
(a) Sea state conditions from September to December 2007

(b) Sea state conditions from January to December 2008

(c) Sea state conditions from January to March 2009

Figure 6.11: Geographical distribution of predominant unimodal and bimodal sea state conditions.
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(a) Estimated sea state parameters – wave radar

(b) Estimated sea state parameters – ERA5

Figure 6.12: MAEs comparison between unimodal and bimodal sea state reconstructions.
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Chapter 7

Results: Bimodal sea state conditions

This Chapter presents the validation of the numerical procedure for bimodal sea state con-
dition outlied in Chapter 5. The algorithm is validated by synthetic ship motion dataset as
detailed in the following.

7.1 Benchmark study

The wind sea and swell prevailing directions range from 0 up to 360∘, with 10∘ step, so obtain-
ing a total number of 1081 simulations, with 1-h duration lying in Area I of Figure 5.3. The
remaining sea state parameters have been varied as detailed in Table 5.1. Figures 7.1 depicts
the simulated versus the estimated equivalent sea state parameters, namely: (i) the compass
angle of the prevailing wave direction, (ii) the significant wave height and (iii) the wave en-
ergy period of the equivalent sea state. The MAE on the equivalent prevailing wave direction
is equal to 7.030 deg, while the MAEs on the equivalent significant wave height and wave
energy period are equal to 8.6% and 6.4%, respectively. It is noticed that in Figure 7.1 (b) the
scatter between the estimated and simulated data increases among with the significant wave
height. On the contrary, the relative Absolute Error (AE) remains almost constant, proving
that the reliability of the algorithm is independent of the significant wave height value.
Subsequently, an additional analysis can be carried out, by reducing the time history length.
Hence, Table 7.1 provides the MAEs corresponding to 30 and 15 min, together with the per-
centage increase, as regards the 1-h reference values. As predictable, the MAEs increase with
the decrease of the updating time interval. Particularly, the MAEs increase by about 10% if
the time interval is reduced from 60 to 30 min. If it further decreases up to 15 min, the MAE
on the equivalent significant wave height raises up to 45%, so becoming no more acceptable.
Hence, a time interval equal to 30 min seems to be a good choice to contemporarily ensure a
good accuracy of the algorithm and a fast updating of sea state parameters.
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Figure 7.1: Benchmark study – Time length = 60 min.
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Time duration [min] 60 30 15 Δ30−60 [%] Δ15−60 [%]

MAE 𝛽eq [deg] 7.030 7.730 8.318 9.957 18.321
MAE 𝐻𝑠,eq [—] 0.086 0.094 0.124 9.302 44.186
MAE 𝑇𝑒,eq [—] 0.064 0.072 0.082 12.500 28.125

Table 7.1: MAEs as a function of time interval.

7.2 Statistics of errors

Finally, Figure 7.2 provides the probability density functions (pdfs) of the Absolute Errors
(AEs), together with the relevant best-fit exponential distributions. In all cases, the bin width
of the normalised frequency histograms is selected by the Freedman and Diaconis (1981) rule.
By Figure 7.2(a) it is gathered that the AE on the equivalent prevailing direction is generally
lower than 20 degs, with most of the data less than 10 degs. As concerns the remaining sea
state parameters, the AE is generally lower than 0.20, with most of the data less than 0.10.
These results confirm that the accuracy of the algorithm in Area I of Figure 5.3 is very high.
This outcome is also proved by Table ??, that provides the quantiles 𝑄𝑝 of the best-fit expo-
nential distributions at various percentile levels, from which it is also gathered that the AEs
on the equivalent sea state parameters are widely acceptable up to the 90𝑡ℎ percentile of the
relevant distributions.

Percentile 0.50 0.75 0.90 0.95 0.99

𝑄𝑝(𝛽𝑒𝑞) [deg] 5.358 10.716 17.798 23.156 35.597
𝑄𝑝(𝐻𝑠,𝑒𝑞) [–] 0.065 0.130 0.216 0.281 0.432
𝑄𝑝(𝑇𝑒,𝑒𝑞) [–] 0.050 0.100 0.166 0.216 0.332

Table 7.2: Statistics of errors – percentiles of the equivalent sea state parameters.
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Figure 7.2: Statistics of errors – Time length = 30 min
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Chapter 8

Conclusions and Future works

This Chapter outlines the main findings achieved in this thesis and provides some insights for
future research.

8.1 Summary of the main findings

The main objective of the present study was to develop numerical methods for the measure-
ment of sea state parameters on the basis of the ship motion analysis. Starting from the litera-
ture review on existing methods, two novel parametric procedures were developed to estimate
unimodal and bimodal short-crested sea state condition. The performance and the applicabil-
ity of the developed methodologies throughout this PhD thesis were tested through multiple
case studies, making use of synthetic and full-scale data. The flowchart in Figure 8.1 provides
a logical scheme of the procedures developed for estimating sea state conditions. The process
starts with the data ingestion of ship motion measurements and hydrodynamic data, followed
by a data processing phase in which the sea state is classified as unimodal or bimodal. In
the former case, the sea state estimation is outlined using the numerical procedure described
in Chapter 4, whereas in the latter case the procedure detailed in Chapter 5 is adopted. For
bimodal sea states, an additional signal processing step is applied to separate wind sea and
swell components using the filters defined in Equations (5.2) and (5.3). As previously men-
tioned, the optimization phase is based on the correlation between measured and tentative
spectra, which is evaluated using Spearman and Pearson correlation coefficients according to
Equations (4.14) and (4.22). As a final step, the main wave parameters are estimated.
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Figure 8.1: Logical sequence of the developed procedures.

As concerns the level of accuracy for the validation tests carried out using the unimodal pro-
cedure developed in Chapter 4, it can be summarized as follows. The performance of the
algorithm, for unimodal sea state condition has been tested in terms of Mean Absolute Errors
by varying the heading angle from 0 to 180 deg with 30 deg step. The maximum MAE on
the significant wave height is equal to 3% at 60 deg, while the maximum error on the wave
peak period is equal to 3% and occur at 0 deg. The worst estimation performance for both
parameters corresponds to the following sea conditions. The same trend is confirmed for the
heading angle, where the maximum MAE equal to 2.9 deg occurs at following seas.
The error increases if the algorithm is applied to real ship motion data. Nevertheless, some
uncertainties mainly related to the knowledge of some parameters affecting the reliability of
the method, such as the ship loading conditions and the draught do not allow to make reliable
conclusions with reference to the employment in a real scenario. As concerns the bimodal
numerical procedure outlined in Section 5, the sea state reconstruction algorithm accurately
estimates sea state parameters in about the 83% of bimodal sea state conditions considering
all possible combinations of heading angles due to the wind sea and swell components, with
the only exception of case lying in Area II of Figure 5.3. Moreover, the 30 min time inter-
val has been identified as the most suitable compromise to ensure a high reliability of the
algorithm combined with a fast updating of sea state parameters. In this respect, the error
on the equivalent heading angle at the 90𝑡ℎ percentile is equal to 17.8 degs, while those one
relative to the significant wave height and wave peak period are equal to 21.6% and 16.6%,
respectively. These findings highlight the advantage of combining the data relative to the
wind and swell prevailing directions provided by external sources, such as the ECMWF fore-
cast one, with the wave buoy analogy method that allows estimating all the remaining sea
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state parameters. The outcomes of this PhD project contribute to the C-MOST project that
financially supported this research. Particularly, this research pertains to the SPOKE 3 at the
work packages ’Toward Autonomous Navigation’ and ‘Digital Twin Technologies’.

8.2 Future work

The main outcomes achieved were addressed by considering a limited number of case studies
and scenarios. The main limitation of this research is the issue of testing in real scenarios.
Even though the author declares that most of the conclusions have validity, the need for future
work in terms of investigatingmore cases is undeniable. As concerns the developed numerical
procedures, it should be noted that the unimodal procedure was validated using both synthetic
and full-scale data, collected on-board a containership, whereas the bimodal model was val-
idated only based on synthetic ship-motion datasets. However, in the middle of July 2025, a
test was also conducted at the Lake of Nemi (RM). Such experimental campaign provided the
opportunity to test the hardware configuration developed for measuring ship responses even
if this topic was out the goals of the PhD research activities. In this respect, Figure 8.2 depict
the RIB employed during the experiments and the trajectory followed around the lake.
Before the lake tests, a dedicated hardware system was designed and tested for future ship-

(a) Experimental test at the Lake of
Nemi.
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(b) Course around Lake of Nemi.

Figure 8.2: Views of Lake Nemi.

board installation. The system integrates a Raspberry Pi 5 with a low-cost GNSS/INS receiver
(U-Blox C102-F9R). Specifically, the Raspberry Pi handles synchronisation of data streams,
logging and data transmission to the laboratory server, while the U-Blox C102-F9R was se-
lected for its advanced positioning accuracy and integrated Inertial Navigation System (INS).
This combination enables continuous estimation of vessel position and attitude, even in case
of temporary GNSS signal loss. For these purposes, a key advantage of the ZED-F9Rmodule
is the built-in 6-axis IMU (Inertial Measurement Unit), which allows the implementation of
sophisticated sensor fusion approaches.
These devices were positioned on the RIB, with the GNSS antenna fixed at the bow and
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the Raspberry Pi and U-Blox mounted inside a bow locker, as shown in Figure 8.3. The
entire setup was designed in cooperation with the Parthenope PANG Research group to sup-
port applications requiring reliable navigation and accurate position and attitude tracking.
The system was designed to operate autonomously onboard a vessel, collecting and sending
motion and positioning data to a web server to estimate sea state parameters. Based on those
remarks, possible future works include the testing phase of the developed algorithm in a more
complex scenario including possible errors in the assessment of the ship transfer functions, as
well as further extension of the method to multi-peaked wave spectra and hybrid approaches
that investigate frequency-domain model with data-driven algorithm. Those topics will be
the subject of future research.

GNSS
antenna

Box

Figure 8.3: RIB bow with a GNSS antenna mounted on top and a box stored in the bow locker.
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