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Abstract: Safe navigation depends on many factors, such as the maneuverability and stability of the ship, the 

nature of the waterway, the sea state and other external factors and, above all, the seamanship of the mariner. 

Therefore, it is necessary to analyze the movement of the ship in different conditions. The seakeeping analysis is 

usually done by model tests and/or calculations during the design stage, while full-scale measurements in real 

conditions are very rare. This paper presents the full-scale measurement of a training ship motion in heavy seas as 

part of a research project entitled “Modelling Uncertainty of Ship Wave-Induced Response in the Adriatic Sea 

(MODUS)", fully supported by the Croatian Science Foundation. The experiment was performed on the training 

ship “Naše more” in the port of Dubrovnik. The wave height ranged from 4ft to 6ft with SE wind. The waves came 

from the direction of 180 ° to 183°.  The wave buoy SPOTTER was used to collect the data on the movement and 

height of the waves. The ELLIPSE2-N-G4A2-B1 sensor recorded the ship’s behavior and was placed on the bridge.  
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1. Introduction 

Safe navigation through channels, straits, the open sea, and oceans and the avoidance of dangerous situations at sea 

depend on many factors, such as the maneuverability and stability of the ship, the nature of the waterway, the sea state, 

and other external factors and, above all, the seamanship of the mariner. The collision risk assessment and the 

decision-making process to prevent collisions at sea are based on the criteria of maritime rules and the experience and 

knowledge of the officers (Vujičić et al. 2018, Vujičić et al. 2017). The technological advances made the forecast 

charts and data quite reliable, but some elements important for the safety of navigation may deviate, though. Such 

elements are the current height of the wave in foul weather and the ship’s motion, which even the most experienced 

officer cannot predict.  The interaction between currents and waves must be taken into consideration as it leads to 

change in wave height and period. Analysis and prediction of environmental conditions should be performed to 

calculate the environmental loads acting on ships to increase the ship’s operability (DNV GL 2017). It is, therefore, 

necessary to collect all the information available on-board the ship and analyze it for future modelling. Various data 

collected and stored on board ships could be used for scientific purposes (Vujičić et al. 2020). The simulation of a 

ship’s motion is a fundamental task for ship simulators used as training or studying tools (Varela 2011). The 

conditions in the simulator should be as real as possible as compared to those at sea. Thus, this is an excellent tool that 

can improve the simulator software. For all these reasons, it is crucial to know the actual ship motion in each sea area 
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and weather condition. For a more reliable knowledge of the ship’s motion at certain wave heights and in a specific 

area, it is necessary to collect all relevant data and information in real time. Ships must be able to withstand the loads 

at sea. Thus, it is important to analyze the degrees of freedom and a ship’s response to rough seas. In general, 

uncertainties in modelling a ship’s response to rough seas and the uncertainties in numerical calculations can be 

eliminated by processing the data collected from ships and drawing new conclusions. Furthermore, artificial 

intelligence can increase the operability of the ship, optimize waterways, help decide how to maneuver the ship in 

adverse weather conditions, be useful in the design for any shipbuilding project based on reliability methods, and 

contribute to greater safety of navigation. The paper is part of the research project “Modelling Uncertainty of Ship 

Wave-Induced Response in the Adriatic Sea - MODUS" and is a dimensional measurement of the research ship 

motion in rough seas. The purpose of this particular test was to see how ships with similar characteristics to the one 

used in this trial would react to rough seas. This test is especially useful for the ships that operate on the route between 

Croatia and Italy. The trial showed how the ship would react to heavy weather, particularly applicable to the route 

between Croatia and Italy and along the Croatian coast. This data facilitates voyage planning, i.e. helps to the captain 

to decide whether it is possible to reach the destination safely.  In addition, the data obtained is useful for ship 

simulator providers as the direct implementation of these findings improves the simulator software used for training, 

practice and voyage planning in a virtual reality environment. The main equipment used for this experiment is the 

solar-powered floating buoy SPOTTER and Inertial Measurement Unit - ELLIPSE2. The Spotter is a solar powered 

wave buoy used to explore wave-driven dynamics and can be used as a moored or a free drifting configuration 

(Raghukumar et al. 2019). The correlation analysis performed by Houghton et al. showed that the Spotter buoy 

provides data with very low errors (Houghton et al. 2021). ELLIPSE2 is a sensor that records the roll, pitch, and heave 

movements as well as GNSS position. The investigation carried out by Lüer (2020) showed that it is a very accurate 

system. This study is a follow-up to previous research carried out by Katalinić et al. (2022), and Matić and Katalinić 

(2020). They focused on measuring the wave-induced motion of a sailboat in small to moderate waves in relation to its 

size. The present study is motivated by current efforts in industry and the research community to quantify and reduce 

the uncertainties in modelling the waves and wave-induced responses (Bitner-Gregersen, E.M. (2022)). The intention 

is to facilitate many risk-based seakeeping applications, such as ship operability analysis and extreme wave load 

calculation (Petranović, T. et al. (2021)), heavy weather manoeuvring (Papanikolaou, A. et al. (2014) and 

Bitner-Gregersen, E.M. & Skjong, R. (2008)), and weather routing ( Dong, Y., Frangopol, D. M. & Sabatino, S. 

(2016) and Prpić-Oršić, J. (2016). 

 

The article is structured as follows: after the introduction, the description of the methodology and equipment used for 

the experiment are presented in Section 2. The results of the measurements are presented in Section 3 together with the 

statistical analysis using the STATREL software. Finally, the last section provides conclusions and plans for future 

research. 

2. Methodology  

Full-scale measurements of the wave-induced responses of the training ship “Naše more” (LOA 31.35m, beam 7.4m, 

drafts 2.180m F and 3.485m A) were carried out in the Dubrovnik Pilot station area from 09:30 to 13:28 hours. A free 

drifting half submerged buoy SPOTTER with a weight of 5.5 kg and a diameter of 38 cm was used to record waves in 

real-time every 0.4 seconds and reported its GPS location to the user every hour via satellite. The ELLIPSE2 sensor 

was used to measure the wave-induced ship motion. The Spotter buoy transmitted the real-time data to a laptop and 

alerted the team to buoy movement. IMU ship sensor provides roll, pitch, heading, heave, and centimetric GNSS 
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position. The experiments were conducted on 05 November 2021. Measurements of ship response were made for 4 

different heading angles (with respect to the main wave direction of 180°, 183°) 000°, 180°, 325°, 135° in the area 

where the Pilot boarding ground is located. The angles of approach 000°, 180°, 35°, and 225° were determined, 

whereby 35° corresponds to 325° due to the symmetry, while 225° corresponds to 135°. Each measurement trial lasted 

30 minutes, and the sailing speed was 5±0.2kn in the first, third, and fourth measurement trials, while it was 4±0.2kn in 

the second trial. While the ship response measurements were taken, a floating buoy simultaneously measured the 

waves in the same area where the ship was sailing. 

 

3. Results 

The heave and pitch time series were measured at four different heading angles (Euler angle). For illustration and 

because of the highest ship responses, only the measurements at a heading angle of 180° are shown (Figures 2-3). 

Simultaneously with the measurement of heave and pitch, a floating buoy was used in the same sea region to record 

the wave elevation shown in Figure 1, and it can be seen that the largest amplitude of the wave was 1.27 m. Figures 2 

and 3 show that at the end of the measurement trial, the highest heave amplitude was 1.72 m, and the largest pitch 

amplitude was 7.05°. 

 

 

 

 

 

 

 

 

    Figure 1. Wave elevation                            Figure 2. Heave measurements at heading angle of 180°   

 

   

 

 

 

 

 

 

 

Figure 3. Pitch measurements at heading angle of 180° 

 

The statistical analysis of the heave, pitch, and wave time series is performed using the STATREL software, an 

auxiliary program in the STRUREL system (STRUREL 2007). STATREL is a tool that allows basic analyses of 

statistical data and their graphical representation. The time series analysis application in STATREL includes several 
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tools for data manipulation and a set of estimation methods. In addition, STATREL allows some basic transformations 

of the original time series to perform the relevant spectrum analysis. 

Basic statistical descriptors of three time-domain signals are provided in Table 1. 

Table 1. Basic statistical descriptors of the measured time series 

 

From Table 1 it can be seen that the pitch and heave motions, as well as the wave surface elevation, are nearly 

Gaussian processes since the skewness is approximately zero and the kurtosis is around 3, which corresponds to the 

values of the normal probability distribution.  

In STATREL, the Husid function can be used to determine whether a random process is stationary (Katalinić 2021). 

The Husid Function is defined as the integral over the square of the process, which represents the energy development 

of the fluctuating process X(t) with a mean value of zero: 

                       𝐻𝑢𝑠𝑖𝑑(𝑡) = ∫ 𝑋2(𝜏)𝑑𝜏, 0 ≤ 𝑡 ≤ 𝑇𝑑
𝑡

0
                             (1) 

where 𝑇𝑑 is the duration of the observation (STRUREL 2007). 

For a stationary process, the Husid function is a curve that slightly oscillates around a straight line. Figures 4 and 5 

show the Husid function of wave amplitudes and heave. The Husid function of wave amplitudes tends more toward a 

straight line than the Husid function of pitch. The reason for this lies in the fact that the waves were measured by a 

free-floating buoy, and the pitch was measured on-board ship advancing at a forward speed. Consequently, the process 

of the wave elevation satisfies a condition of the statistical stationarity better than the ship’s motion. 

 

 

         

 

           

 

    

 

 

Figure 4. Husid function of wave elevation       

 

 

  

 

Statistical property Wave el., m Heave, m Pitch, ° 

St. deviation 0.342 0.391 1.463 

Min. -1.270 -1.723 -7.051 

Max. 1.240 1.546 5.212 

Skewness 0.041 0.066 0.022 

Kurtosis 3.184 2.996 3.256 



 Proceedings of the International Association of Maritime Universities Conference 2022  

 

 

 

 

 

 

 

 

   

  

 

 

Figure 5. Husid function of heave 

 

The energy spectrum in STATREL is calculated as the Fast Fourier transform (FFT) of the auto-correlation 

function. The energy spectra obtained for the time series of wave elevation, heave and pitch are shown in Figures 6 - 8. 

The wave spectrum presented in Figure 6 is measured by the freely floating buoy, and response spectra presented in 

Figures 7 and 8 were measured on-board ship progressing with forward speed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Wave energy spectrum for time series presented in Fig. 1 
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Figure 7. Energy spectrum of pitch for time series presented in Fig. 3  

                                                      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Energy spectrum of heave for time series presented in Fig. 2 

 

The integrals of the energy spectra in Figures 6-8 can be used to derive the spectral characteristics of the random wave 

process. Table 2 shows a comparison of the standard deviations and mean zero-crossing frequency of three random 
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processes based on measurements and spectral analysis. Table 2 shows that the compatibility of the standard 

deviations is excellent, despite minor variations in the mean zero up-crossing frequency. These inconsistencies appear 

as a result of the "smoothing" of the wave energy spectrum and the resulting integration error of the second spectral 

moment, as explained in the STATREL theoretical manual (STRUREL 2007). These small differences in the mean 

zero up-crossing frequency have no practical significance. 

 

 

Table 2. Comparison of statistically and spectrally defined characteristics of random process 

Statistical 

property 
Wave elevation Heave Pitch 

 measured spectral measured spectral measured spectral 

Standard 

deviation, m 
0.342 0.342 0.391 0.391 1.463 1.461 

Mean zero 

up-crossing 

frequency, Hz 

0.201 0.207 0.195 0.201 0.203 0.209 

 

4. Conclusion 

This paper presents the full-scale measurement of the wave-induced ship response of the training ship “Naše 

more” in the Adriatic Sea, namely in the port of Dubrovnik approach area. The advantage of this method is that the 

testing was conducted in real sea waves. It lasted four hours and during this time the ship was on different courses and 

wave heights. The 4-hour voyage proved that the SPOTTER buoy and the ELLIPSE2 sensor were reliable in rough 

seas and met the requirements of this experiment. The movements of the ship, i.e. the heave and pitch motions, were 

observed with the direction and wind speed as well as wave height at four different heading angles. The pitch and 

heave motions, and the wave surface elevation are almost Gaussian processes as the range of skewness and kurtosis 

indicate the normal probability distribution. The STATREL software was used for the statistical analysis of the heave, 

pitch, and wave time series as well as for their energy spectra. Based on this experiment, the wave-induced ship 

motions in the port-approach channel can be predicted with reasonable accuracy. Standard seakeeping theories assume 

a linear relation between varying wave spectrum and the respective ship response spectrum. This relation, the square 

of the transfer function between wave and ship response at different frequencies usually referred to as RAO (response 

amplitude operator), that is deducted from the presented full-scale experiment can thus be applied also for different sea 

states that the ship will sail in. Moreover, the measured results can be used to validate the results obtained by standard 

seakeeping calculations and to estimate their accuracy for the vessel at hand.  

Future research should focus on the comparison between the measured wave spectra in sheltered and deep-sea 

waters. The measurements of coastal waves should be compared with the ship response in deep seas and obtain the 

results that would help reduce the seakeeping uncertainties.   
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