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ABSTRACT

This study aimed to non-destructively measure the weight of massive (live) corals through three-
dimensional (3D) modelling. The 3D models were constructed using the volumes and weight of
massive (dead) corals. The study was conducted through photographs, 3D analysis, and weighing
ht were modelled using linear and non-linear
regressions, and their accuracy was tested using root mean square error (RMSE) and mean absolute
percentage error (MAPE). This study showed that the weight of massive (live} corals could be
measured using a 3D model of the massive (dead) coral’s volume and the weight mainly through

32 massive (dead) coral samples. Volume and
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regression, polynomial, and geometric equations. The power/geometric equation is a more sui-
table approach for determining the actual value of coral weight. Linear regression obtained an
average weight of 6.13 kg per plot. Three-dimensional modelling can be widely applied to measure

the massive corals in the deep sea.

Introduction

The preservation of coral reef ecosystems is critical
because many people in the twenty-first century will
rely on these resources for food production, coastal
protection, and the gymrvival of their ecosystems
(Kleypas et al. 2021). Coral reefs are among the most
diverse and threatened ecosystems (Hoegh-Guldberg,
Pendleton, and Kaup 2019). Therefore, monitoring
their responses to various threats and disturbances is
critical for ~management and conservation.
Understanding the best methods for measuring changes
in corals, ecosystems, and their functions is a challenge.
An emerging me for exploring colony-scale growth
patterns employs Underwater photogrammetry to create
digital models?[ coral colonies (Lange, Perry, and
Cooper 2020). Acoustic methods are currently widely
used to detect the presence of underwater objects. These
systems work exceptionally well.

Developing methodologies that allow the incorpora-
tion of three-dimensigeal (3D) metrics into coral reef
monitoring is critical. One of the gpgst commonly used
metrics for assessing reef health is gpmportion of live
coral cover on reefs (Leujak and Ormond 2007). It is
used as a proxy for calculating coral reef biomass and
builds on the capabilities of most techniques used to

evaluate linear or horizontal planar estimates. However,
two-dimensional (2D) techniques alone are insufficient
to estimate coral reef cover (Bamford and Forrester
2003), whereas 3D coral reef techniques provide valu-
able information on health (Dickens et al. 2011). The 3D
surface and volume provide more accurate coral abun-
dance statistics and allow for more accurate mapping of
coral reef changgs.

Manta tow, line intercept transect (LIT), point inter-
cept transect (PIT), belt transect (BT), and quadratic
transect (QT) are standard methods for researching
coral reefs, depending on the purpose. The 3D model-
ling method is an advancement and modification of the
underwater photo transect (UPT) method, which uses
3D ;thographs to identify coral species. Using 3D sur-
face area and volume can provide more accurate metrics
of coral abundance information and allows for more
accurate capture of changes in coral reefs. This model-
ling is the most effective method for assessing coral reef
damage and estimating carbon stocks. Comparison,
photogrammetry, and 3D models offer a quick, simple,
low-cost, and non-invasive method (Lange, Perry, and
Cooper 2020). This study proposes a cost-effective and
non-invasive method for accurate geometrical measure-
ments of corals. Because it is impossible to obtain
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photographs of all coral surfaces and know the esti-
mated weight of corals using a 3D approach, accuracy
is highly dependent on the complexity of the coral reef.
This study aimed to non-destructively measure the
weight of massive (live) corals through 3D modelling.

Materials and methods

Research location

This study was conducted at a depth of 8-12 m on Gili
Labak Island, Talango Sub-District, Sumenep Regency,
Madura, East Java, Indonesia. A map of the study loca-
tion is shown in Figure 1.

Sampling

A 3D model was created using 30 colonies of massive
dead corals that were weighed and photographed for
analysis in the Agisoft Metashape Professional (AMP)
software. The volume and weight results were used to
find linear and regression non-linear equations. Next,
30 coral samples were used for an accuracy test, and
volume was measured in a pond using an Olympus TG-

6 camera on a transect of 30 cm x 30 cm and in the field
using a 50 cm x 50 cm frame for live coral (Figueira et al.
2015).

Three-dimensional measurement of massive corals

AMP software was also used to analyse the results of
coral photographs. First, the image quality of under-

ter photographs was estimated using the image’s
garpness, exposure, focus, resolution, and depth of
field. The camera and build dense cloud (BDC) were
then sygged with the software and scaled with a scale.
Third, a dense point cloud was created using depth
information from each camera and a densification algo-
rithm. Fourth, 3D nets were built. Creating texture is
optional, but performing 3D measurement and analysis
is not required. Planar projections by ggthographic
views were used to isolate a ‘cleaned’ coral colony
model from other reconstructed elements such as reef
foundatiogy, and AMP editing oriented all models.
Exported models were used for quantitative analysis
and volume calcghstions (Kabiri, Rezai, and Moradi
2020; de Oliveira et al. 2021).
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Figure 1. Map of the study location at Gili Labak Island, Talango Sub-District, Sumenep Regency, Madura, East Java, Indonesia.




Before taking the 3D photograph in the pond, the
coral was weighed. These data were collected to create
a model using linear and non-linear regression.
Following that, 32 ma corals from the second sam-
ple were weighed for root mean square error (RMSE)
and mean absolute percentage error (MAPE) tests. The
32 massivgggmral colonies were weighed to obtain the
modelling test data. Then, the data were used to esti-
mate the weight of massive live corals on Gili Labak
Island. Data processing through 3D was carried out
repeatedly.

Underwater camera

Coral colonies were photographed from every angle
possible, including above and below. The camera was
positioned at each object angle (Burns et al. 2015). The
3D volume was measured by collecting photographs of
32 coral colonies at a depth of 8 m. A schematic of the
camera position is used to generate 3D images, as illu-
strated by Ahmad, Jinah, and Saad (2020).

Massive corals were photographed in the pond using
a 30 cm x 30 cm transect, while corals were photo-
graphed in the field using a 50 cm x 50 cm transect
(Ahmad, Jinah, and Saad 2020). Continuous underwater
photography from oblique planes and angles captured
the entire colony surface, with 70-80% overlap (Byghell
and Pan 2001; Burns et al. 2019). All photographs were
uploaded to the AMP software, and the camera was
calibrated using metadata-derived focus information.
Furthermore, the photographs were aligned using an
algorithm capable of detecting invariant features that
overlap between consecutive photographs. A geometric
projection matrix was created using invariant features
and position, and the camera orientation for each
photograph determined according to Westoby
et al. (2012). Extrinsic parameters calculated during
the photo-alignment process were combined with
intrinsic and foc%arameters obtained from the meta-
data to create the 3D geometry from the 2D images (Stal
et al. 2012). Bookmar re used as a reference for all
ground control points (GCPs), and the location of each
marker in all photographs contaang the GCP was
reviewed and corrected. Values of X, y, and z for each
GCP were entered into the software t timize align-
ment and ensure the resulting model’s accurate interior
and exterior orientation.

The pattern of relationships between independent
and dependent variables influencing the 3D weight
and volume of coral reefs was determined using regres-
sion analysis (Scott, Hosmer, and Lemeshow 1991). This
analysis was used to determine the conversion from
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volume to weight of corals in the field. Conversion
from volume to weight of corals was obtained to the
best value of non-linear regression. Regression analysis
was divided into linear and non-linear regressions based
on the relationship pattern. When the variables have
awer}geometric relationship, the model is called
a non-linear regression. When a non-linear regression
model in parameters is differentiable, the result is always
a function in parameters, as stated. The non-linear
regression in parameters was calculated according to
Scott, Hosmer, and Lemeshow (1991). Statistical analy-
sis was performed on three regression and non-linear
regression equation models - linear, polynomial, and
power/geometric - based on 3D volume and weight
photographs of massive (dead) corals.

RMSE test

An accuracy test was carried out to determine the best
equation for estimating the volume and weight of corals.
Using RMSE, an accuracy test was employed to deter-
mine the error value of the regression equation. Then,
3D volume photographs were compared to 3D weight
photographs. The RMSE equations used were the
following:

. i )
RMSE = nzi_l(xl_yl)

‘ RMSE
RMSE(%) = —5 X 100

where RMSE = root mean square error, x; = 3D
measurement result value, y; = 3D value prediction,
and Y = average 3D measurement results (Suprayogi,
Trimaijon, and Mahyudin 2014; Gurchiek et al.
2017).

MAPE test

MAPE was used to evaluate the estimation of the results
and determine the accur of the estimated number
and the realization rate.@e following equation was
used to calculate the value:

s [al
MAPE(%) = % x 100
where @J8\PE = mean absolute percentage error, F; = esti-
mated value at time t, A; = actual value at timet, and n = total
data(t=1,2,...,n).
The MAPE test model’s accuracy was measured
according to three criteria: very accurate (MAPE <
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5%), accurate (5% < MAPE < 10%), and inaccurate
(MAPE > 10%) (Nabillah and Ranggadara 2020).

Data analysis

Three-dimensional photographs were taken in a small
pond with 30 colonies to find linear and non-linear
regression models, using 30 colonies for accuracy tests,
and 32 samples of massive coral cofmies for compar-
ison (Fukunaga and Burns 2020). A digital elevation
model (DEM) is a raster grid that references the subject
surface’s starting point. This modelling allows for the
removal of objects from the surface, resulting in a 3D
model with a smooth surface. If the DEM image does
not appear during analysis, the volume results will not
be displayed, and the analysis cannot be continued in
the AMP software. The average number of photographs
analysed in 3D for each coral colony was 93 to 98. The
photographs were then analysed (Lange, Perry, and
Cooper 2020) using AMP software (Kabiri, Rezai, and
Moradi 2020; de Oliveira et al. 2021).

Results

We developed a 3D volume model of dead coral samples
collected in the field. Dead coral samples were used to
avoid causing harm to the coral ecosystem at the study
site. Experiments with a frame binding point of 30 cm x
30 cm yielded photographs of the dead coral samples.
The number was indicated as a binding point in the
corner of the frame; the binding point’s purpose is to
serve as a GCP for 3D photo analysis. The results of the
dead coral colony analysis are presented in Figure 2.

Next we analysed, using AMP software, the
3D images captured underwater from 30 massive
(dead) coral colonies in a pond, which yielded 3D mod-
elling volumes from the coral samples, with images
captured of the entire coral surface. Each coral sample
contains an average of 102 photographs. Table 1 shows
the results of the RMSE control point analysis on the 3D
photographs of corals in the pond.

The photographs were analysed in 3D using the AMP
1.7.4 software, and the RMSE control point value was
calculated. Based on this analysis, the 3D photo error in
the water (small pond) is less than 1 mm. The 3D photo
analysis yielded an average RMSE (of corals in small
ponds with an average of 102 photographs) X error of
0.29206 mm, Y error of 0.50167 mm, Z error of
0.34566 mm, XY error of 0.59070, and total error of
0.72119 mm. The water’s influence can affect the camera
and distort the image. Table 2 displays the results of
linear and non-linear regression analysis of weight and
volume using AMP software.

Table 2 shows that the model with the best power/
geometric accuracy resulted in y = 2.451x°%%,
R* = 0.916 with RMSE test of 251.20 g, %RMSE of
18.10%, and MAPE of 19.17%, while linear regression
resulted in y = 0.964x + 314.470, R = 0.912, RMSE of
284.50 g, %RMSE of 20.50%, and MAPE of 27.43%.
Meanwhile, the polynomial resulted in y = 0.001x-
>+ 1.235x + 49.448 R? = 0.915 with RMSE test of
354.30 g, %RMSE of 25.5%, and MAPE of 20.0%.
Based on its orthographic projections, the coral colony
orientation is utilized to calculate volume. On the other
hand, growth orientation is influenced by environmen-
tal factors such as habitat complexity, slope, and light
plane, potentially leading to estimation bias.

Coral samples were also weighed to calculate the
mass of massive corals. All coral samples from the 3D
photo volume and the weight of dead corals were used
to obtain a model for the estimated live coral weight.
The volume from 3D photographs and the weight of
corals shown in Table 3 were used to construct a model
using linear and non-linear regression equation
appyoaches.

e volume of the coral could not be directly con-
sidered in the 3D photo analysis using AMP software
because the coral has a complex shape and a concave
bottom with small cavities. The volume of a 3D photo
model is usually invisible and illegible. As a result,
a conversion is required to minimize errors when
using a regression approach. The power/geometric con-
version of the model from the initial data to the linear
regression equation model is y = 2.451x0.898, R? = 0.916
with RMSE test of 251.20 g, %RMSE of 18.10%, and
MAPE of 19.17%.

Data on corals

The results of the analysis of live coral colonies on Gili
Labak Island can be seen in Figure 3. The modelling
application and field data collection were tested on Gili
Labak Island. Photographs were taken of a sample of 32
coral colonies by diving to depths ranging from 8 to
12 m. The iron frame used is 50 cm x 50 cm or
2500 cm?, with a mark on each corner of the frame
serving as a binding point for the photog and mak-
ing analysis easier in the AMP software. The results of
the 3D analysis are shown in Table 3.

The model conversion from the initial data using the
power/geometric equation model was y = 2.451x°%%®
with R” = 0.916. In Gili Labak Island, the average weight
of coral volume produced is 6.13 kg per plot, and the
total coral volume weight for the 32 plots is 169.92 kg,
with a maximum value of 32.92 kg per plot and
a minimum value of 0.04 kg per plot.
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Figure 2. Results from the analysis, using Agisoft Metashape Professional (AMP) software, Qhe digital elevation model (DEM) and
three-dimensional photographs of massive (dead) corals.
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%Ie 1. Root mean square error (RMSE) control points on the results of thepe-dimensional (3D) photographs analysis in a small pond.

@rror (mm)

t mean square error (RMSE)

Coral no. No. of photos ¥ error (mm) Z error (mm) XY error (mm) Total (mm)
1 a7 0.55387 1.13955 0.77888 1.26703 148728
2 100 0.27418 0.18195 0.04357 0.32906 033193
3 96 0.86821 0.86821 2.64072 1.18693 289520
4 94 0.44546 0.40574 0.48895 0.60255 077597
5 102 0.16377 03nn 0.01835 0.35167 035215
6 a5 0.23989 0.26469 0.32463 0.35722 048270
7 89 0.01553 0.23047 0.15672 0.23099 027913
8 96 0.31492 0.28618 0.41279 0.42553 059285
9 110 0.26506 0.24065 0.15519 0.35801 039020
10 82 0.19772 0.57799 0.20527 0.60183 063587
n 89 0.06381 0.21831 0.12998 0.22744 026196
12 115 0.26025 0.42471 0.20047 0.49811 053921
13 114 0.26427 0.30750 0.20589 0.40546 045474
14 114 0.10470 0.33880 0.18488 0.35461 039992
15 a5 0.15410 0.33145 0.23749 0.36552 043590
16 100 0.10025 0.36274 0.18387 0.37634 041886
7 102 0.05425 0.34436 0.16343 0.34861 038502
18 104 0.11650 0.13726 0.14757 0.18004 023279
19 93 0.30765 0.43068 0.06607 0.52928 053339
2 100 0.26892 042773 0.26986 0.50525 057280
bl 110 0.08382 0.15316 0.26245 0.17459 031522
2 13 0.08055 0.18929 0.28779 0.20571 035375
3 114 0.16094 0.20679 0.04977 0.26204 026673
24 m 2.18783 5.24739 0.98116 5.68522 576926
P 110 0.14644 0.34430 0.68882 0.37415 052542
P 19 0.51075 0.23892 0.66404 0.56387 087115
7 94 0.10643 0.17073 0.18373 0.20119 027246
28 108 0.08465 0.21065 0.01163 0.22703 022733
2 101 0.07523 0.20130 0.13604 0.21490 025434
30 103 0.17461 0.25764 0.08381 0.31109 032218
Average 102 0.29206 0.50167 0.34566 0.59070 072119
Table 2. The volume of corals from three-dimensional (3D) photographs
analysis by weight.
Analysis Massive coral reefs Test data
Linear y =0.964x + 314.470 RMSE = 284.50 g
R? = 0912 %RMSE = 20.50%
MAPE = 27.43%
Polynomial y = 0.001%" + 1.235x + 49.448 RMSE = 354.30 g
R? = 0915 %RMSE = 25.50%
MAPE = 20.00%
Power/ y = 2451 RMSE = 25120 g
geometric R = 0916 %RMSE = 18.10%
MAPE = 19.17%
@E = root mean square error, MAPE = mean absolute percentage error.
Discussion This study uses DEM results from AMP software to

The diversification of new methods in coral reef
research is increasing. In this study, a new method was
used to assist examiners who do not have direct experi-
ence in identifying coral in the sea, allowing novices to
process data and gggntify coral on land without direct
identification in the field. One advantage of the 3D
method used in this study is the ability to obtain more
controlled and verifiable data, and data on the volume of
coral reefs that could not be obtained using previous
methods. The work of Reichert et al. (2016) on scler-
actinian corals shows that the 3D method yields mea-
surements of coral surface area and volume that are
highly precise and easy to reproduce.

determine the volume of massive coral colonies and
then models massive coral weight in Gili Labak Island,
Sumenep, Madura. Three-dimensional modelling is the
most effective data presentation method for describing
coral reef damagg Acoustic methods are commonly
used at present to detect the presence of underwater
objects. This system is beneficial for exploring the
underwater environment (Kornder et al. 2021).

The emerging method of developing digital models
of coral colonies using underwater photogrammetry
provides a new and non-invasive way to examine col-
ony-scale growth patterns and fill gaps in existing
knowledge (Lange, Perry, and Cooper 2020). The main
difficulty in coral reef ecology is estimating the
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Table 3. The volume of three-dimensional (3D) photographs produced by Agisoft Metashape Professional (AMP) software and weight

of coral conversion using a power/geometric model.

No. Volume from the 3D photo analysis (cm®)

2951
3173
6045
39,727
26,236
5402
5125
8601
1825
2564
2093
3937
13,706
1703
23181
4388
2223
2983
4112
384
10,421
4016
7715
21
7036
14,529
226
969
471
255
253
2509

= = R L

MUEEENENRENNNEEsI s GREG RS

gundance and composition of communities living in
such complex ecosystems (Kornder et al. 2021). This
study used technological advances to identify volumes
in massive coral colonies using a 3D model. The
advancement of photogrammetric technology has cre-
ated a viable and practical mephod for exploring coral
reefs (House et al. 2018). The structural parameters of
reef surfaces and organisms have been shown to have
relatively high accuracy when using photogrammetry in
combination with underwater photogrammetry (Veal
et al. 2010; Bryson et al. 2017).

Testing accuracy and precision are critical in any
research, including underwater photogrammetry of cor-
als. The accuracy and precision of the geometry
obtained from the massive coral’s 3D model were tested
in this study. The results indicate that 3D measurement
is an accurate quantitative study of the physiology and
various sizes of coral colonies, and it can be done in situ.
This technique could also be used to measure morpho-
metrics of branching species, such as branch spacing,
density, branch length, and branch angle. The 3D
method precisely measures architectural complexity,
topography, rugosity, volume, and other critical struc-
tural properties in ecosyst (Burns et al. 2015). This
method reconstructs the 3D structure of corals and

Coral weight estimated using power/geometric model (g)

Genus of coral

319171 Favia
3406.42 Favites
607519 Pavona
32,924.42 Favia
22,687.22 Leptoseris
5491.86 Favia
5238.42 Coscinaraea
833739 Leptoria
2073.42 Favia
281335 Caulastrea
2344.78 Caulastrea
4134.27 Pavona
12,666.88 Maontastrea
1948.57 Montastrea
20,301.18 Favites
4556.98 Favia
2475.09 Psammocora
322276 Goniastrea
4298.86 Favia
511.77 Montastrea
9904.99 Psammocora
4208.66 Psammocora
7562.26 Coscinaraea
37.69 Leptoseris
6962.07 Psammocora
13,347.55 Psammocora
318.00 Euphyllia
1174.64 Psammocora
614.73 Montastrea
354.40 Porites
351.90 Porites
275912 Favia

habitat-forming org; s at high resolution and accu-
racy by using a series of overlapping images taken from
multiple perspectives (Bryson et al. 2017). Reichert et al.
(2016) stated tha 3D method yields highly precise
and reproducible measurements of the surface area and
volume of corals.

This study also included RMSE test results, which
had a value of 18.10% and a MAPE of 19.17%, whereas
Hatcher et al. (2020) produced a relative RMSE of
0.013%. The present study produced a higher value of
RMSE compared to Figueira et al. (2015), who obtained
results of 10% from bottle coral measurements. The
number of cameras used impacts the precision of
results. In this study, only one camera was used; there-
fore, thg@®MSE value was higher and the results less
precise than those of previous studies completed by
Hatcher et al. (2020) and Figueira et al. (2015), who
us@d five cameras to capture their underwater objects.

otogrammetry was initially developed and applied
in terrestrial settings, but it has since become a valuable
tool for creating 3D models of bathymetry and under-
water habitats. Because complete recordings of all sur-
faces are not possible, complex corals cannot be
observed adequately with this model. This is a non-
invasive method for obtaining precise geometric
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Figure 3. Results from the analysis of the digital elevation model (DEM) and three-dimensional photographs of corals in Gili Labak
Island, Sumenep, Madura.




measurements of corals and other irregular underwater
objects (Bythell and Pan 2001). The 3D method has
many advantages but also several weaknesses, including
longer analysis time and a requirement for more sophis-
ticated software, high-spec computer devices, and spe-
cial skills in underwater data collection through diving.

Conclusion

The massive corals in the deep sea can be identified and
measured using non-disruptive 3D modelling. This
study contributes to a growing body of knowledge
revealing pathways that can be used to determine the
carbon sequestered in coral reefs. This method is a non-
invasive, cost-effective, and time-saving approach for
obtaining accurate coral geometric measurements. Due
to the difficulty in obtaining complete photographs of
all surfaces, accuracy is highly dependent on the com-
plexity of the coral reef and the number of cameras
available for image capture.
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