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Abstract 10 

The representation of the wave overtopping is of unquestionable relevance for the assessment 11 

of the coastal and harbor safety and for the design of coastal defenses. The direct measurement 12 

of the wave overtopping volumes and discharges is a common practice in the laboratories, but it 13 

requires the installation of specific devices and instrumentation and may cause disturbance to 14 

the experiments. This contribution presents a procedure based on the image clustering to 15 

estimate the individual and the total overtopping volumes at coastal structures, while capturing 16 

the time-spatial evolution of the overtopping flow and avoiding any disturbance to the process 17 

itself. The procedure is validated against laboratory tests of focused waves on a sloping dike 18 

with a gentle and shallow foreshore and provided accurate and reliable estimations of the wave 19 

overtopping. The procedure automatically detects the individual overtopping volumes and its 20 

adaptability to different test conditions and structural configurations is proved. Requiring 21 

essentially a video camera to film the wave overtopping, the image clustering procedure can be 22 

applied also to prototype and field experiments, where the measurement of the wave overtopping 23 

may result complicated or unaffordable. 24 

 25 

 26 

Keywords: videography; image clustering; wave overtopping; overtopping volumes; focused 27 

waves; non-intrusive monitoring. 28 
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1. Introduction 30 

The evaluation of wave overtopping plays a pivotal role in assessing the efficacy and resilience 31 

of coastal structures with the primary objective of minimizing damage caused by seawater 32 

overflow from waves, safeguarding assets, infrastructure, and human lives. Owen (1980) 33 

initiated the groundwork for overtopping assessment, selecting average discharge as a design 34 

parameter, given the significant variation in individual overtopping volumes. Semi-empirical 35 

formulas, commonly employed for overtopping assessment under specific wave conditions and 36 

water levels (e.g. Altomare et al., 2016; EurOtop, 2018; Altomare et al., 2020a; Gallach-Sanchez 37 

et al., 2020; Yuhi et al., 2021; Lashley et al., 2021; van Gent et al, 2022), typically rely on 38 

simplified sections of coastal defenses. Despite machine learning techniques addressing some 39 

limitations in these formulas (Zanuttigh et al., 2016; den Bieman et al., 2021; Mares-Nasarre et 40 

al., 2024), they still necessitate homogeneous and extensive training databases. Notably, these 41 

approaches predominantly concentrate on evaluating mean overtopping discharge. However, 42 

Ingram et al. (2008) proposed that research should have prioritized understanding and 43 

quantifying post-overtopping effects.  44 

There is a recent call for revising hazards associated with overtopping, based on mean 45 

discharges, and establishing new criteria rooted in individual overtopping flow properties 46 

(Sandoval and Bruce, 2018; Mares-Nasarre et al., 2019; Altomare et al., 2020b; Suzuki et al., 47 

2020; Koosheh et al., 2024). A critical aspect lies in enhancing the comprehension of individual 48 

overtopping flows to provide guidance for the design of coastal structures (Hughes and Thornton 49 

2016; Formentin and Zanuttigh, 2019; Formentin et al., 2019). In fact, it is crucial to consider the 50 

risks posed by specific overtopping events, such as sweeping pedestrians off their feet or 51 

requiring evacuation countermeasures, and take decisive measures to mitigate them. Therefore, 52 

accurately predicting and characterizing large overtopping events is crucial in certain situations.  53 

Deterministic, physics-based approaches are available for estimating maximum overtopping 54 

events. Determining the maximum volume associated to overtopping events during a sea storm, 55 

Vmax, relies on assumed probability distributions of volumes (van der Meer and Janssen, 1994; 56 

Zanuttigh et al., 2013; Nørgaard et al., 2014; Koosheh et al., 2022).  57 

Gaining a comprehensive understanding of all processes involved in wave overtopping 58 

necessitates accurate measurements of the physical phenomenon. Numerical methods can 59 

simulate wave-structure interaction and analyze the wave-by-wave process, though with a 60 

significant effort for the preparation of the required data and the need for calibration and with 61 

some simplification and limitations. CFD solvers based on Volume-Of-Fluids (VOF) methods 62 

(e.g., OpenFOAM® with waves2Foam package, Jacobsen et al., 2012) generally well reproduce 63 

the wave overtopping (e.g., Patil, 2019; Chen et al., 2021), but often underestimate turbulence 64 

effects and time to time fail to reproduce wave aeration correctly (Chen et al., 2021). The 65 

inclusion of turbulence closure models or compressible solves to achieve a more realistic 66 

representation of the physical phenomena may affect the numerical stability and significantly 67 

aggravate the computational effort. Lagrangian methods, such as Smoothed Particle 68 

Hydrodynamics (SPH) (Violeau, 2012; Crespo et al., 2015; Domínguez et al., 2022) allow 69 
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overcoming part of the drawbacks associated to mesh-based schemes and are inherently 70 

capable to capture non-linearities. However, they still require further improvements to resolve 71 

the hydrodynamics of the individual flow properties, while keeping reasonable computational 72 

costs (Altomare et al., 2021). 73 

In an effort to advance the understanding and characterization of overtopping volumes, this 74 

article pretends to contribute by employing non-intrusive monitoring techniques. These methods 75 

aim to offer novel perspectives on the hydrodynamics of wave overtopping, providing insights 76 

that may enhance our knowledge of the complex processes involved in these events.  Their 77 

employment has been constantly increasing in recent years with the spread of video imagery 78 

techniques – such as laser scanner (Hofland et al., 2015; Oosterlo et al., 2021; Blenkinsopp et 79 

al., 2022), Particle Image Velocimetry (Stansby and Feng, 2004; Cao et al., 2021) and Bubble 80 

Image Velocimetry (Raby et al., 2020; Adibhusana et al., 2023), monitoring systems (Fairley et 81 

al., 2007; Chi et al., 2021) and high-speed cameras (Adibhusana et al., 2024) – gaining status 82 

as efficient and reliable methods alternative to physical measurements and numerical modelling, 83 

eventually becoming part of the state-of-the art techniques for the wave overtopping modelling.  84 

In such a context, following the stream of machine-learning techniques for reconstructing 85 

quantitative data from video imagery (Stringari et al., 2019; Buscombe et al., 2020; Den Bieman 86 

et al., 2020; Stringari et al.,2021; Formentin et al., 2021; Formentin et al., 2023), this contribution 87 

presents an innovative methodology to estimate the individual and the total wave overtopping 88 

volumes at coastal structures based on the image clustering. The methodology was developed 89 

and applied to video-records of laboratory experiments of wave overtopping conducted against 90 

sloping dikes in the CIEMito flume Laboratory of Universitat Politècnica de Catalunya – 91 

BarcelonaTech (LIM/UPC). Despite existing studies have been already employed image-based 92 

methods to study the wave overtopping (e.g., Raby et al., 2020; Cao et al., 2021; Blenkinsopp 93 

et al., 2022; Adibhusana et al., 2023; Adibhusana et al., 2024), to the authors’ best knowledge 94 

the present study represents the first contribution developed to directly estimate the wave 95 

overtopping volumes. 96 

The paper is structured into distinct sections, each addressing specific aspects of the research. 97 

Section 2 outlines the experimental set-up. In section 3, the image clustering technique is 98 

detailed. The algorithm to calculate the overtopping volumes from the detected clusters is 99 

explained in Section 4, while uncertainties of the methodology are discussed in Section 5. 100 

Validation and application cases are presented in Section 6. Finally, Section 7 delves into a 101 

discussion of the findings and draws conclusions from the study. 102 

2. Experimental model 103 

2.1. Model setup 104 

The experimental campaign was carried out in the small-scale wave & current flume called 105 

CIEMito at the Maritime Engineering Laboratory of Universitat Politècnica de Catalunya – 106 
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BarcelonaTech (LIM/UPC). The CIEMito flume, measuring 18 meters in length and 0.38 meters 107 

in width, uses a piston-type wavemaker for wave generation in a scaled-down 1:50 model. The 108 

model is made of plywood and includes a dike at the end of a sloping foreshore that is designed 109 

to induce wave breaking before reaching the structure's toe. Different foreshore slopes and dike 110 

geometries were considered, including a vertical wall and sloping dikes. For the purpose of 111 

developing the methodology, we analyzed wave overtopping on dike slopes with a ratio of 1V:2H 112 

and a foreshore with length of about 5 meters. The foreshore was composed of 5 modular 113 

plywood elements, each 1 meter long. The last element had a slope of 1V:22.6H. The slope of 114 

each element is indicated in the figure. A scheme of the experimental setup is depicted in Figure 115 

1. The height of the dike was kept constant at 0.04 m. Different dike geometries and foreshore 116 

slope have been employed for further application of the method: they are described in Section 117 

6.  118 

 119 

Figure 1. Experimental model setup in the CIEMito flume 120 

 121 

Resistive wave gauges along the flume measured water surface elevation, while an overtopping 122 

tank, equipped with an ultrasonic proximity sensor, quantified the volume of overtopping. 123 

Location of the wave gauges is indicated in Table 1. An IDS UI-31800CP-M-GL video camera 124 

recorded images with a resolution of 5.1 megapixels. A compromise between sampling frequency 125 

and image resolution was achieved by shooting at 106 fps, with captured images at a resolution 126 

of 1900x1080 pixels. By a careful setting up the camera, the depth of field (DOF) was limited. 127 

The DOF is defined as the distance within which objects captured by the camera are well focused 128 

and appear to be sharp. Assuming that a lens focuses on a point at a distance L from the forward 129 

nodal point of the lens (which is sufficiently close to the distance between the lens front and the 130 

point), the DOF can be calculated using the formulae defined in Ray (2002), depending on the 131 

focal length of the camera focal lens and the f-number of the camera aperture. The camera was 132 

perpendicular to the glass walls at one side of the wave flume facing the measuring window 133 

exactly where the dike was placed. The lens was therefore calibrated to focus on a point at a 134 

distance from the centre of focal plane equal to 0.60 m, with a f-number=2.8 and a focal length 135 

f=55 mm. The calculated DOF resulted equal to 0.02m. The focal plane was positioned at a 136 
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distance of approximately 10 cm from the glass wall of the flume, in order to minimize the 137 

potential for distortion due to the glass itself and the mounting structures on the foreshore. The 138 

illumination system included a high-power LED lamp constructed in-house using five lines of 139 

high-power LED lamps on a mobile frame atop the flume walls. The Norpix StreamPix 7 high-140 

speed digital recording software was used for recording the video images. The camera filming 141 

frame was set up to capture the whole overtopping flow behind the dike. The video-records of 142 

the wave impacts were elaborated with the image clustering technique developed by Formentin 143 

et al. (2021). 144 

 145 

Table 1. Resistive wave gauge location 146 

Wave gauge WG0 WG1 WG2 WG3 WG4 WG5 WG6 WG7 

Distance from the wave maker (m) 4 4.15 4.36 4.65 5.23 6.56 7.67 8.64 

2.2. Hydrodynamic conditions: focused wave groups 147 

To ensure accurate structural design of coastal defenses, Hughes and Thornton (2016) and 148 

Whittaker et al. (2018) emphasized the necessity of considering individual wave properties. 149 

Incorporating short-duration focused wave groups into the design approach can complement 150 

long-duration irregular wave tests. This can result in advantages such as increased repeatability, 151 

assessment of model and scale effects, potential for enhanced measurement, and improved 152 

model resolution for large wave interaction. Additionally, the use of focused wave groups 153 

eliminates the need for wave absorption. Whittaker et al. (2016) validated the use of focused 154 

wave groups for WSI (Wave-Structure Interaction) problems. They suggested that a single 155 

incident wave group could replicate extreme coastal responses within a specific sea state. For 156 

such reasons, in this study, focused wave groups were utilized instead of random sea states.  157 

The time series for each focused wave group was generated using the NewWave theory, as 158 

detailed in Whittaker et al. (2017). This theory outlines the most probable shape of a large wave 159 

in a given sea state. While NewWave originally describes the generation and propagation of a 160 

compact wave train on a horizontal bottom, it is adapted here for waves shoaling and breaking 161 

near a structural location. The focus location is employed to control the dispersion of the wave 162 

group as it shoals and breaks during propagation. Whittaker et al. (2016) demonstrated that the 163 

NewWave theory remains valid in relatively shallow waters (𝑘ℎ<0.5), indicating that linear 164 

frequency dispersion continues to be the dominant mechanism despite the increasing 165 

importance of nonlinear effects due to changes in bathymetry. Theoretically, the focus wave 166 

group energy reaches the structure in a compact, maximized form if the focus location is close 167 

enough to the structure. A NewWave-type focused wave group comprising N infinitesimal wave 168 

components is given by: 169 

η(x,t)= A
σ2 ∑ Sηη(ωi) cos(ki(x-xf)-ωi(t-tf)+ϕ) ΔωN

i=1        (1) 170 
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where Sηη is the power spectral density, ω is the angular frequency, t is time, σ is the standard 171 

deviation of the sea state (with an associated variance σ2=∑Sηη(ωi)Δω in this discretized form) 172 

and ki is the wavenumber of the i-th wave component with angular frequency ωi and related to it 173 

by the familiar linear dispersion relation ω2=gk*tanh(kh) (where g is the acceleration due to 174 

gravity and h is the water depth), and x is the horizontal distance. All wave components come 175 

into phase at the focus location xf and focus time tf to form a large wave with a linear focus 176 

amplitude equal to A. A full range of focusing behaviours can be allowed by introducing the the 177 

phase angle ϕ of the group at focus (e.g. crest, trough, otherwise), while the energy concentration 178 

within the group is independent of the value of ϕ. However, the wave shape can affect its 179 

breaking patterns and therefore the impacts exerted on the structure. 180 

For the sake of the methodology development, one focused wave group conditions out of the 181 

experimental campaign carried out in the CIEMito flume has been selected. The experiment 182 

consisted of focused waves generated starting from the following spectral wave characteristics: 183 

Hm0=0.08 m, Tp=1.6 s, for an initial water depth of 0.31 m. Water depth at the dike toe resulted 184 

equal to 1 cm. Focus location was equal to 9.58 m, measured from the wavemaker at rest, while 185 

a 90° focus phase was employed. Such experiments will be referenced as “Test_α2m22.6” 186 

hereinafter, where m is the foreshore slope and α is the dike slope, both expressed by the 187 

cotangent of the slope angle with the horizontal (i.e. α2=1V:2H, m22.6=1V:22.6H) . 188 

Scale effects have been examined, due to the relatively small scale here employed. To determine 189 

the limiting criteria for flow-structure interaction, Heller (2011) recommended investigating scales 190 

that balance model size and scale effects. According to EurOtop (2018), large-scale tests for 191 

vertical structures validate the scalability of formulas derived from small-scale studies (Pearson 192 

et al., 2002). However, despite these assertions, further examination is required to fully dismiss 193 

scale effects. The analysis focuses on viscous forces and surface tension, in accordance with 194 

EurOtop (2018). Reynolds and Weber numbers for wave overtopping (Req and Weq) are 195 

calculated and compared to the critical limits (Req > 10^3 and Weq > 10), as defined by 196 

Schüttrumpf and Oumeraci (2005). The calculation of Req and Weq involves evaluating the run-197 

up of focused wave groups, overtopping flow velocity, and depth. To aid in the calculation of 198 

Req, wave run-up estimation, as described by Yuhi et al. (2021), is used. For the calculation of 199 

Weq, the overtopping flow velocity and depth were derived from EurOtop (2018). The calculated 200 

Req and Weq for the case used to develop and validate the presented methodology were equal 201 

to 9600 and 280, respectively, which are larger than the critical thresholds. According to Heller 202 

(2011), this indicates the impact of scale effects is very small or almost negligible to the sake of 203 

wave overtopping estimation. This check was also carried out for the further cases presented in 204 

Section 6, which also showed the negligible relevance of scale effects. The impact of scale 205 

effects on air entrainment and bubble distribution and fragmentation, although relevant, is 206 

beyond the scope of this study. For further insight, please refer to Miller (1972), Deane and 207 

Stokes (2002) and Stagonas et al. (2011). 208 
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3. Image clustering 209 

3.1. Description of the procedure 210 

The data were analyzed using a new image-processing method, which was developed by 211 

building on the existing methodology used by Formentin et al. (2021) to reconstruct free-surface 212 

profiles from video recordings of wave overtopping tests. Formentin et al. (2021) had introduced 213 

specific procedures for analyzing overtopping and overflow processes above coastal dike crests. 214 

The task involved evaluating flow depths and celerity, as well as estimating the amount of air 215 

bubbles trapped in the flow during wave breaking. Formentin and Zanuttigh (2023) have recently 216 

introduced revised procedures for estimating wave run-up at crown walls.  217 

The methodology used involves applying the image-clustering technique to automatically 218 

recognize and group different classes of objects in the images, such as 'water', 'air', 'solid 219 

structure', etc. This is supported by pre- and post-clustering techniques to optimize image 220 

detection, as well as procedures that manipulate the outputs of the image clustering to obtain 221 

quantitative information of practical interest. In the following, the main steps and the workflow of 222 

the existing procedure are briefly exposed: 223 

i) Pre-clustering: before applying the clustering, the images need to be “fit” – in terms of color, 224 

contrast, brightness, noise – to optimize the automatic detection of the different objects. The 225 

pre-clustering procedures may change from application to application, depending on the 226 

type and number of patterns to be identified; therefore, such operations can be hardly 227 

standardized. Generally, the pre-clustering techniques involve: image subtraction to level 228 

uneven sections of an image, such as shadows, reflexes or blurs, and to remove unwanted 229 

fixed elements potentially present in all the frames; conversion into grayscale; noise add, if 230 

large portions of the images may result too uniform for the pattern recognition; contrast 231 

enhancement and light adjustment. Figure 2(b) 232 

ii) Training of the cluster model: such step consists in the creation of the model which detects 233 

and distinguish the different “objects” composing a frame and fits them into separate 234 

clusters. Such model is therefore meant to be used as a reference for all the frames of a 235 

video-record. A cluster model map is a sort of hyper-figure, where each of its pixels is 236 

associated to a label identifying the belonging cluster. Figure 2 shows an example of a frame 237 

selected to train a cluster model (panel a) and the corresponding cluster model map (panel 238 

c) obtained, where the different colors identify the different clusters of objects detected. The 239 

training step involves the following key aspects: definition of the number of clusters, 240 

selection of the training algorithm, and individuation of the frame itself to be clustered and 241 

used as model. The best configuration of such training features can be defined only a-242 

posteriori, i.e. after a trial-and-error process of attempts searching for the model map that 243 

best captures the “objects” in the images according to the research purpose. It is important 244 

to remind that the association cluster-“real object” relies on the human interpretation of the 245 

clusters in the model map: in the example of Figure 2c, where four clusters are identified, 246 

cluster 2 (green) groups the “dark” objects, which are either the dike structure, the “steady” 247 
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part of the flow beneath the free-surface, and the black background; clusters 3 and 4 (blue 248 

and purple, respectively) both refer to the turbulent part of the flow, the free-surface and the 249 

entrapped bubbles, capturing different shades of light; cluster 1 (yellow) eventually 250 

represents the blurry areas surrounding the water flow and the structure in foreground, 251 

corresponding to background elements partially visible because of perspective effects in the 252 

picture. The details of the selected features to train the cluster model for the present 253 

research study are given in Sub-Section 3.2. 254 

iii) Clustering: once trained the cluster model, all the images to be analyzed can be processed 255 

with the pre-clustering techniques and then clustered. With the clustering, each image is 256 

converted into a cluster model map similar to the one in Figure 2c, where each pixel is 257 

labelled according to the belonging group. 258 

iv) Post-clustering and output manipulation. This step includes all the procedures to be applied 259 

to the clustered images to extract the quantitative information desired. Therefore, the 260 

number and the type of the post-clustering procedures, strictly depend on the process to be 261 

modelled and on the expected results. The post clustering procedures need to be adapted 262 

and redesigned each time a new phenomenon is studied. In Formentin et al. (2021), post-263 

clustering procedures were built to reconstruct the free-surface profile and elaborate the 264 

edges of the “water” objects, whereas Formentin and Zanuttigh (2023) developed post-265 

clustering procedures to calculate the wave run-up at walls. In this paper the post clustering 266 

technique has been selected and adapted for the estimation of the overtopping volumes and 267 

are described in Sub-section 3.3. The procedure for the estimation of the overtopping 268 

volumes itself represents the core of the present study and is illustrated in Section 4. 269 

 270 
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 271 

Figure 2. a) image of an example frame selected for training the cluster model as taken with the 272 

camera; b) result of the image transformation after applying the pre-clustering techniques; c) 273 

cluster model map of the image in false colors.  274 

3.2. Selected features for the pre-clustering and clustering steps 275 

The pre-clustering techniques and the training of the cluster model were adapted to fit the scope 276 

of the present research. The adaptation was based on a trial-and-error procedure which involved: 277 

i) the definition of the camera framing window; ii) the setup of the camera’s resolution, focus, 278 

focal length and aperture time (not all of them can be set independently and they have been 279 

adjusted to achieve the best quality image); iii) the setup of the laboratory facility to individuate 280 

the best conditions of lighting, and background; iv) the individuation of the set of light, contrast, 281 

and noise filters to optimize the image clustering; v) the individuation of the most suitable set of 282 

features to perform the cluster training. Details of the experimental setup (steps i) to iii)) can be 283 

found in Section 2. 284 

For step iv), the following set of filters was applied to the images before applying the image 285 

clustering: 286 

• Image subtraction: one still image taken before the start of the experiments was selected in 287 

order to subtract from all the frames of the video-record some fixed elements present in the 288 

camera field of view, such as the threaded screws in the middle of the channel to hang the 289 

bottom, and blurs and shadows in the background. 290 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
0
7
4
8
6



10 
 

• Image brightness enhancement: the brightness of the images was enhanced by increasing 291 

the value of each pixel by 20 to improve pattern recognition during the image clustering. 292 

• Contrast enhancement: the contrast of each image was enhanced using a contrast-limited 293 

adaptive histogram equalization; a uniform histogram with a contrast enhancement limit = 294 

0.05 was established. Similar to brightness, contrast enhancement improves pattern 295 

recognition by sharpening the edges of the elements that make up an image.  296 

The image transformation obtained with such filters is portrayed in Figure 2, where panel (a) 297 

shows the original frame as taken from the camera, and panel (b) shows the same frame as 298 

resulting after the application of the filters. 299 

Cluster training was performed with the open source toolbox “PRTools” (Pattern recognition 300 

tools, http://prtools.tudelft.nl/?from=www.website80.com, Duin and Pekalska, 2015), selecting 301 

the Expectation–Maximisation (EM) algorithm (Dempster et al., 1977) and the ‘crisp’ labelling 302 

type of the patterns, which applies a boosted version (generalized k-means algorithm) of the 303 

traditional EM algorithm. The fundamental issue in a partitioning clustering, such as k-means 304 

clustering, is the definition of the number of clusters, because it determines the number of 305 

“interesting patterns” to be discovered in an image. In the present application, the number of 306 

clusters was set equal to 4: it was indeed found that a smaller number was not sufficient to 307 

properly capture the profile of the water flow, because in some darker parts of the image the 308 

water pattern was mixed up with the background color; on the contrary, a higher number of 309 

clusters led to the fragmentation of the water flow into multiple patterns. The result of the cluster 310 

training applied is shown in Figure 2c, where the overtopping flow – objective of the present 311 

application – can be identified with the clusters 3 and 4 (blue and purple).  312 

3.3. Post-clustering optimization 313 

After performing the image clustering, all the frames that make up the video record of an 314 

experiment are transformed into cluster maps such as the example in Figure 2c. Such maps can 315 

be considered as “hyper-figures” – or datasets – since each of their pixels is labelled according 316 

to the belonging cluster. The post-clustering represents the step of the methodology where the 317 

information embedded in the clustered hyper-figures is extracted and elaborated for further 318 

applications – viz the wave overtopping calculation.  319 

Similar to the pre-clustering and clustering steps, the post-clustering techniques were also set 320 

up based on a trial-and-error process. In this case, the following procedures were applied to 321 

each frame.  322 

• Image segmentation: all the areas of the image composed by pixels belonging to the cluster 323 

associated to the overtopping flow were selected and the corresponding edge extracted. 324 

Segmentation was performed through the ‘Canny’ algorithm (Canny, 1986), which finds the 325 

edges by looking for local maxima of the gradient of the image. The Canny edge function 326 

calculates the gradient using the derivative of a Gaussian filter using two thresholds to 327 

detect strong and weak edges. By using two thresholds, the Canny method is less likely 328 
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than other methods to be fooled by noise, and more likely to detect true weak edges. Figure 329 

3a shows the contour (blue) of the objects enclosed in the cluster associated to the 330 

overtopping flow.  331 

• Removal of small connected components: the contour of the overtopping flow areas 332 

returned by the image segmentation includes several fragmented parts or elements that 333 

represent only scatter or noise. In Figure 3a, many small fragmented elements are present, 334 

for example, in the red-circle area. The removal of such parts was done through the 335 

application of a morphological filter based on the size of the areas of the “connected 336 

components”. Precisely, all the connected components of the “overtopping flow” 337 

characterized by areas counting less than 100 pixels were removed by the application of 338 

such a filter. The result of the morphological filter applied to Figure 3a is shown in Figure 339 

3b. 340 

With respect to the previous works by Formentin et al. (2021) and Formentin and Zanuttigh 341 

(2023), it was not necessary to apply any further post-clustering technique, mainly thanks to the 342 

significantly higher quality characterizing the original images. 343 

 344 

 345 

Figure 3. a) Contour (blue) of the cluster “overtopping flow” detected in an example frame as a 346 

result of the image segmentation, showing many fragmented small elements as in the red circle; 347 

b) Refinement of the contour after application of the filter to remove the small connected 348 

components.  349 

4. Wave overtopping volumes calculation 350 

The core and newest part of the methodology is represented by the procedure for calculating the 351 

waves overtopping volumes, which was specifically developed for the present study. This 352 

procedure is based on the calculation of the areas of the overtopping flow over the dike crest, 353 

which are used as a direct estimator of the individual, specific overtopping volumes 354 

(m3/(m∙frame)). The procedure is meant to be applied to each overtopping event, which may last 355 

several frames (namely, N frames), and is able to automatically catch the beginning and the end 356 

of each overtopping event. Triggering is based on temporal analysis of successive frames 357 

clustered to trigger the minimum area.  358 

(a) (b)
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4.1. Description of the procedure 359 

The procedure of calculation of the individual overtopping volumes is structured as follows.  360 

i) Mask application: a mask is applied to each clustered frame to isolate the overtopping flow 361 

and remove all other elements of water. The mask works by imposing all the values of the 362 

pixels seaward to the dike crest equal to zero. Note that the mask has been thoroughly 363 

applied to all the frames of all the tests presented in such contribution, but it was decided to 364 

omit it in Figures Figure 4c, Figure 4d, Figure 7, 9 and Figure 10 to avoid the inclusion of 365 

images which otherwise would appear almost completely black.  366 

ii) Triggering: the procedure starts when a ‘non-negligible’ amount of “overtopping flow” is 367 

detected to rise above the crest of the dike in a certain frame, which becomes the “frame0”. 368 

The position, shape and the extension (pixels) of the overtopping elements of ‘water’ are 369 

noted. The extension of the area of “overtopping flow” is the individual overtopping volume 370 

associated to frame0, and it is called “volume0” (V0). Right now, such area is in pixels, and 371 

will be converted into m3/(m∙frame) later. 372 

iii) Image subtraction: then, the procedure moves on to the couple of frames immediately 373 

consequent to frame0, namely “frame1” and “frame2”. Once the areas of the “overtopping 374 

flow” are individuated in each frame, the pixel-by-pixel operation of the image subtraction 375 

“frame2 – frame1” is applied. Figure 4a and Figure 4b show the refined contours of the 376 

“overtopping flow” patterns (blue) of two example consecutive frames, that can be assumed 377 

as “frame1” and “frame2”, respectively. Figure 4c highlights in false colors the result of the 378 

difference between the two areas of “overtopping flow” associated to frame1 and frame2. It 379 

is important to remark that the image subtraction frame2 – frame1 is not calculated between 380 

the measures of the areas (scalar operation), but among the matrix of pixels composing the 381 

areas of wave overtopping (matrix operation). Therefore, the image subtraction may give 382 

positive, negative or zero-pixel values, depending on the extent and the shape of the areas 383 

of “overtopping flow” present in the two consecutive frames. The value of the j-th pixel 384 

comprising the image resulting from frame2 – frame1 will be positive if the corresponding j-385 

th pixel of frame2 is labelled as “overtopping flow” but it is not in frame1; it will be negative if 386 

the j-th pixel of frame1 is labelled as “overtopping flow” but it is not in frame2; it will be zero 387 

if the j-th pixel of both frame1 and frame2 are labelled as “overtopping flow”. The three 388 

possible results of the subtraction are shaded in Figure 4c in magenta (positive), green 389 

(negative), and white (zero), respectively.  390 

iv) Removal of negative areas: from a physical point of view, the difference between the areas 391 

of the overtopping flow resulting from two consecutive frames represents the instantaneous 392 

variation of the wave overtopping volume ΔV1. The zero-pixel values (white) represent the 393 

areas of superposition of the overtopping flow between the two frames; the positive values 394 

(magenta) represent the areas of increment of wave overtopping, whereas the negative 395 

values (green) represent the areas of decrease of wave overtopping. For this reason, the 396 

instantaneous increment of wave overtopping volume ΔV1 occurring between frame1 and 397 

frame2 is calculated as follows and calculated for positive areas only:  398 
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∆V1= ∑ pixelj,frame2
P
j=1 - pixelj,frame1, if (pixelj,frame2- pixelj,frame1)>0     (2), 399 

where P is the number of pixels composing the frames. The difference ΔV1 is saved as 400 

“volume1” and it is still measured in pixels. Figure 4d shows the sole positive areas of “water” 401 

resulting from frame2 – frame1, i.e. ΔV1. The barycenter (or centroid) of ΔV1 is reported in 402 

Figure 4d (red star) to observe that image subtraction “keeps memory” of the shape of the 403 

overtopping flow and its evolution in time and space. The information on the position of the 404 

centroid is important for the automatization of the procedure, as it will be illustrated in Sub-405 

Section 4.2.  406 

v) The image subtraction is then iteratively applied to all the subsequent frames, based on the 407 

following algorithm:  408 

∆Vi=framei+1-framei, for i=1,…,N-1        (3), 409 

where N is the last frame where wave overtopping is detected. Details on the procedure to 410 

automatically individualize the “N-th” frame and contextually stop the algorithm are given in 411 

Subsection 4.2. 412 

vi) All the volumes from “volume0” to “volumeN” are summed up and the total volume V 413 

associated to the single overtopping event is calculated: 414 

V=V0+ ∑ ∆Vi
N-1
i=1            (4). 415 

vii) The measure of the total volume V is finally converted from pixels to m3/(m∙frame) by means 416 

of the conversion law reconstructed from the camera calibration process. The conversion 417 

ratio R is calculated by dividing the real, known length of the side of the squares in the 418 

checkerboard (20 mm) used to calibrate the camera by the length of the same side in pixels 419 

as resulting from the picture of the checkerboard itself. Then each individual volume V0 or 420 

ΔVi and the total volume V are multiplied by R2, to have both the individual and the 421 

cumulative overtopping volumes. The propagation of the calibration error resulting from the 422 

conversion from a linear to a surface element can be calculated by doubling the initial linear 423 

error (see Section 5). 424 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
0
7
4
8
6



14 
 

 425 

Figure 4. a-b) Refined contours (blue) of the “overtopping flow” cluster detected in two 426 

consecutive frames of wave overtake (that is, “frame1” and “frame2”); c) Result of the subtraction 427 

of “frame1” from “frame2”, in false colors; d) area resulting from the image subtraction “ frame2 – 428 

frame1”, corresponding to “volume1” or ΔV1 (contoured by the green line) and corresponding 429 

centroid (red star).  430 

4.2. Automatization of the procedure for multiple overtopping events calculation 431 

The procedure for the calculation of the overtopping volumes includes a module to automatically 432 

identify the beginning and the ending of each individual overtopping event in a record containing 433 

multiple overtopping events. Such automatization may be redundant in case of focused waves, 434 

but it becomes essential to extend the procedure to the analysis of regular or irregular wave 435 

attacks, in order to individuate and separate consecutive overtopping events. The details of the 436 

automatization module are described hereinafter, with reference to Test_α2m22.6, as example 437 

application of the module itself. The 16 consecutive frames composing the first overtopping event 438 

of Test_α2m22.6 are shown in Figure 5, where the contours of the “overtopping flow” cluster are 439 

marked in blue. 440 

 Overtopping beginning 441 

Without eye-analyzing the video-records of the experiments, it is not straightforward to establish 442 

whether a single or few pixels of “overtopping flow” present over the dike crest in a clustered 443 

frame do actually represent the beginning of an overtopping event and therefore trigger the 444 
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procedure. A small area of “overtopping flow” may correspond indeed to a drop, a spray, or even 445 

to noise “survived” to the post-clustering techniques. In the example of Figure 5a (frame1), the 446 

flow is running up the ramp, but it has not yet reached the top of the dike. However, some drops 447 

of water (circled in red) are visible in the bottom right corner: such drops should not trigger the 448 

wave overtopping calculation. Instead, the procedure should start with frame2 (Figure 5b), where 449 

the front tongue of the flow overtops the dike top and evolves into a larger area in the following 450 

frame3 of Figure 5c.  451 

To avoid the definition of a minimum threshold value of the overtopping area to start the 452 

procedure – which may vary with the test conditions, could be considered arbitrary or subjective 453 

and may lead to the underestimation of the total overtopping volume – a procedure of 454 

prescreening-analysis of the frames was developed. Such prescreening considers groups of 455 

three consecutive frames at once and evaluates, for each group, the presence of “overtopping 456 

flow” beyond the dike crest in each frame and compare the time-spatial evolution of its size and 457 

shape throughout the frames. Specifically, frames where the areas of “overtopping flow” which 458 

do not evolve across the following frames by either increasing their size or by moving forward, 459 

i.e. from seaward to landward, in the case of the present experiments, are skipped. To this end, 460 

the coordinates (abscissa x and ordinate z) of the centroid of the “overtopping flow” are evaluated 461 

over the three frames: a forward movement corresponds to an increase of the centroid abscissas 462 

(x-values), while a downward movement corresponds to an increase of the centroid ordinates (z-463 

values). Note that the z-values increase downward in the intrinsic system of coordinates of the 464 

frames. The screening procedure progresses frame by frame until the centroid of an amount of 465 

“overtopping flow” appearing over the dike crest increases its x- and z-values for at least three 466 

consecutive frames. At this point, the overtopping volume calculation procedure is triggered, and 467 

the first of such three consecutive frames becomes the “frame0” of the procedure. In the example 468 

of Figure 5 the “frame0” of the procedure corresponds to frame2 (Figure 5b): the centroid of the 469 

overtopping flow (red stars) moves indeed monotonically forward and downward from frame2 to 470 

frame5 at least. To appreciate the evolution of the position of the centroids over time, the position 471 

of the centroid of frame2 is reported as a yellow cross in all the frames of Figure 5 for reference. 472 

As a further reference, Figure 6b and Figure 6c show the time variation of the x- and z-473 

coordinates of the centroids of the overtopping flow for overtopping event of Test_α2m22.6 474 

portrayed in the frames of Figure 5.  475 
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 478 

 479 

Figure 5. Refined contours (blue) of the cluster “overtopping flow” detected in 16 consecutive 480 

frames showing the beginning of an overtopping event. The procedure of calculation of 481 

overtopping volumes is made starting with frame2 (panel b). The “drops” of “overtopping flow” in 482 

the red circles of frame1 (a) do no trigger the procedure. In all the frames, the centroid of the 483 

current “overtopping flow” is reported (red star) in comparison to the centroid of frame2 (yellow 484 

star). 485 

 486 
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 487 

Figure 6. Time evolution of instantaneous increment of wave overtopping volumes ΔV (a), of the 488 

x-position of the centroids (b) and of the z-position of the centroids (c). The x- and z-positions 489 

are expressed in pixels. The origin of the coordinate system in the left-top corner of the frames, 490 

and the x- and z- coordinates increase towards right and downwards, respectively. 491 

 492 

 Overtopping ending 493 

In Eq. (3), the sum of the ΔV-values is made stopping at the ‘N-th’ frame, which is defined as 494 

‘the last frame of wave overtopping”. Similar to the activation of the procedure (Sub-section 495 

4.2.1), the identification of the ‘N-th’ frame to stop the procedure is not straightforward. In 496 

general, such a ‘N-th’ frame cannot made be coinciding with the frame where no more pixels of 497 

“overtopping flow” are observed beyond the dike top, because in case of consecutive close-498 

range overtopping events, a new event may begin when the previous one has not completely 499 

ended. Furthermore, some drops of water may have completely overtopped the dike top and yet 500 

still be present in the frames while propagating downward and forward, following a parabolic-like 501 

path before disappearing. This latter case can be appreciated in frame13 to frame16 of Figure 5, 502 

and it is remarked in Figure 7, which shows in false colors the ΔV-values obtained from the 503 

image subtraction of frame11–frame10, frame12–frame11, frame13–frame12 and frame14–frame13 of 504 

Test_α2m22.6. In this Figure, the last positive ΔV-value is ΔV11 of panel b, where the last 505 

magenta-shaded area is visible right beyond the dike crest. Figure 7c does not show any 506 

noticeable magenta area, whereas magenta fragments of overtopping flow are visible far from 507 

the dike top in Figure 7d and do not evidently correspond to new, positive contribution of 508 

overtopping. 509 

Therefore, the individuation of the ‘N-th’ frame to stop the procedure must be related to the 510 

analysis of the evolution of the ΔV-values in time and space. The spatial evolution of ΔV over 511 

the overtopping event is tracked through the x- and z-coordinates of the centroids of the 512 

overtopping flow (Figure 6b and Figure 6c). The time evolution of ΔV for the example 513 

Test_α2m22.6 is shown in Figure 6a: this function describes a wave shape, characterized by a 514 

rise phase from frame2 to frame6, a maximum value and a decay phase, from frame6 to frame12. 515 

In correspondence of frame12, the ΔV-function reaches a minimum: the eye-analysis of the 516 

frames of Figure 5 confirms that the entity of the overtopping flow increases between frame2 and 517 

frame6, it starts decreasing after frame6 and eventually stops at frame12. The trend-inversion 518 

(a) (b) (c)
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observed at frame6 in Figure 5 and Figure 6a cannot be caught in Figure 6bc and Figure 6c, 519 

where the centroid continues moving landward and downward until frame9. After this frame, 520 

however, the overtopping flow begins to retire and the centroid moves backward and upward 521 

until frame12. At frame12, the retire phase abruptly interrupts in both Figure 6b and Figure 6c, 522 

corresponding to the complete ending of the overtopping event. In conclusion, all the Figure 523 

7and 7 indicate that the overtopping event ends at frame12, determining ΔV12 as the last volume 524 

contribution. This analysis is converted into an algorithm that calculates the derivative of: i) the 525 

function ΔV for each frame, expecting positive, null, and negative values in sequence 526 

(corresponding to the phase of rise, peak, and decay of ΔV over time); ii) the x-coordinates of 527 

the centroid, expecting positive and negative values in sequence; iii) the z-coordinates of the 528 

centroid, expecting negative and positive values in sequence. When the expected values in the 529 

sequences are violated for more than two values consecutively and for all the derivates 530 

contemporarily, a trend inversion is supposed to happen and the procedure automatically aborts 531 

the calculation of the overtopping volumes. Then, the procedure starts to seek for a new 532 

overtopping event.  533 

 534 

 535 

Figure 7. Result of the subtraction of 4 consecutive frames showing the ending of an overtopping 536 

event in false colors (positive, negative and zero increments of wave overtopping in magenta, 537 

green and white colors, respectively). The blue stars represent the centroids of the ΔV-values. 538 

 539 

5. Uncertainty assessment  540 

The uncertainty associated to the whole methodology for the computation of the wave 541 

overtopping volumes based on image clustering is determined by several contributions, some 542 

quantifiable and some not. The first contribution is determined by the conversion from pixels to 543 

meters, and depends on the accuracy of the camera calibration process. The conversion error 544 
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can be calculated by comparing the measurement of a known element in the picture in pixels 545 

with its corresponding real measurement in m. Such conversion error was estimated to be on 546 

average 2.1% for linear elements, and propagates as follows, for the conversion of surface areas: 547 

2*2.1% = 4.2%. Another aspect relies on the correct selection of the cluster to represent the 548 

overtopping flow: in the example frame of Figure 2c, it is not evident whether the cluster that 549 

better represents the overtopping flow is the blue one (cluster 3) or the purple one (cluster 4) or 550 

the ensemble of the two clusters. In the end, cluster 3 was individuated, because after an eye-551 

analysis of different cluster model maps obtained from different frames subjected to cluster 552 

training, it was understood that cluster 4 was associated to background unfocused elements, 553 

similarly to cluster 1. Such selection is even less straightforward in case of spurious blurs present 554 

in the frame, or when large numbers of clusters need to be imposed in the training step. 555 

Numerous clusters may be necessary in case of bad or uncontrolled light conditions, or of very 556 

“complicated” images characterized by several shades of colors or elements, typical of field 557 

experiments. All these conditions will determine the decomposition of the real “water element” 558 

into different clusters, making the selection of the “correct” cluster complicated. However, this 559 

phenomenon was ignored in the present study because the individuation of cluster 3 was pretty 560 

quick and its utilization optimized the computation of the overtopping flow. Actually, the lighting 561 

was specifically set up to optimize the rendering of the overtopping flow beyond the dike crest, 562 

disregarding the other parts of the picture.  563 

Besides, there is the uncertainty strictly associated to the procedure of overtopping volumes 564 

calculation. Such uncertainty can be determined and will be illustrated and discussed in the Sub-565 

sections 5.1 to 5.3. Finally, the uncertainty associated to the variability of the experimental 566 

measurement is addressed in Section 5.5.  567 

5.1. Wave escape 568 

It is possible that the procedure misses to capture part of the overtopping volumes if the 569 

combination of flow celerity, framing window size and sample frequency allows that a part of the 570 

overtopping flow “escapes” from the framing window in between the two frames. Such issue,  571 

may be avoided by setting the camera framing window and sampling frequency adequately to 572 

limit the phenomenon. Since the flow celerity (c) depends on the height of the overtopping flow 573 

(h) in the proportion c ∝√gh, being g the acceleration of gravity. In order to reduce the wave 574 

escaping it is recommended to set the dimension of the framing window “s” and the camera 575 

sampling frequency “f” such as that the product “s·f” results significantly greater than the 576 

expected maximum flow celerity. For the tests used for the validation presented in this work (see 577 

also section 6.1), the studied frame is 455 pixels long (from the crest of the dike to the right end 578 

of the frame) that corresponds to a length of approximately s=5.3 cm and the average camera 579 

sampling frequency f is set 106 fps. The product s·f is therefore 5.6 m/s. The maximum flow 580 

celerity measured in these tests is 1 m/s and significantly lower than s·f. This means that no 581 

significant flow is escaping from the framing window.  582 
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5.2. Steady flow 583 

The procedure might also miss part of the overtopping volumes if pseudo-steady flow conditions 584 

occur, determining almost identical overtopping areas and leading therefore to consecutive zero-585 

increments of ΔV. Actually, steady flow hardly occurs in case of wave-induced overtopping. 586 

Anyway, it could be addressed by including in the procedure a control on the instantaneous 587 

values of the areas of wave overtopping (i.e., of the blue contoured areas of “water” beyond the 588 

dike crest in Figure 4a,b for example) to check the presence of consecutive identical values that 589 

would be cancelled by the image subtraction. However, this is out of the scope of the present 590 

contribution, which deals with experiments on wave overtopping exclusively, and it is just 591 

mentioned as a warning for future, different applications. 592 

5.3. Three-dimensional effects  593 

The camera lens determines a slightly perspective distortion of the images, which may generate 594 

apparent 3D effects of the overtopping flow. Such effect is visible in the blurred elements 595 

presented in the background of the frames of Figure 5, behind the blue-contoured areas. These 596 

background elements, characterized by different light and color shades, were not grouped into 597 

the “overtopping flow” cluster (cluster 3, with reference to Figure 2a) during the image clustering, 598 

but into a different cluster (cluster 4, with reference to Figure 2a), and therefore they are not 599 

considered for the calculation of the wave overtopping volumes. In the example of Figure 8, the 600 

contours of the clusters 3 and 4 of frame6 are marked with blue and red colors, respectively. In 601 

most cases, the elements of the background are correctly grouped into cluster 4. However, it 602 

may seldom happen that few of these elements are wrongly grouped into cluster 3 and mistook 603 

for foreground elements, leading to a slight overestimation of the total V. The opposite case (i.e. 604 

the clustering of foreground elements in cluster 4) was never observed. The quantification of 605 

such an overestimation is hard even with the human supervision of the algorithm, because – as 606 

pointed out at the beginning of Section 5 – it is difficult to correct establish by eye-examination 607 

whether an element belongs to the foreground or to the background. On the contrary, it is 608 

extremely more likely that the automatic clustering makes the correct choice, based on 609 

quantitative information (pixel values) and not on a ‘subjective’ analysis of the frame. Therefore, 610 

it was decided to accept such a small overestimation and link it to the random uncertainty 611 

associated with the whole methodology, avoiding the human intervention that would compromise 612 

the automatization of the procedure and would introduce a subjective bias in the computation of 613 

the overtopping volumes. 614 

 615 
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  616 

Figure 8. Refined contour (blue) of the cluster “water” detected in one frame and refined contour 617 

(red) of the elements present in the background of the image and grouped into a separate cluster.  618 

 619 

5.4. Fragmentation of the overtopping tongue 620 

When the overtopping flow overcomes its peak, with the beginning of the decay phase, the 621 

overtopping tongue tends to fragment in smaller areas propagating forward and downward 622 

chaotically. If the same element of overtopping flow moves into a completely different part of the 623 

framing window from one frame to the next one, there is the possibility of counting more than 624 

once the same overtopping contribution. This phenomenon was observed for the tests 625 

considered in the present contribution and it is evident in the frames from 6 to 12 of Figure 5. As 626 

it can be appreciated from this Figure, which shows the result of the image subtraction applied 627 

to the same sequence of frames, the procedure is still able to deal with the greater fragmented 628 

areas (all the white and green areas do not contribute to the calculation of V, as null or negative 629 

increments, respectively), but some smaller areas are likely to be calculated twice. This is the 630 

case, for example, of the magenta areas circled in blue (Figure 9a, 8c and 8d). Such areas – 631 

which contribute to the calculation of V as positive contribution – do not correspond to real 632 

increments of wave overtopping, but they are fragments of the compact overtopping tongue area 633 

of the previous frames (Figure 9a).  634 

Note that a fragment present at framei and not at frame i-1 and at framei+1 would give an overall 635 

null contribution to V if the image subtraction operation kept also the negative values. Indeed, if 636 

ΔVf>0 is the volume of a generic fragment present at framei resulting from the subtraction of 637 

framei–framei-1, at the following step framei+1, where the fragment is not present anymore, the 638 

subtraction framei+1–framei gives ΔVfi<0. The sum of the two contributions would be zero. 639 

However, the procedure keeps only positive areas (see point iv) of Section 4.1 and the negative 640 

contribution ΔVfi<0 is eliminated, leading to a sum equal to + ΔVf:  641 

It may also happen that a fragment of flow in the background is temporarily mistaken for a 642 

foreground element and therefore wrongly clustered into cluster 3 instead than into cluster 4 (see 643 

Sub-section 5.3). If the wrong clustering happens for one frame only, namely at framei, the image 644 
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subtraction counts a positive contribution of that fragment to the total V that should not be 645 

accounted.  646 

 647 

 648 

Figure 9. Result of the subtraction of 4 consecutive frames showing the fragmentation of the 649 

overtopping tongue occurring at the beginning of the decay phase of the event (magenta: 650 

positive, green: negative and white: zero increment of wave overtopping volumes). The blue 651 

circles identify areas that are likely to be calculated twice in the calculation of the overtopping 652 

procedure. 653 

 654 

A specific procedure to remove the “small” fragmented areas was developed to avoid, or at least 655 

to reduce, the overestimation of the overtopping volumes. The “small” fragmented areas are 656 

identified by their size and by the coordinates of their centroids. All the areas whose size is lower 657 

than 500 pixels, i.e. approximately 1∙10-5 m3/(m∙frame), and whose centroids are located out of 658 

the bounding-box surrounding the main (i.e. biggest) overtopping area, are eliminated. Figure 659 

10, displaying the areas resulting from the image subtraction of the four consecutive frames 6, 660 

7, 8 and 9 and highlights with red rectangles the “small” areas that are eliminated with such 661 

procedure. The threshold value of 1∙10-5 (m∙frame) can be considered as the “0” of the wave 662 

overtopping volumes. In other terms, 1∙10-5 (m∙frame) represents the sensitivity – or the level of 663 

accuracy – of the technique here presented and applied. Such value was selected as 664 

compromise between accuracy and necessity to limit the overestimation of the volumes caused 665 

by the areas fragmentation. 666 

 667 

(d), ΔV9

(a), ΔV6

(c), ΔV8 (d), ΔV9

(b), ΔV7
(a), ΔV6
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 668 

Figure 10. Elimination of the small “fragmented” areas (bounded in red rectangles) contributing 669 

to the calculation of the overtopping volumes for 4 consecutive frames. 670 

 671 

Overall, it should be noted that the effects related to the “wave escape” and the occurrence of 672 

“steady flow” (described in Sub-sections 5.1and 5.2, respectively), which may cause potential 673 

underestimations of V, are counterbalanced by the effects of 3D distortion (Sub-section 5.3) and 674 

of “area fragmentation” (present Sub-section), that lead to overestimation.  675 

5.5. Variability of the wave overtopping process 676 

Test control and repeatability are critical aspects when considering the accuracy of a single 677 

measurement related to wave overtopping. Addressing variability and ensuring test repeatability 678 

are interconnected challenges with implications for the reliability and validity of experimental 679 

findings. Accurate and consistent measurements are essential for test repeatability. Regular 680 

calibration of instruments, such as wave gauges and sensors, mitigates uncertainties related to 681 

measurement errors and contributes to the reliability of the experimental data. Slight variations 682 

in hydrodynamic conditions, such as the initial still water level, can have a direct impact on test 683 

repeatability. Although precise standardized protocols are employed to enhance test 684 

repeatability, experience shows that WSI processes, especially those that are quite turbulent, 685 

are affected by high variability (Marzeddu et al., 2017; Williams et al., 2019).  Therefore, 686 

analyzing such processes involves uncertainties inherent to the phenomenon itself, as well as 687 

those related to the measurement techniques or algorithms used. 688 

(c), ΔV8 (d), ΔV9

(b), ΔV7(a), ΔV6
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6. Validation and application of the proposed methodology for 689 

overtopping volume assessment  690 

This Section presents the results of the methodology for the prediction of the overtopping 691 

volumes by means of image clustering applied to the experiments described in Section 2. Sub-692 

section 6.1 compares the results of the image clustering applied to experiment Test_α2m22.6 693 

with the corresponding laboratory measurements. Sub-section 6.2 presents the application of 694 

the procedure of image clustering to new experiments, presenting completely different 695 

characteristics with respect to experiment Test_α2m22.6 mostly in terms of dike and foreshore 696 

layout, and illustrates some potential further applications of the procedure. Sub-section 6.3 finally 697 

illustrates the results of the of the procedure of automatic detection of the frames of beginning 698 

and ending of the overtopping events. 699 

6.1. Validation versus direct overtopping volume measurements 700 

The image clustering methodology was applied to calculate the overtopping volumes V resulting 701 

from 10 repetitions of test Test_α2m22.6, which were named “FWG 1”, “FWG 2”, …, “FWG 10”, 702 

as listed in Table 2. The V-values are reported in m3/m and compared to the corresponding 703 

laboratory measurements of the overtopping volumes (4 repetitions). For FWG 1 and FWG 2, 704 

the direct comparison is available, and the relative error between the values of V obtained with 705 

the image clustering and the corresponding measurements are 13% and 16%, respectively. For 706 

all the repetitions, the average overtopping volume estimated with the image clustering technique 707 

is μ=1.34 l/m. Instead, the average measured overtopping discharge is 1.25 l/m. Standard 708 

deviation is σ=0.23 l/m and σ=0.28 l/m, respectively. Average and standard deviation values are 709 

reported in the last two rows of Table 2. The relative errors between the μ-and the σ-values are 710 

9% and - 6%, respectively. The positive signs of the relative errors (+13% and +16% for FWG 1 711 

and FWG 2 and +9% on average) denote that image clustering tends to slight overestimate the 712 

measurements.  713 

Table 2. Values of the total overtopping volumes calculated for each repetition of the test 714 

Test_α2m22.6 resulting from the image clustering (second column) and measured in the lab channel 715 

(third column). The average (μ) and the standard deviation (σ) are reported in the last two rows. The 716 

relative errors between estimated and measured V-values are given in the last column, when 717 

available. 718 

Test_α2m22.6  
estimated with im. cl. 

V [m3/m] 

measured in channel  

V [m3/m] 

relative error 

[-] 

FWG 1 1.17∙10-3 1.04∙10-3 0.13 

FWG 2 1.33∙10-3 1.15∙10-3 0.16 

FWG 3 1.68∙10-3 NaN  

FWG 4 1.22∙10-3 NaN  

FWG 5 1.59∙10-3 NaN  

FWG 6 1.11∙10-3 NaN  
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FWG 7 1.11∙10-3 NaN  

FWG 8 1.69∙10-3 NaN  

FWG 9 1.31∙10-3 NaN  

FWG 10 1.15∙10-3 NaN  

FWG 11 NaN 1.66∙10-3  

FWG 12 NaN 1.13∙10-3  

average μ 1.34∙10-3 1.25∙10-3 0.09 

standard deviation σ 2.33∙10-4 2.81∙10-4 -0.06 

 719 

The computation of the ΔV-values from the image clustering does not only provide an estimation 720 

of the total overtopping volumes but it also allows a frame-by-frame analysis of the evolution of 721 

the instantaneous overtopping discharge. This technique has an advantage over more 722 

conventional measurement techniques, where the presence of a chute to collect overtopping 723 

flows can make it difficult to detect the instantaneous rate of change of variables, such as the 724 

overtopping volume. Figure 11, shows the frame-by-frame values of ΔV for the cases “FWG 1” 725 

and “FWG 2” (panels a and b, respectively) of test Test_α2m22.6 and indicates that, for each 726 

repetition of the test, two overtopping events were observed, distant approximately 50 frames – 727 

viz ≈0.47 s –and lasting between 15 and 18 frames (≈0.14 - 0.17 s) each. The second event 728 

determines the maximum instantaneous value of ΔV – which varies between 2.3 and 2.4∙10-4 729 

m3/(m∙frame) throughout the 12 repetitions of the test –, whereas the first event determines the 730 

larger (60-70%) contribution to the total overtopping volume. Each overtopping event is 731 

characterized by a slightly asymmetric wave shape, characterized by a shorter rise phase and a 732 

longer decay phase. The asymmetricity is more pronounced in the second overtopping event, 733 

where the decay case lasts almost twice the time of the rise phase. Such considerations may 734 

result important for practical applications apart from the pure estimation of the overtopping 735 

volumes. 736 

 737 

Figure 11. Time evolution of instantaneous increment of wave overtopping volumes ΔV with 738 

automatic identification of the beginning and ending of the overtopping events. Application to 739 

“FWG 1” (a) and to “FWG 2” (b) of test Test_α2m22.6.  740 

(b)
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6.2. Applications and potentialities of the methodology 741 

To test the robustness of the procedure developed, three further experiments conducted in non-742 

optimal conditions of lightning and filming, with different geometrical layout and breaking 743 

conditions were carried out. These tests are named Test_α1m6.3, Test_α0.5m6.3 and 744 

Test_α0.5m22.6_hor, following what described in Section 2. The wave conditions of the first two 745 

tests differ from the Test α2m22.6 in terms of focus phase, being equal to 270°.The final test, 746 

Test_α0.5m22.6_hor, differs from the validation test Test α2m22.6 as there is a horizontal bottom 747 

(i.e. a berm) placed between the landward end of the foreshore slope and the dike toe.  748 

Figure 12 shows the refined contours of the overtopping flow for three frames selected as 749 

representative of each of the three tests. For these tests, the differences in the overtopping 750 

phenomenon with respect to experiment Test α2m22.6 analyzed in Sub-section 6.1 are huge 751 

and evident. The overtopping and the amount of air bubbles entrapped in the water phase is 752 

significantly larger and the fragmentation rate is considerable. Nonetheless, the pattern 753 

recognition of the overtopping flow highlighted by the blue contours in Figure 12 remains 754 

meaningful and enables the computation of the total overtopping volumes, which are reported in 755 

Table 3. For each test, this Table provides two values of V, estimated by applying the two 756 

functions “regionprops” and “bwarea” of Matlab ®: “regionprops” returns the values of the area 757 

of each single connected component of the “overtopping flow” cluster, and the ΔV-value of each 758 

frame is given by the sum of such areas; “bwarea” directly provides the sum of all the areas of 759 

all the connected components composing the “overtopping flow” cluster in a frame, and therefore 760 

it directly provides ΔV. As it can be appreciated from the values of Table 3, the differences in the 761 

estimations of V obtained with the two methods vary between the 2% and the 11%. 762 

As a final remark, the example case of Test_α1m6.3 (Figure 12a) highlights the importance of 763 

properly setting up the camera framing window: in this picture, indeed, the splash of the water is 764 

so big that part of it falls beyond the right boundary of the fame. The filming conditions (focus, 765 

framing window size, resolution, etc.) should be customized to meet the characteristic of each 766 

experiment. 767 

Table 3. Values of the total overtopping volumes calculated for the tests “Test_α2m22.6” (two 768 

repetitions, “FWG 1” and “FWG 2”), Test_α1m6.3 and Test_α0.5m6.3 resulting from the image 769 

clustering.  770 

 Method of computation  

TEST 
regionprops 

V [m3/m] 

bwarea 

V [m3/m] 

Test_α2m22.6_hor FWG 1 2.64∙10-3 2.97∙10-3 

Test_α2m22.6_hor FWG 2 5.94∙10-3 6.60∙10-3 

Test_α1m6.3 2.40∙10-3 2.46∙10-3 

Test_α0.5m6.3 1.02∙10-3 1.05∙10-3 
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 772 

Figure 12. Refined contours (blue) of the cluster “water” detected in three example frames taken 773 

from experiments Test_α1m6.3 (a), Test_α0.5m6.3 (b) and Test_α2m22.6_hor (c).  774 

6.3. Results of the automatic individuation of the overtopping events module 775 

This Sub-section discusses the results of the application of the module for the automatization of 776 

the detection and separation of the single overtopping events illustrated in Sub-Section 4.2. Such 777 

automatic module was applied to all the experiments introduced in the present contribution and 778 

the results given in Table 2 and Table 3 actually derive from the automatized procedure.  779 

Figure 11 and Figure 13 show the frame-by-frame evolution of the ΔV-values for the cases “FWG 780 

1” and “FWG 2” of experiment Test_α2m22.6 and for the tests Test_α2m22.6_hor and 781 

Test_α1m6.3, respectively – the red crosses and the violet diamonds mark the frames 782 

automatically individuated to trigger the beginning and the ending of the computation of the 783 

overtopping volumes.  784 
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 786 

Figure 13. Time evolution of instantaneous increment of wave overtopping volumes ΔV with 787 

automatic identification of the beginning and ending of the overtopping events. Application to 788 

test Test_α2m22.6_hor (a) and to test Test_α1m6.3 (b).  789 

 790 

In Figure 11 and Figure 13a, the distinct overtopping events associated to the same wave are 791 

correctly individuated by the automatic module. Such distinct events do correspond to the real 792 

overtopping processes observed in the laboratory. An eye-analysis of the frames confirms the 793 

duration of each overtopping event – in terms of frames – and the interval between them. For all 794 

these tests, the triggering procedure identifies the same beginning and ending frame that a 795 

human-driven analysis would have identified.  796 

The test associated to Figure 13b presents a more complex scenario to identify the single  797 

overtopping event, but also in this case, the automatic module is capable to select the correct 798 

beginning and end of the event at the frames 13 and 62 respectively, though the ΔV-function 799 

does not fully drop to 0 at this frame. By eye-analyzing the overtopping process it can be 800 

confirmed that also for this case the overtopping starts at frame 13 and continues interruptedly 801 

until frames 62-63, when it reduces significantly to drops and sprays that are removed by the 802 

procedure as “small” fragmentated areas (see Sub-section 5.4). The contribution of the ΔV-803 

values after frame 62 is lower than 10-5 m3/m, giving a negligible incidence to the total 804 

overtopping volume of 2.46∙10-3 m3/m (see Table 3). 805 

7. Discussion and conclusions 806 

This study presents a novel approach using image clustering techniques to analyze wave 807 

overtopping volumes on coastal structures. This method allows for a detailed frame-by-frame 808 

analysis of wave overtopping flow and discharge, providing insights that traditional measurement 809 

techniques may struggle to capture. The experimental model setup in the CIEMito wave flume 810 

provided a controlled environment for studying wave overtopping on different dike slopes and 811 
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foreshore geometries. This allowed for the development and validation of the image clustering 812 

methodology for estimating overtopping volumes. The experiments conducted in the CIEMito 813 

were filmed and the image clustering was applied to the video-records to automatically recognize 814 

and group different objects in images related to wave overtopping, such as water, air, and solid 815 

structures. The setup of proper light conditions represents a key element for the pursuit of good 816 

results.  817 

The study also highlights the use of focused wave groups in the experimental setup for assessing 818 

wave overtopping on coastal structures. Focused wave groups offer advantages in accurately 819 

simulating wave conditions and interactions with structures, complementing traditional irregular 820 

wave tests. By incorporating short-duration focused wave groups, researchers can achieve 821 

increased repeatability, assess model and scale effects, and improve measurement resolution 822 

for large wave interactions. Additionally, focused wave groups eliminate the need for wave 823 

absorption and have been validated for WSI problems.  824 

A multi-step procedure for clustering images has been developed for measuring overtopping 825 

volumes. The procedure comprises image preprocessing techniques, cluster training, criteria for 826 

identifying relevant clusters, and methods for quantifying volumes based on the clustered data.  827 

A module was introduced in the procedure to automatically recognize the beginning and the 828 

ending of each single overtopping event. Such aspect is fundamental to apply the procedure to 829 

train of irregular waves, avoiding the human screening of the video-records. Of course, the 830 

filming of irregular wave experiments will require additional data storage capacity and extra 831 

elaboration time. 832 

The accuracy and robustness of this non-intrusive overtopping measurement have been 833 

assessed by comparing it with direct measurements carried out in the CIEMito flume. A focused 834 

wave group was repeated twelve times to measure the overtopping volume over a sloping dike 835 

(1V:2H) with a gentle and shallow foreshore (1V:22.6H). The values of standard deviation for 836 

both estimations via image clustering and direct measurements are one order of magnitude lower 837 

than the single values of the volume and the mean value of all tests. Therefore, the variability of 838 

the volumes resulting from image clustering is comparable to that of direct measurements. This 839 

variability is likely due to the intrinsic randomness of turbulent phenomena and laboratory effects.  840 

The average relative error between volume measurements obtained with the image clustering 841 

and the experimental data is 9%.  842 

In addition, the technique was applied to three test cases with varying wave conditions and 843 

geometrical layouts. For example, one case had a significantly larger amount of air bubbles 844 

entrapped in the water phase and a considerable fragmentation rate. However, the automatic 845 

detection and quantification of individual overtopping events appears consistent. It is important 846 

to note that a comparison with direct experimental measurements is currently missing and will 847 

require further evidence, which could be provided by ad-hoc numerical modelling in future works. 848 

Uncertainties may arise during the application of the methodology. The study notes that effects 849 

like insufficient image acquisition speed and pseudo-steady flow conditions may lead to potential 850 

underestimations of overtopping volumes. These effects need to be considered alongside 851 
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uncertainties related to area fragmentation and 3D distortion, which can cause overestimations.   852 

In addition, it is important to consider using automatic overtopping detection instead of relying 853 

solely on human oversight. While humans may face challenges in accurately classifying 854 

elements within images, automatic clustering based on quantitative pixel values is more likely to 855 

make accurate decisions. It is recommended to opt for a slight overestimation rather than human 856 

intervention to maintain objectivity and automation in the process. 857 

Finally, the study's findings contribute to the advancement of techniques for assessing coastal 858 

structure resilience against wave overtopping events. By combining image clustering with wave 859 

overtopping analysis, researchers can gain valuable insights into the dynamics of overtopping 860 

flows and their impact on coastal structures. 861 
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