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Abstract.

Motion sensitive operations at sea are conducted in an unpredictable environment; occasionally these operations can be planned
around suitable weather forecasts or delayed until smoother motions are apparent. Furthermore landing operations require a perfect
stability of the ship in roll, pitch and heave. Being able to predict these ship motions would make the landing safer and extend the
operational limits, so during these periods it is easier to perform certain sensitive operations.

The aim of this study is the characterization and prediction of calm opportunities (named Quiescent Periods QP), through a multi-
resolution analysis by means of a wavelet decomposition. These QPs occur because of the random nature of sea states which is reflected
in the nature of the ship motions. The ability to predict their occurrence is expected to be an effective help in the safety and success of a
large number of sectors in the shipping industry (offshore sector, float over installations, remote operator vehicle handling, landing take
off helicopters and UAYV,...) where the viability of certain types of operations depend on wave induced motions and on the need for a
short QPs, in which it is possible to conduct an operation safely.

This study is a part of EDA Project “Quiescent Period Prediction (QPP)” that is dedicated to the study and development of a
methodology for the prediction of the onset and duration of the Quiescent Periods of ship motions, particularly in bad weather, that
limit the operational capability of the ship, for example that may hinder tasks such as launch and recovery of Rigid Hulled Inflatable
Boats (RHIBs), RAS, floater motion to assist motion critical offshore operations and platforms, LNG-offloading connect, helicopter
landing, automatic UAV landing, naval ships conducting flight operations etc.

I. SUMMARY

Naval ships conducting flight operations may have little liberty in their mission planning and execution. A project for a
Quiescent Period Prediction (QPP) aims at improved prediction of quiescent periods for wave induced ship motions. Such
motions, particularly in bad weather, limit the operational capability of the ship. In sea-keeping terminology is called Quiescent
Period (QP), the periods of calm in rough waters to allow the ship to perform operations such as landing aircrafts and the entry of
landing crafts in the basin. Quiescence refers to the interval of time where all ship motions are within acceptable limits for
performing a desired activity [4].

Classical prediction approaches use statistical data to assess whether a task can be executed, and at present ship motions are
estimated through human observation. However, this may result in the outcome that an operation is never executed, whereas
quiescent periods do exist. It is envisioned that such predictions can be achieved by remotely measuring waves, using a ship-
mounted radar or lidar system, combined with advanced signal processing and wave prediction. Further background and
discussion on the feasibility of a QPP simulation can be found in [14].

II. INTRODUCTION
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Fig. 1 Basic principles of Quiescent Period Prediction.
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This project was born in the European Defence Agency (EDA), into the CapTech ESM1 “Naval Systems & Their Environment”,
and is a part of a Category B Joint Research Project [20] and [21]. The contributing members are Finland, France, Italy and Spain.
This pilot study develops the specification for a follow-on project, where a technical demonstrator for quiescent period prediction
will be produced. The study will be complemented by results of sea trial off, and its finalisation is expected before the end of
2011.

The aim of the study is the characterization and prediction of the quiescent period, by a multi-resolution analysis and wavelet
decomposition, expected to determine the occurrence probability of the downstream quiescent periods (ship motions) in function
of the upstream quiescent period (swell measurements), whilst also calculating the distance of measurement zone. This is
expected to result in the following:

= Precise knowledge on present methods and technology for wave measurement in order to predict in real time ship motions

due to waves.

= The elicitation of military operational requirements about QPP.

= Knowledge on capabilities of statistical and spectral methods useful for QPP.

= Knowledge on capabilities of deterministic methods useful for QPP.

= Improvement of the common knowledge about the QPP & its applications.

The Spanish programme is conducted by the Under-directorate of
Technology and Innovation (MoD) and the industrial team is led by
UCM (Universidad Complutense de Madrid) and its contribution is
based on the theoretical application of “wavelets” in determining the
spread of the waves, and combines this with the processing of radar
images and the Navy operational requirements. The CEHIPAR (El
Pardo Hydrodynamics Model Basin) also makes a contribution in
carrying out tests with the scale model ship at its facility (Ship
Dynamics Laboratory - LDB) that provides the latest technology for
wave generation and devices for measuring ship motions in the
presence of waves and wind, and finally “NAVANTIA Shipyard”
guarantees the Navy operational requirements and the final [JEEFSS
application of the results of the demonstrator. ' Fig. 2 Scale model at LDB.

In order to obtain the experimental data for the research on QPs, a
series of experiments have been carried out with a scaled model in the LDB. It has an attached wave sensor that measures incident
waves several meters before the bow with the idea of emulating the effect of radar or any other measurement system capable of
measuring waves a certain distance in advance.

III. INTERNATIONAL RESEARCH EXPERIENCES

Best results of deterministic view of sea-wave propagation which allows short term predictions of the sea surface profile to be
made, are around 30 seconds [18], using simulations based upon typical sea models that have been shown that, under realistic
conditions, have an accuracy of more than 90% prediction. This article implies that for a large swell sea, it is realistic to expect
prediction of the actual shape of the sea surface up to 30 seconds into the future with surface level prediction errors as low as 10%
of the mean significant wave height. Nowadays it is possible to know sea surface in a range of more than 3 nautical miles using
X-Band radar. If we can process these data in time and determine the deformation of the incident wave, the vessel motions from
this wave elevation can be predicted. It is essential to determine the most important parameters that must be deduced as input for
the wave propagation model.

Ref. [19] proposed a method to estimate sea surface elevation maps from marine radar image sequences. This method is the
extension of an existing inverse modeling technique to derive wave spectra from marine radar images, which assumes linear wave
theory with temporal stationarity and spatial homogeneity of the observed sea surface elevation.

Ref. [15] presented the development of a system capable of determining the vessel motions with two minutes ahead, in mild sea
states. They have used nautical X-Band radars to determine spectral and individual wave properties. The European Joint Industry
Project “On board Wave and Motion Estimator (OWME)” used this measurement technique to provide the wave information to
predict QPs vessel motions. The OWME on-board motion predictor requested a wave sensor that had to fulfill several criteria.
The “Wave Monitoring System” WaMoS 11 (Nautical X-Band radars used for navigation and that can additionally be utilised as a
tool to determine spectral and individual wave properties if this system is connected to a conventional nautical X-Band radar
detects full directional wave spectra and derived statistical sea state parameters as well as surface currents) exploits these
properties with the standard data output being wave spectra and statistical sea state parameters, and was chosen to provide the
required sea surface elevation data. Predictions of the vessel motions were made for 42, 60, 90 and 120 seconds ahead and
compared with the actual vessel motions as measured.
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There are other guidance systems, which provide information on how a ship will
perform in several bad weather scenarios and provide real time monitoring of .
helideck motion, such as ORPHEUS (Onboard Risk Performance Hazard
Evaluation System) and HMS 100 (Helideck Monitoring System).

In addition to these systems there are different systems that help according with
the STANAG 1276 “Ship borne Helicopter Harpoon / Grid Rapid Securing
System”, whose aim is to enhance the safety of interoperations between NATO
helicopters and ships using the harpoon / grid type of rapid securing system, and to
prevent the unnecessary development of future systems which would not be
interoperable with the existing systems. As example we mention RAST (Recovery
Assist, Secure and Traverse System), ASIST (Adircraft Ship Integrated Secure and ¥k
Traverse System) or SAMAHE (Systéme d’Aide a la MAnutention d’Hélicoptéres Fig. 3 RAST System.
Embarqués).

IV. CONTEXT

Ship motions are defined by the six degrees of freedom that a ship can experience, three translations and three rotations,
although there are methods for both passive and active motion stabilization used in some designs (static hull features such as
skews and bilge keels, or active mechanical devices such as counterweights, anti-roll tanks, and stabilizing fins) excessive ship
motions may hinder the vessel's ability to complete its mission.

In order to study the dynamic behavior of ships navigating in severe conditions it is imperative to develop their governing
equations of motion taking into account the inherent nonlinearity of large-amplitude ship motion. The following set of equations
determines the basis for modelling ship motion, [8] and [6].

(m+a11))?1+b”)?1:F1 (1)
(M +ax) Xy + by Xot ar Xy+boy Xyt ayXs+ b X+ crsx5=F (@)
(m+ asz3) X5 + b3z X5 + 333 + a3s Xs + bzs X5 + ¢35 x5 = F3 3

Ap X+ by Xo + (Iyg Tagy) Xy + byy Xy + Caqxy + a4 Xs + bys X + Cysx6 = Fy “4)
as; X; + bs3 X3 + cs3x3 (Iss + ass) Xs + bss X5 + ¢s55 x5 = F's 5)

asy Xy + by Xo + agy Xy + boy Xy + (Iss + ass) Xs + bes Xs+ co6 X5 = Fs (6)

Through its complexity some movements are ignored (surge and sway), and the

Fig. 4 Ship motions. yaw'’s effect is counteracted by the rudder’s action, so in some cases the modeling

ignores certain movements because of their small size compared with other

movements. During the introduction of the six differential equations that model the ship motions, [8] indicates a simplification

that there are two motion groups which are mutually uncoupled. One of the groups corresponds to the vertical plane motions
(includes heave, surge, and pitch) and the other group that contains the horizontal plane motions (sway, yaw and roll).

The sea state is the general condition of the free surface on a large body of water with respect to wind waves and swells at a
certain location and moment. A sea state is characterized by statistics, including the wave height, period, and energy spectrum.
The World Meteorological Organisation (WMO) adopts the “wind sea” definition of the Douglas Sea Scale, and it is the same as
those included in the STANAG 4194 “Standardized Wave and Wind Environments and Shipboard Reporting of Sea Conditions”,
where the use of common sources of wave and wind data for NATO Operational Areas and their application for the purposes of
assessing the operability, interoperability and habitability characteristics of participating nation ships and ship designs are
established. This STANAG provides a recommended standard of sea conditions and provides a NATO Sea State numerical table
to categorize sea conditions.

The initial requirements that have been taking into account for this project are included in the STANAG 4154 “Common
Procedures for Sea keeping in the Ship Design Process”. This document incorporates the contemporary seakeeping assessment
technologies, and specifies requirements for the designers during the ship design cycle. It establishes common procedures for
seakeeping assessment, for use in the ship design process and for future developments in supporting operational forces at sea. The
limits for vertical and short takeoff and vertical landing operations that are specified in the document are roll 2.5°, pitch 1.5°,
vertical velocity 1.0 m/sec (all of them are given in terms of root mean square amplitude). These limits are defined to permit
launch and recovery of aircraft within established operational envelopes. These limits were specified for an air capable ship
comparison [13] in terms of generic criteria, which may be used as default values for any design study.
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In reviewing pertinent literature several reports [1] and [11] recommended establishment of a research program to develop a
motion prediction landing aid for improving flight operations, [2] said “to improve future naval VSTOL operations we must
develop a lull predictor that gives us at least 8-10 seconds forecast into the future for pitch and pitch related responses and 20
second forecast in the future for roll”.

There are several papers regarding the quantification of the necessary prediction time to be operationally practical, [5] indicated
that is not sufficient to have a QP with 4 seconds duration, however, with 6 seconds duration, it is possible for an helicopter to
land on ship, [16] said that was possible secure the helicopter with SSN6 if the duration of the PQ is in the range from 6-10
seconds, [9] indicated that the anticipation must be between 8 to 10 seconds in pitch, and 20 seconds into roll.

Recent investigations distinguish three ranges of forecast time requirements:

= Up to 30 seconds - fixed wing aircraft (landing on aircraft carrier - ramp clearance); helicopter (sling, VERTREP landing /

take off or pickup / delivery).

= Around 1 minute - firing operation; general handling, traverse or maintenance and repairs activities; launch / recovery of

small manned crafts; abeam replenishment (cable tensioning); launch / recovery of UAVs.

= Largely above 1 minute - launch / recovery of towed sonar; amphibious transport vessel (embarking / disembarking landing

craft).

V. METHODOLOGIES

The measurement of sea waves can be carried out near the bow, or from distance. This first observation leads to a division of
this review into two parts. It seems that the most promising for QPP purposes is measurement from distance, and so we will pay
more attention to this alternative. Classical prediction approaches use statistical data to assess whether a task can be carried out or
not. Really at present the most of ship motions are estimated through human observation. However, this may result in the
outcome that an operation is never executed, although QPs do exist which have not always been correctly predicted.

The problem of QP prediction has been treated from long time ago. Many experts have done significant efforts with a variety of
classical methodologies. Actually there are two main different methodologies to determine QPs. The first alternative for a QPP is
called to “look back, to the past, so the ship motions are recorded and used for short-term prediction. The other alternative is to
“look to the future”, using measurement from distance of the incoming waves.

First one “look back” are prediction methods that look back to the past may obtain between 6 to 11 seconds of prediction time,
the ship movements are registered and we used them to predict future movements. Ref. [10] studied the application and feasibility
of real-time ship-motion prediction. He utilized a leading indicator method using an auto regressive moving average model to fit
an input wave-sensor time history to the
ship-response time history. Then, the be-
obtained fit was used to predict the response y
from the most recent measurement.
Experimental tests were conducted on a
vessel in sea states 4 to 5 at different speeds.
Good predictions of the phase and
amplitude of the heave motion were
obtained for 2 to 4 seconds in advance, and
good predictions of the phase were obtained
for up to 8 seconds in advance (r.m.s.
24.5%). Later, [3] and [12], obtained short-
time predictions (10-15 second ahead, using
ARMA filter techniques) of the heave, roll,
and pitch motions. Fig. 5 Look forward methodology.

In the second methodology, “look
forward”, the deliver real time wave forecasting and ship motion predictions at relatively short term. This method requires three
different tasks: Measurement system - the incident wave must be measured providing information about wave data, at least the
significant wave height, predominant wave direction and frequency; Wave propagation model - in order to compute the wave
deformation along its travel to the ship, for that it is necessary to predict its propagation and its resulting deformation until it
reaches the ship; Model of the ship dynamics - to compute all the ship motions in the sailing response to the encountered wave.

VI. SPANISH RESEARCH

The Spanish research is based on the use of wavelets to determine the propagation of the waves. Wavelet analysis is becoming
a common tool for analyzing localized variations of energy within a time series. By decomposing a time series into time—
frequency space, one is able to determine both the dominant modes of variability and how those modes vary in time. The wavelet
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transform has been used for numerous studies. The main assumption is that wavelets are more useful for wave analysis tan the
Fourier transform. The reason is that wavelets can analyze the frequency contents of a signal segment, localized in time (with a
start time and an ending time). Therefore, wavelets can analyze non-stationary signals as sea waves. This is in contrast with the
Fourier transform, which is made for stationary signals. Fourier transform can be adapted, with time windows, for the study of
non-stationary signals, but then it suffers a series of uncertainty problems so in this research, the Fourier Transform has not been
used.

The implementation of this method requires two fundamental aspects, taking data collection and digital processing, so it has
been necessary two subsystems: the data collection subsystem and the processing unit. The data collection system allows us to
measure the incident wave from a distance and extract a temporary record of the principal parameters as the wave height to send
them to the digital processing unit. The second subsystem can be done in several ways (micro-controller, embedded computer,
industrial computer...).

The instrumentation implemented in the model at LDB was a micro-controller for the onboard system to carry out experimental
tests. This micro-controller has accessed to the information generated by onboard sensors and sends the predictions to the external
monitoring center by digital radio link. It is quite important install the appropriate processing unit that supports the supports the
mechanical and environmental conditions which have came under. The LDB performed a set of experimental data analyzing the
platform movement on different sea conditions; it was equipped with the appropriate electronic and electromechanical systems.
These data are the baseline of the experiments, and must be used to determine the kindness of the research.

The model has self-control in terms of direction and speed, so that ensure greater fidelity, instead of methods where the model
is towed. It was fitted with sensors that allowed data speed, direction, accelerations, pitch, roll... These sensors include: compass,
inertial unit, accelerometers, GPS, etc.

The problem of wave propagation is decomposed into three steps: decomposition of the measured wave into wavelets;
propagation of wavelets; recovery of the propagated wave from wavelets. The research is still preliminary, since there are many
details to cover and future tasks of experimental validation. A lot of data will be necessary, in different real navigation conditions,
which are the next steps.

The main data of interest that were obtained were: incident waveletanalysis (A6)
waves, pitch, roll, heave, and vertical accelerations in different
positions (center of gravity of the ship, bow and stern). Using .
these experimental data it is possible to apply the STANAG 4154
limits and graphically represent what happens. The experiments
were made taking different combinations of sea state conditions
and headings.

Next figure illustrates a wave analysis with Morlet’s wavelet

and its scalogram. The fundamental idea is that the wave is JRLLY: ]
changing, deforming itself over the time and this information must Bl ’ ]
be analyzed, "photo after photo" of the deformation. It is an | |

example of continuous wavelet analysis of a packet of sea waves.
On top the waves, below the scalogram - red colors correspond to
wave crests, blue colors valleys, darker colors mean more energy
concentrated in this frequency.

Next figures were the result of these experimental tests; below is presented one test (SSN5 sea state, heading 180° and 19
knots). These figures show the original data and the pre-processed data.

First group are the original data obtained. Second group represent the pre-processed data, which has been filtered in order to
clean the high-frequency noise of the signals by means of a low pass filtering that has been applied to eliminate them. As result of
the experiments a final figure was made for each one, it shows four records, there is one record for roll, one for pitch, one for
heave, and the fourth one is the combination of the other three records, and represents when there is a QP according to STANAG
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Fig. 7 Original data.
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4156. It consists in drawing a 1 level meaning that achieve the
objectives and a 0 when not achieve it. The combination of three
ones gives another one and its translation is a QP. Then we must
analyzed when these QP have enough time in advance to be an
operational window of opportunity.

A key issue when QP prediction is based on distant wave
measurement is to have a model of wave propagation. Given a
sinusoidal wave, the mean parameters are: wave length (A) -
distance between successive crests where (®) is the wave
frequence (rad/s); frequency (f) that is the measure of how
frequently the point completes one cycle of its motion, it is
inversely proportional to the period (T).
l=2ng/w’;0=2nff=1/T;v=w/k; k=2x /% (1)

There are several deterministics models for the prediction of the
wave propagation, and the correct selection of the model is a
strategic step for a good estimation of the wave pattern around the
ship’s location in open sea. The gravity waves are usually described assuming inviscid irrotational fluids. Though the
approximated approach, it allows an accurate investigation of the physical mechanism connected with the wave propagation.

VII. WAVELETS

The mathematical home position was Joseph Fourier (1807), he indicated “An arbitrary function, continuous or with
discontinuities, defined in a finite interval by an arbitrarily capricious graph can always be expressed as a sum of sinusoids”.

f(t) = a0 + > ak cos kw, t +bk sen kw, t

®)

There is an extensive literature explaining the wavelets, [23]. Ref. [17] describes a

new technique for measuring wave profiles by wavelet transform using the Mexican
Hat wavelet as the mother wavelet is introduce, this technique had the potential to
provide low cost, high resolution field measurements of wave profiles in the
laboratory. A practical step-by-step guide to wavelet analysis is given in [22]
because this analysis is becoming a common tool for analyzing localized variations
within a time series, and includes a discussion of different wavelet functions, and
gives details for the analysis of the wavelet energy spectrum. A wavelet @ is a
function of zero average, which is dilated with a scale parameter (s) and translated

by other (u).

[y dt=0
V) s =1/ V(")

Morlet wavelet

)
(10)

-3 E -1 o 1 2 3 4 5

Fig. 10 Morlet wavelet.

There are more than 50 wavelet types to choose (Haar wavelet, Daubechies wavelet, Biorthogonal wavelet, Meyer wavelet,
Gaussian wavelet, Mexican hat wavelet, Morlet wavelet, Complex Gaussian wavelets, Complex Morlet wavelets...). For the
particular purposes of this research the Morlet wavelet was selected. It is based on a sinusoidal signal, and its spectrum shows that
it is almost monochromatic, which is an important property for wave propagation purposes. In addition, it is a good alternative for
continuous wavelet analysis. The mathematical expression of the Morlet mother wavelet is the following.

P(x) = (e *??) cos (5x)

(11)
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The methodology of wavelet analysis is based on the creation of baby-wavelets, which are copies of the mother wavelet, but
with shorter or longer durations. The baby wavelets are also shifted in time, in order to be used on any segment of the signal
being analyzed. The expression of baby wavelets was given in (10).

VIIL CONCLUSIONS & APPLICATIONS

Real time prediction of ship motions is an important issue and one on which much research has been devoted in the past 25
years. The reason is that a prediction of ship motions with a good advance is an important support to naval operations. The big
issue with real time prediction of ship motions is the availability of information on wave excitation. Mathematical models for the
prediction of ship motions are available and are in general well validated and reliable.

Until recently, the technology to measure sea spectra and wave trains elevation on board a ship was not available and it was
therefore impossible to feed the prediction models with wave excitation data. This led to the development of several different
approaches to predict ship motions based on past ship motions, with the prediction systematically corrected by means of
measured ship motions. Most of these methods provide accurate predictions but prediction horizons are very limited.

The global scenario in which we move is more and more complex and demanding. The accelerated rythym, at which scientific
and technological development is growing, is of great benefit but also presents a great challenge for any country. This is
especially important when we refer to the maritime safety as the AUV landing on a warship. So, in order to push this topic, we
follow the following steps: firstly, the motions of the ship in different wave conditions must be simulated accurately; secondly,
the different operations that will be held need to be simulated taking into account the moving platform; and finally, an analysis
process is required that will help identify and quantify the results so that an optimization of the design is possible.

A review of warship operations that can benefit from a QPP guidance system will be presented, because there are a wide
amount of operations that can be benefit, this list summarizes warship operations that can benefit from a QPP system: ramp
clearance during landing operation; helicopter landing / take-off or pickup / delivery operations during VERTREP or sling
operations; launch / recovery of manned crafts - operation of deployment and retrieval of small crafts with hoisting gear; launch /
recovery of unmanned vehicles; launch and recovery remotely operated vehicles (ROV) and rigid inflatable boats (RIB); cable
tensioning during abeam replenishment at sea; launch / recovery of towed sonar; amphibious transport vessel (ATS); landing
platform dock (LPD) with wave motions in the well dock; general handling, traverse or maintenance and repairs activities; firing
operations; manoeuvring and controllability in heavy seas...

These systems will provide on board decision support for motion critical operations, they will reduce the risks involved in
different operations as float over installation, LNG-offloading connect, lifting, helicopter landing, automatic UAV landing,
offshore installations... and will increase the weather window. The most important concern is the problem of capsizing in
extreme weather conditions; other concerns include the safe landing of aircraft, efficient transfer of pay-loads between marine
vehicles, improved performance of tracking devices.

The systems will be designed to improve flight and passenger safety in different sea conditions improving seakeeping.
Operator-technology interaction is continually affected by the ship environment: provocative motion, fatigue, work and rest space
design, motion sickness, vibration, noise and temperature. All those factors make that human performance is degraded on a
moving platform, well by purely physical limitations such as standing, walking and working while undergoing whole body
motions imposed by heavy seas, as well by fatigue, motion sickness and degradation of mental performance, increasing the
potential for task inefficiency and personal injury.

The principle of QPP control can also be introduced in the context of sea wave energy capture WEC devices. It is desirable for
the WEC to absorb energy from small and medium height waves and then decouple during the larger potentially damaging waves.
This simple requirement forms the basis for the concept referred.
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