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a b s t r a c t 

In contrast to traditional beach profiling methods like topographic surveys and GNSS, which pose 
significant challenges in terms of cost and time, this research underscores the efficiency, cost- 
effectiveness, and simplicity of terrestrial photogrammetry employing the Structure from Motion- 
Multi View Stereo (SfM-MVS) method. Notably, this approach enables the utilization of common- 
place devices such as smartphones for data capture. The methodology integrates a 12-megapixel 
camera for image acquisition, processed through Agisoft Metashape Professional software, and 
validated for accuracy using ground control points (GCPs) and checkpoints (CKPs) calibrated via 
GNSS. Findings reveal substantial disparities in positional accuracy according to the Ground Con- 
trol Points distribution. The study underscores the critical role of strategically distributing GCPs 
and CKPs in effectively mapping coastal areas, thus affirming the potential of SfM-MVS as a pow- 
erful and accessible tool for coastal monitoring initiatives. This research contributes significantly 
to advancing the efficiency and accessibility of beach profile monitoring, offering invaluable in- 
sights for researchers and practitioners in coastal management and environmental conservation 
efforts. 

• A simplified beach profile modeling methodology is proposed. 
• The method is faster and more cost-effective than traditional surveys (RTK GNSS, lidar, RPA). 
• The study highlights the importance of GCP and CKP distribution in enhancing SfM-MVS 

accuracy for coastal mapping. 
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Specifications table 

Subject area: Environmental Science 

More specific subject area: Coastal Geomorphology and Monitoring 

Name of your method: Strategies for beach surface modeling with structure from movement - multi-view stereo 
Name and reference of original method: N.A. 

Resource availability: Software: Agisoft Metashape Professional ( https://www.agisoft.com/ ); GNSS Data Processing: PPP-IBGE service 

( https://www.ibge.gov.br ), and Trimble’s Survey Office software (version 5.50); Hardware : - Smartphone with a 

12-megapixel camera ( e.g. , Apple Smartphone) - Gimbal stabilizer ( e.g. , DJI OM 5) - GNSS receivers ( e.g. , Spectra 

Precision SP60) 

Introduction and context 

Classically, beach profile surface monitoring is carried through topographical surveys employing water level hoses, geometric 
leveling, or polygonation [1–4] . The use of kinematic spatial positioning by Global Navigation Satellite Systems (GNSS) for acquiring
beach profiles remains prevalent today [ 5 , 6 ]. Nevertheless, the application of aerial photogrammetry using remotely piloted aircraft
(RPA) or laser scanning with light detection and ranging (lidar) on land platforms or in RPAs has become increasingly widespread
[7–9] . 

Despite their high accuracy, these techniques have several drawbacks, such as being time-consuming during fieldwork and be- 
coming unproductive (e.g., classical methods), the lack of a robust point cloud (e.g., kinematics GNSS positioning), the risk of crashes
or damages (e.g., RPA), and high costs (e.g., lidar). Considering these challenges, terrestrial photogrammetric surveying through 
Structure from Motion-Multi View Stereo (SfM-MVS) has attracted increasing interest in the geosciences for its ease of use and low
cost, as it can be conducted with simple cameras and does not require geometric rigor in image acquisition [ 10 , 11 ]. 

Method details 

SfM-MVS technique overview 

SfM-MVS ( Fig. 1 ) is a range imaging technique that reconstructs three-dimensional images from a series of photos taken by
a moving sensor [ 10 , 11 ]. Similar to stereo vision, the Structure from Motion (SfM) algorithm identifies corresponding points in
successive images, reconstructing their position in three-dimensional space as a function of camera displacement, resulting in a 
sparse (or coarse) point cloud; the Multi View Stereo step is tasked with refining the model and densifying the point cloud [ 11 , 12 ].
In geosciences, this technique has proven useful for generating digital elevation models with high spatial resolution for the “virtual ”
analysis of rocky outcrops, mining monitoring, and geotechnical studies, among others [ 10 , 11 , 13–15 ]. 

Data collection and 3D reconstruction 

Fig. 2 a shows the SfM-MVS beach surface acquisition scheme. For each beach, images were taken using a gimbal stabilizer DJI OM
5 and an Apple Smartphone equipped with a 12-megapixel camera ( Fig. 2 b ), positioned at a height of 1.2 m and at an angle of ∼45°
to the ground. The photos were taken manually every step (or ∼1 s) through a walk perpendicular to the coastline, which started
from the waterline to the frontal dune (or boardwalk) and could be done inversely depending on the sunlight and its respective
shadow projections. Adequate longitudinal overlap was ensured to guarantee corresponding points in the images and an imaged 
surface approximately 2 to 3 m wide ( Fig. 2 a ). 

The 3D reconstruction of beach surfaces by SfM-MVS is performed using Agisoft Metashape Professional software; geometric 
calibration is based on the inclusion of geodetic coordinates of targets identified in the images (GCPs and CKPs). Typically, these
Fig. 1. Reconstitution by SfM of the projection of a point Pj of the 3D object onto the camera image at time/position k results in the tracked 2D 

point pj,k [16] . 
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Fig. 2. (a) Beach surface acquisition scheme by SfM-MVS photogrammetric method, (b) gimbal and smartphone used to capture the surface target 
images (GCP and CKP), (c and d) GNSS Base and Rover. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

targets are landscape objects or those implemented by the researcher ( Fig. 2 ). The quality of the SfM-MVS models depends on the
camera positioning, the quantity and distribution of GCPs and CKPs, and the camera model definition (focal length, principal point,
and radial distortion) [17] . 

Geodetic coordinates and error analysis 

The geodetic coordinates (latitude, longitude, and geometric altitude) of the GCPs and CKPs were determined by GNSS and post-
processed by rapid-static relative positioning with short baselines ( < 10 km), where two receivers collect data simultaneously over a
time interval; one installed at a reference station ( “Base ”, with known coordinates; Fig. 2 c), and the other (Rover; Fig. 2 d) at points
of interest, GCPs, and CKPs [ 7 , 18 ]. 

The data tracked and stored in the Base and Rover receivers were later transferred to the computer, processed, and adjusted
through the Application Programming Interface (version 1.0.0) of the Precise Point Positioning of the Brazilian Institute of Geography 
and Statistics (PPP - IBGE) and by Trimble’s Survey Office software (version 5.50). 

PPP-IBGE is a free online service for postprocessing GNSS data. This service uses the GPS Precise Point Positioning (CSRS-PPP)
program developed by the Geodetic Survey Division of Natural Resources of Canada (NRCan). This allows users with GPS and
GLONASS receivers to obtain precise coordinates referenced to the Geocentric Reference System for the Americas (SIRGAS2000) and 
the International Terrestrial Reference Frame (ITRF) [19] . The receivers used were the Spectra Precision SP60 model, which tracks
observations of the phase of the carrier wave at the L1 + L2 frequency of the 6 GNSS systems (GPS, GLONASS, BeiDou, Galileo, QZSS
and SBAS) and has a horizontal nominal accuracy of 3 mm + 0.5 ppm and 5 mm vertical + 0.5 ppm. 

The orthometric altitudes (𝐻𝑖 ) of the GCPs, referenced to the mean sea level of Imbituba-SC of the Brazilian Geodetic System
(SBG), were calculated from the geometric altitudes (ℎ𝑖 ) obtained by GNSS referred to the surface of the ellipsoid of revolution of the
SIRGAS2000 and the geoid height (𝑁𝑖 ) of the MAPGEO2015 model [20] ( Eq. (1) ): 

𝐻𝑖 = ℎ𝑖 −𝑁𝑖 (1) 

Validation and application 

Precision and operational simplicity test 

To test and demonstrate the technique’s precision, operational simplicity, and speed, different configurations between the positions 
of the ground control points (GCP) and check points (CKP) using SfM-MVS were examined across a single beach surface topography
in Maresias, São Paulo state, Southeast Brazil ( Fig. 3 ), which possesses all the morphological requirements needed for the proposed
tests, such as varying altitudes and slopes [7] . Thus, to generate a cartographic product with relative positional accuracy on any
beach profile in the shortest possible field activity time, it is essential to determine the appropriate ratio between the distribution of
3 
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Fig. 3. Location of beach surface generated by SfM-MVS, Base, and Rover GNSS with GCP and CKP locations. 

Fig. 4. Different configurations of the distribution of GCPs and CKPs along the beach profile. 

 

 

 

 

 

 

materialized GCP/CKP, positioned by GNSS and identified in the images. GCPs are used to adjust the position of the images, while
CKPs are employed to analyze the positional quality of the products generated [21–24] . 

Application and analysis 

To test the best configuration of GCPs and CKPs distribution in the 3D reconstruction of beach surfaces, exploratory multivariate
techniques – analytical hierarchy process-Gaussian (AHP-G) were used. The AHP-G incorporates the Gaussian distribution to quantify 
and assess uncertainties in evaluations and probabilistic decision-making through distributions, while retaining the classic hierarchical 
structure Saaty‘s AHP [ 25 ], without arbitrary weighting [ 26 , 27 ]. Thus, five configurations between GCPs and CKPs were tested along
approximately 28 m of a beach profile: a ) 4 m; b ) 6 m; c ) 12 m; d ) 24 m; and e ) 24 m. The difference between the first four
configurations (profiles a-d) used two intermediate CPKs, while the last one ( e ) used only one intermediate CPK ( Fig. 4 ). 

The evaluation of the best distribution configuration between GCPs and CKPs uses normalized values of the root mean square
error (RMSE; Eqs. (2) and (3) ) estimates of the CKP in X, Y, Z, XY, and Total (cm). Focusing on the cost monotonic, i.e., the lower,
4 
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the better [ 26 , 27 ]. The result generates a ranking showing the better configuration between GCPs and CKPs. 

𝑅𝑀 𝑆𝐸 =

√ √ √ √ 

𝑛 ∑
𝑖 =1 

Δ𝐻2 
𝑖 

𝑛 
(2) 

where 𝑖 = 1 , 2 , 3 ...𝑛 is the number of control points used in the evaluation, and Δ𝐻𝑖 is the set of discrepancies between the orthometric
altitudes obtained in the model ( 𝐻𝑚 

𝑖 
) and the reference altitudes ( 𝐻𝑟 

𝑖 
), given by the expression: 

Δ𝐻𝑖 = 𝐻𝑚 
𝑖 
− 𝐻𝑟 

𝑖 
(3) 

Table 1 observes the five configurations ( a, b, c, d , and e ) and their respective accuracies of the CKP in X, Y, Z, XY, and Total
(cm). Configuration “a ” presents a higher total error, driven primarily by the error in Z. The second ( b ) has the highest total error
(4.489 cm), relatively high in all categories, especially in Y and XY. The third ( c ) has a total error comparable to the first configuration
( a ), but with a significantly lower error in Y. Configuration d shows the highest error in Y and a total error slightly higher than in
configurations “a ” and “c ”. While the last (configuration " e ") has the lowest total error, largely benefited by the lowest error in Z. 

Table 2 shows the normalized error values facilitating the comparison between different configurations. In general, the values 
indicate that the error proportion of each column is 0.200, suggesting that, on average, the configurations equally contribute to
the error in each category after normalization. Table 3 presents the standard deviation (SD), showing the dispersion of normalized
errors of each configuration relative to the average. Meanwhile, the Gaussian factor (GF) considers the standard deviation, giving
more weight to larger deviations, where higher values possibly indicate lower reliability. This facilitates the comparison of different 
configurations using the normalized Gaussian factor (NGF) [ 26 , 28 ]. 

In Table 4 , the AHP-G, through NGF values, ranks the accuracies indicating configuration “c ” (Rank 1) as the most accurate, with
“b ” being the least reliable (Rank 5). For modeling a profile in configuration ( c ), it takes about 10 s of tracking per station (GCP
or CKP), with a moving speed of about 1 meter/second between each station. This totals approximately 24 s between tracking and
moving between stations for every 12 m of beach profile. 
Table 1 

Different accuracies of the CKP ( a, b, c, d , and e ), respectively, in X, Y, Z, XY, and total error 
(cm). 

Settings X error (cm) Y error (cm) Z error (cm) XY error (cm) total error (cm) 

a 1896 2135 3434 2855 4466 
b 1898 2487 3219 3128 4489 
c 2049 0,997 3841 2279 4466 
d 1550 4071 1254 4356 4533 
e 1826 3922 0,869 4326 4413 

Table 2 

Normalized error matrix. 

Settings X error (cm) Y error (cm) Z error (cm) XY error (cm) total error (cm) 

a 0,193 0,197 0,104 0,223 0,200 
b 0,193 0,169 0,111 0,204 0,199 
c 0,178 0,422 0,093 0,280 0,200 
d 0,236 0,103 0,284 0,146 0,197 
e 0,200 0,107 0,409 0,147 0,203 

Table 3 

Mean, standard deviation (SD), gaussian factor (GF), and normalized gaussian factor (NGF) of 
the normalized errors for each configuration. 

Mean 0,200 0,200 0,200 0,200 0,200 

SD 0,022 0,131 0,141 0,056 0,002 
GF 0,108 0,653 0,706 0,280 0,010 
NGF 0,061 0,372 0,402 0,159 0,006 

Table 4 

Hierarchy process-gaussian (AHP-G), and Ranking. 

Settings AHP-G Rank 

a 0,164 4 
b 0,153 5 
c 0,251 1 

d 0,191 3 
e 0,241 2 

5 
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Fig. 5. Different model profiles (a, b, c, d, e, and GNSS – GCP/CKP) models along the beach profile. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the context of error analysis, configuration ‘ c ’ proves to be the most reliable, as reflected by its highest ranking in the Gaussian
Analytic Hierarchy Process (AHP-G). This is supported by the lowest total error value compared to the other configurations, except
for ‘ e ’, which, despite having the lowest total error, received a lower ranking due to its error distribution across various dimensions.
This multivariate evaluation approach is supported by Dos Dantos et al., Pereira et al., and Rodrigues et al. [ 26 , 29 , 30 ] in the AHP-
G method, emphasizing the importance of considering multiple criteria in decision-making processes. Furthermore, the Gaussian 
adaptation employed here follows the logic presented by Buckley [31] , suggesting the inclusion of probability distributions to capture
the uncertainty and variability in decision-maker preferences. 

Conversely, configuration ’ b ’, despite not presenting the highest error in any individual category, has the highest total error and,
consequently, the lowest rank. This suggests that an evaluation approach based solely on aggregated errors may not adequately reflect
performance in multivariate contexts. The standard deviation in the normalized matrix and the Gaussian factor play a critical role
in this analysis, introducing a measure of variability that can be essential for evaluating a configuration’s consistency. This notion is
supported by Wong and Li [32] , who highlight the relevance of standard deviation in data normalization for AHP analyses, allowing
for a more robust evaluation of options. By integrating these metrics, the Gaussian AHP method provides a comprehensive and
mathematically sound approach for determining the optimal configuration among multiple options with various error dimensions 
[ 26 , 29 , 30 ]. 

However, Fig. 5 reveals that the altitudinal distances between the different models generated from SfM-MVS and GNSS (GCP/CKP) 
appear to coincide. In this context, as the main goal of the study is to find the best way to optimize field survey time and to verify
if there are significant differences between the different models, an analysis of variance was conducted to determine the presence
of significant differences between the model averages, with a significance level of 95% [ 33 , 34 ]. Consequently, the Shapiro-Wilk
test, which assesses data normality, shows p-value results lower than 0.05, indicating that the data from the evaluated models do
not exhibit normality (non-parametric). Therefore, the Kruskal-Wallis test (suitable for non-parametric data sets) finds no significant 
difference between the model averages (p-value = 0.9171), with p-value > 0.05. 

Conclusion 

Thus, although the AHP-G method identifies configuration ’c’ as the most accurate, the analysis of variance indicates that there is
no significant difference between the models. Hence, when considering the costs involved in fieldwork, the preference usually goes
to the option that minimizes time, namely, configuration “e ”. Thus, with just 4 GCPs and 1 CKPs positioned by GNSS and distributed
every 12 m on the photographed surface, high-precision models capable of generating approximately 2 m to 3 m wide models through
the SfM-MVS method can be achieved. Therefore, adding up the 30 s for tracking (5 GCPs and 1 CKP), plus the 12 s needed for image
acquisition, a single person can conduct a survey in less than 1 min ( ∼42 s) for every 12 m of beach profile. This confirms that
the SfM-MVS acquisition method described in this work is suitable for various coastal applications, such as morphodynamic studies, 
monitoring of beach surfaces, and coastal engineering interventions. 
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