Robson (2012) for aerial photogrammetric
applications, the higher acquisition distance used in 2017 likely reduced the precision in CGP target identification and
lessened the overall accuracy of the generated 3D model for that year.

The direct comparison of the two generated 3D point clouds indicates that the two reconstructions were well aligned.
The algorithm for the automatic calculation of oriented distances between point clouds highlights the main trends (Fig.
4a), with growth areas located near the tops of the coral colonies (Fig. 4b). It should be noted that the comparison of 3D
point clouds between years does not constitute a deformation monitoring process in and of itself, as it is not possible to
unambiguously identify the exact same point in space at two different times and follow its evolution. The M3C2
algorithm tries to solve these issues by defining thresholds for the measured values as well as search directions that are
functions of the 3D surface geometry. This approach allows the investigation of the prevailing changes in reef 3D
architecture, it is a very effective, automatic and fast method to evaluate growth trends and the average behavior of
different coral colonies. However, calculated distances are not suitable for a precise quantitative assessment of changes
over time. For observations and quantitative evaluations of changes related to specific points in reef 3D architecture, it
is necessary to create sections and compare the extracted 2D profiles. In this way, an expert operator is able to identify
the homologous points of interest and make specific measurements between them. As discussed above, distances
measured on profiles are more consistent and representative of the investigated phenomenon and do not exceed +35 mm
even in areas where the M3C2 algorithm generically gives values in excess of 45 mm.

Analysis carried out on the results of the multi-temporal comparison allowed us to evaluate the uncertainty of the
comparison and to detected distances that can be reasonably interpreted as coral growth or dissolution, thus avoiding
misinterpretation of 3D model errors that do not correspond to actual changes in reef geometry. The multi-temporal
results provided by the comparison of the 2D profiles are affected by the accuracies of each profile. Given the
difficulties introduced by the underwater environment, it was not possible to establish a methodology to provide this
accuracy check. The system based on the use of known reference bars was initiated in 2018 and allowed us to verify the
accuracy of the 3D model through external independent reference devices for this year only. Our accuracy check
provided a final magnitude of about 1 mm (a value greater than the GCPs discrepancy given by the photogrammetric
process), so it is reasonable to consider the accuracy of 2018 3D model equal to few millimeters. Concerning the 2017
3D model, in the absence of any external reference bars and taking into account the GCPs discrepancies, we feel that a
final accuracy of 1 centimeter is a reasonable estimate. Based on the variance propagation law, the multi-temporal
comparison is affected by an error of about £1 cm. The purpose of this analysis was to provide a general framework
used to identify only those areas of the reef that actually experienced growth or dissolution greater than the error
inherent in our 3D models. Our analysis allows us to confidently conclude that differences greater or lesser than 1 cm
between the 2017 and 2018 models may represent a change in the 3D architecture of the investigated coral reef. The
accuracy check employing reference bars used in this case study represents an empirical process for the estimation of a
3D model accuracy, but the results provided have proven to be very effective and this method will be repeated during
our next survey campaign.

5. CONCLUSIONS

This paper represents one of the first examples of quantifying changes in the complex 3D structure of a coral reef over a
scale of tens of meters. Such an ability is crucial to the monitoring of coral reef ecosystems in the face of anthropogenic
perturbations and impacts related to climate change. The results discussed above were obtained due to a robust protocol
utilizing accurate and precise instrumentation as well as the rigorous adherence to developed procedures. This included
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the use of a camera and lens system with a great enough resolution to detect expected changes in the 3D architecture of
the reef and the fixing of the focal length of the lens during the survey to keep all internal calibration parameters of the
camera constant.

An accurate and precisely described geodetic network played a primary role in our ability to compare two or more 3D
representations of the reef. The choice of a proper camera, the homogeneous realizations of reference points in the
investigated area and in stable locations together with following a rigorous set of protocols for image processing
allowed us to generate an accurate 3D product with high resolution. The approach to change detection proposed in this
paper through the comparison of subsequent 3D models allows the removal of common systematic errors (Ogundare
2015). The use of the same GCPs coordinates, the minimal constraint reference network, similar “flight” paths, together
with the repetition of subsequent surveys under similar environmental conditions (summer months), are all strategies
allowing managers to remove errors related to instrumentations, observers, sea currents, refraction indices and seasonal
variations.

Our proposed, underwater photogrammetric methodology allows for a cost-effective approach to the quantitative
assessment of coral growth or dissolution with an estimated accuracy and a resolution suitable for the monitoring of
coral accretion or dissolution of about 10/15 mm/year. Our methodology is effective and requires relatively little effort
in the field beyond the initial effort required to install reference points and collect the measurement needed to accurately
estimate the geodetic network with the desired level of accuracy.
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Table

Table 1 Geodetic network adjustment results. Resulting coordinates and accuracies (68% level of confidence)

oE oN oH

D E[m] NI HIM o mm] [mm]

6 0.000 0.000 5.000 0.0 0.0 0.0
7 0.018 537 4566 15 1.0 3.6
8 5.323 4519 4316 15 1.0 4.1

9 5.724 0.000 4.661 1.0 0.0 3.6
10 2238 3.854 4811 1.2 0.9 3.4




Table 2 Main SfM processing results: acquisition settings, number of reconstructed points, time for processing,
discrepancies on GCPs and accuracy check on graduated bars

FORE REEF, PLOT 17

August 2017 August 2018

N° of images 148 552

Diving distance 45m 21m

Ground resolution 1.3 mm/pix 0.5 mm/pix

Reprojection error 1 pix 1.1 pix

Point cloud 35660000 points(*) 33550000 points(**)

Orientation 1 hour 11 hours 30 minutes

Dense Cloud 1 day 20 hours(*) 20 hours(**)

J|e|=™h|o|jo|jo|T|w

X[mm] | Y[mm] | Z[mm] 3D

[mm]

X[mm] [ Y [mm] | Z[mm] 3D

[mm]

Discrepancies on
GCPs

(average values)

3.3

-0.2 -1.5 3.6

0.4

0.1

-0.0

0.4

Accuracy check on reference bars

X [mm]

Y [mm]

Z [mm]

3D
[mm]

Area around point 6

0.3

0.3

0.5

0.7

Area around points 7 and 9

0.9

0.4

0.05

1.0

Avrea around point 8

0.9

0.5

0.1
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o|ls|3]|—

® Camera position
Images
redundancy

m>9

=9

Discrenancy

Ellipse=error X and Y, color= errorz

¥t 2
s

(*) high quality settings in dense point cloud reconstruction
(**) medium quality settings in dense point cloud reconstruction
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