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INTRODUCTION 
 

Digitalization has stood out most in engineering trends around the world over the past few years. Digital 
technology, the so-called Fourth Industrial Revolution, is now permeating all over our lives, and this trend is 
also progressing in the academic field. It is clear that various technologies related to ships and offshore 
structures are being developed in a digitalized and eco-friendly trend, and will be affected by such an influence 
in the traditional marine fluid dynamics field. 

Sometimes digital technology is somewhat reluctant to be accepted in the traditional engineering approach 
and by researchers who interpret physical models using mathematical or numerical techniques. This is because 
there is a strong perception that the fundamental approach is different from the physics-based or the 
mathematical model in the application of digital technology. For example, let's say that the motion of a ship is 
interpreted as a machine learning technique. The machine learning technique was not originated from 
seakeeping theory, nor is it based on mathematical models such as slender-body theory or Neumann-Kelvin 
theory. Because it predicts the ship's motion based on learning various data, this digital technique may not be 
convincing to traditional researchers.  

However, these digital technologies can be presented as a method of improving the accuracy of existing 
theories or overcoming their limitations by combining with mathematical or numerical methods. For example, it 
can be used as a method of complementing nonlinear components by combining it with the linear theory of a 
ship, or it can be used as a method of reducing the number and cost of experiments by predicting the results that 
are already expected before performing expensive experiments. 

In this abstract, an example of applying digitization techniques is introduced: the development of the 
digital twin for predicting the operational performance of ships in waves, showing how the digital technology 
can be applied and combined with the traditional marine hydrodynamic analyses. 
 
CONCEPT OF DIGITAL TWIN FOR SHIP OPERATION IN OCEAN WAVES 
 
Basic Concept 

If it is possible to predict the future conditions that a ship or offshore structure will experience due to 
anticipated ocean waves, this will enable people who operate the ship or offshore structure to optimize 
operational efficiency and predict the future risks due to waves and motions. To this end, it is necessary to 
implement a system, a so-called digital twin, that predicts the ocean waves and corresponding hydrodynamic 
and structural performance related to the motion and navigation of ships in the future in the digital domain. For 
example, the flow chart in Fig.1 can be the concept of a digital twin of a ship's navigation. 
 
Prediction of Ocean Waves in Ship Route 

If the accurate prediction of future ocean waves is impossible, we cannot predict the operation of ships at 
sea. Therefore, in the digital twin, the prediction of ocean waves is a problem that must precede and is the most 
difficult element. The currently-occurring ocean wave data can be grasped from the measurement data of a X-
band wave radar installed on the ship, but it is not easy to accurately perform wave reconstruction from such 
measurement data. For the accurate reconstruction of the wave field, some critical problems such as shadow 
effect, filtering non-physical dispersion component, and wave energy, and modulation effects. The details will 
be introduced in the presentation.  

Fig. 2(a) is an example of synthetic data of a X-band wave radar. Due to shadow effects, noise, and other 
effects, the measured data is not like a 3D wave profile in the ocean. Using some techniques, this data must be 
reconstructed to 3D wave profiles like Fig.2(b). Fig.3 shows an actual example of wave measurement and 
analysis. It shows the images of a X-band wave radar, measured at Jeju Island in 2008 in the range of 3 km. The 
corresponding wave spectrum can be obtained after the reconstruction of the wave profile. The reconstructed 
wave information can be used for the prediction of waves in the domain of ship operation. 

 



 
Fig.1 Brief concept of digital twin for ship operation in ocean waves 

 

               
(a) Measured wave profile of X-band wave radar              (b) Reconstructed wave profile 
Fig.2 Example of the measured wave profile of wave radar and reconstructed wave profile 
 

 
(a) Radar image of total domain    (b) Radar image of local domain    (c) Analyzed Wave spectrum 

Fig.3 Actual data of X-band wave radar (instantaneous wave images) and wave spectrum analyzed: Jeju Island, 
June, 2018 

 
Real-time Simulation of Ship Motion and Maneuverability in Waves 

 In order to predict and navigate the ship's future performance at sea, it is necessary to be able to predict 
the motion and maneuvering of the ship in real time. Therefore, numerical methods such as panel method or 
CFD which require a lot of computation time cannot be used with current computational capability. In this study, 
we analyze the motion and control performance of ships for real-time changing sea conditions by adopting an 
impulse-response-function (IRF) approach. That is, the motion of the ship is interpreted by the following 
equation applying the retardation function R(t), but the hydrodynamic characteristics in the frequency domain 
must be calculated in advance for a wide range of sea conditions. 
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The ship manoeuvring analysis is performed in real time, based on the MMG model as shown in the 

following equations. The ship motion program is combined with this MMG model and the mean wave-induced 
drifting force is included in the MMG model. In this process, the operation of a ship can be simulated as much 
as possible in the actual situation when all factors including various control functions such as propeller, rudder 
and autopilot are considered. 
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where the subscripts H, R, P, WDF indicate the components due to hull, rudder, propellor, and wave-induced 
force and moment. For example, the followings are the hull force components in Eq.(2).  
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Here, X, Y, K, and N denote the surge, sway, roll, and yaw directional force and moment; Rc(u) and zHull indicate 
the calm water resistance and vertical moment arm, respectively. In the case of the MMG model, most 
manoeuvring coefficients are obtained mostly by PMM test.  

Fig.4 shows the example results of seakeeping analysis in real time, compared with the results of a 
computer program WISH-MANEUVER which is based on a time-domain Rankine panel method. It should be 
noted that the ship speed varies in time. It is obvious that the real-time simulation provides an acceptable 
correspondence with the Rankine panel method. 
 

 
(a) Heave 

 
(b) Pitch 

Fig.4 Example of heave and pitch motion simulation during in real-time free-running simulation: KVLCC2 in 
short-crested waves of Beaufort scale 8 (significant wave height 5.5m, mean period 9.1sec) 
 
Prediction of Future Performance and Risk 

If we can predict the ocean waves and ship motions in the near future, it is possible to predict the ship's 
operational efficiency and future risks, and from this, a safer and efficient operation can be expected. For 
example, if a serious ocean wave occurrence such as a freak wave is predicted, the ship can avoid such risk by 
changing the course or speed slightly. In addition, if the captain of containership or passenger ship can be aware 
the risk of extreme motions such as parametric roll a few minutes or tens of minutes in advance, the captain can 
change operating conditions to avoid serious exercise. Such functions will make a remarkable contribution to 
improving the safety of ships during operation. 
 
Application of Machine Learning Scheme for Ship Response  

The application of machine learning scheme can be combined with the seakeeping and manoeuvring 
simulation. Obviously, there are limitations and lack of theories and computational methods. For example, even 



fully nonlinear seakeeping theory and computation methods like CFD show some discrepancy of ship motion in 
actual seaways. Such discrepancies can be reduced by using digital schemes such as machine learning method.  

Fig.5 shows the tentative results of ship motion 
prediction in irregular waves, which is predicted by 
using a machine learning scheme. In this simulation, 
as the first trial, linear ship motion is obtained based 
on a recursive neural network (RNN) and long short-
term memory (LSTM) scheme. A lot of motion 
signals generated by the IRF-based analysis 
described above are used for the machine learning 
process. As Fig.5 shows, the motion signals predicted 
by the machine learning scheme show a fair 
agreement with numerical simulation. 

The data measured during the actual voyage of 
a ship can be collected and used as the data for 
digital techniques. For instance, the manoeuvring 
coefficients in Eq.(3) can be corrected more 
accurately as the collected data are more. Then, 
eventually such voyage data will improve the 
accuracy of ship operation and control. 

It should be stated that the machine learning 
scheme is not based on any physics-based model or 
theory. It is a pure digital technique. Therefore, we 
should be very careful to apply this scheme for actual 
seakeeping analysis. However, if we combine this 
digital technique with a physics-based method, the 
accuracy of the solution can be improved. For 
example, the discrepancy between numerical method 
and actual measurement can be modeled by a 
digitalization scheme, and it can be a complementary 
method of the physics-based model. 

 

 
(a) Predicted wave elevation 

 

 
(b) Heave  

 

 
(b) Pitch 

Fig.5 Comparison of ship motion signals between 
numerical simulation and machine learning 
method: KVLCC2 
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