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ABSTRACT

This article proposes a method to estimate a ship’s relative
heading against the waves. The procedure relies purely on ship-
board measurements of global responses such as motion compo-
nents, accelerations and the bending moment amidships. There
is no particular (mathematical) model connected to the estimate,
and therefore it is called a ’blind estimate’. The approach is in
this introductory study tested by analysing simulated data. The
analysis reveals that it is possible to estimate a ship’s relative
heading on the basis of shipboard measurements only.

1 INTRODUCTION

Knowledge about the sea state parameters at a ship’s po-
sition in the ocean is fundamental input to operator guidance
systems for ship safety and to performance monitoring systems
used to increase fuel efficiency. There exists a substantial amount
of work dealing with the estimation of directional wave spectra
from shipboard measurements, where an analogy to traditional
wave rider buoys is made, e.g., Iseki and Ohtsu [4], Nielsen [11],
Nielsen and Iseki [12] and Nielsen and Stredulinsky [13] to men-
tion but a few. From a directional wave spectrum estimate any
sea state parameter can be obtained, including the mean wave di-
rection or, equivalently, the mean relative wave heading. The
wave buoy analogy provides typically wave estimates in fair
agreement with other ’wave measuring devices’ such as wave
radar systems and wave rider buoys [13].

The wave buoy analogy relies completely on having an ac-
curate ship hydrodynamic model from which transfer functions
can be derived. It is clear that any additional information that
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can be obtained to either improve the estimate from the wave
buoy analogy or to verify its findings is useful. Specifically, in
recent developments made by Andersen and Storhaug [2] it will
be valuable to have an (initial) estimate of the relative wave head-
ing. This study looks at the possibility to estimate an advancing
ship’s mean relative wave heading by processing shipboard re-
sponses such as the wave-induced vertical acceleration and the
roll and pitch angles. The estimate is made without any hydro-
dynamic model for what reason it is called a ’blind estimate”.
Basically, the estimation process builds on calculations of ratios
formed by spectral moments. The idea (or hypothesis) is that
ratios of characteristic spectral parameters, formed by, say, the
ratio between the standard deviations of the roll angle and the
pitch angle, respectively, can be used to (qualitatively) estimate
the mean relative heading of the ship. In other words, the hy-
pothesis is that ranges can be specified for the ratios of spectral
parameters, so that a value within the particular range indicates a
relative heading in a limited interval on a scale from head sea to
following sea.

The study looks at numerically generated ship response data
only. Thus, a comprehensive set of time histories simulations
of ship responses are processed. The responses are generated
from short-crested wave scenarios represented by (unimodal) di-
rectional wave spectra.

The background of the hypothesis made towards making a
blind estimate of a ship’s relative heading relies on fundamen-
tals within wave-ship interactions. However, no exact theory has
been developed for the purpose. Instead, the following section
briefly sketches the thoughts which lie behind the hypothesis.
In the remaining part of the paper, it should be noted that when



concern is given to wave parameters - wave height, period and di-
rection - describing the sea state it is always understood that cer-
tain characteristic values are considered; e.g. ’significant wave
height’, ’zero-upcrossing period’, and *'mean direction’.

2 HYPOTHESIS - WAVE-SHIP INTERACTIONS

The motions and structural responses of an advancing ship
in a seaway depend on a vast number of factors. It is therefore
a highly complicated task to predict/estimate about future wave-
ship interactions. However, any ship has a certain characteris-
tic response, or behaviour, to a given wave scenario, where the
scenario is typically described by wave parameters such as zero-
upcrossing period, significant height and mean direction. In the-
oretical calculations, the characteristic behaviour can be given in
terms of, e.g., a vessel frequency response function, i.e. a trans-
fer function, calculated for any desired motion or other type of
response.

The transfer function of a particular response exhibits prop-
erties that (typically) change as the wave parameters change.
This means that spectral calculations, where transfer functions
are matched with a wave spectrum [7], in general lead to differ-
ent outcomes depending on the wave parameters. This is illus-
trated in Figure 1 by Lloyd [7], that shows the effect of varying
the peak period, keeping the significant wave height fixed, of the
wave energy spectrum on the standard deviation of the relative
motion for the forefoot of a frigate in irregular head waves. If
attention is given only to the standard deviation oy it is from this
example clear that, under general conditions, nothing can be said
about the values of the wave parameters. This is so because the
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FIGURE 1. Effect of matching the wave energy spectrum with the
transfer function. Relative motions at the bow of the frigate at 20 knots
in irregular head waves: Significant wave height 5.5 m. Lloyd [7]

situation at the right-hand side columns, where 6y = 0.7 m, could
just as well have been obtained in the situation shown at the left-
hand side columns if the wave spectrum were down-scaled (re-
ducing Hy). However, if several responses were considered at the
same time it could be differently, especially if ratios - instead of
absolute values - were formed of the standard deviations for the
considered responses. In such a case it could be that one of the
ratios, say, r;; = %’/ would take a, more or less, constant value for
changing (zero-upcrossing) period and wave height but keeping
the relative wave heading fixed. Furthermore, if some (larger)
fixed change in the relative heading implies a shift to a differ-
ent but constant value of the ratio 7;;, independent of changes in
significant wave height and zero-upcrossing period, this observa-
tion could be used to make a qualitative estimate of the relative
heading. The idea is illustrated in the following hypothetical ex-
ample.

2.1 A Hypothetical Example

Two responses, say, 1 and 2, are measured on a ship that
advances in a moderate sea state with a given (unknown) sig-
nificant wave height. From statistical analysis it is found that
the ratio between the standard deviations of the two responses is
ri2 = 4.2 at a given time based on the past 15 minutes of mea-
surements. On the other hand, numerical simulations of the two
responses have been conducted for the same ship and, based on
the simulations, the diagram presented in Figure 2 has been ob-
tained. The numerical simulations have been made for a sig-
nificant wave height not too different from the one representing
the real” sea state. Moreover, the simulations are made for five
different wave periods (77, 73,...,T5), representing a reasonable
interval and, finally, five different relative headings are consid-
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FIGURE 2. Ratios of standard deviations obtained from (hypotheti-
cal) simulations made for five different headings each carried out for
five different wave periods (71,73, ..., T5).



ered for each combination of wave periods and significant wave
height. From Figure 2, it is seen that the ratio between 67 and 6,
takes a value close to 3 for 75 when 8 = 90 deg. and, similarly,
the ratio is around 5 when § = 0 deg. independent of the wave
period. It is clear that the inherent stochastic behaviour of the
given ratio should be introduced. Hence, each point in the dia-
gram has been attained as the mean value calculated from, say,
10 sets of simulations of the responses 1 and 2.

The measured ratio of standard deviations was % =4.2,s0
in this hypothetical example it seems reasonable to assume the
relative wave heading to be around 45 deg.

The diagram in Figure 2 has been constructed to illustrate
the hypothesis cast forward in this study. The central point is
to realise that the ratio of, say, the standard deviations has to
take rather distinct and (preferably) constant values for different
headings irrespectively on the values of wave height and period.
If the 5 times 5 points in the diagram had all been aligned on
a, more or less, horizontal line, it would not be possible to say
anything about the relative wave heading from a measured ratio
of the considered standard deviations. Neither should points -
corresponding to two (or more) ‘neighboring’ relative headings
- overlap each other on the ordinate axis, since this would also
make it impossible to estimate the relative heading on the basis
of a measured ratio of standard deviations. However, additional
information can be considered by taking into account other ra-
tios derived from spectral moments. Moreover, pairs of several
responses can be used to construct diagrams like the one in Fig-
ure 2. Consequently, the analysis made later will be based on
more than two responses and on different spectral ratios.

It is important to note that the numerical simulations are
made for one ’characteristic’ significant wave height only. The
reason is that the analysis is assumed to be independent on the
significant wave height, since ratios - and not absolute values -
of spectral parameters are considered.

3 CROSS SPECTRAL ANALYSIS

The response measurements carried out on a ship are ob-
tained as time histories. However, to facilitate an efficient cal-
culation of characteristic (statistical) parameters the time histo-
ries can be transformed into the frequency domain by cross spec-
tral analysis. Various tools and techniques are available for this
analysis, where direct application of fast Fourier transformation
(FFT) is widely used. More elaborate procedures exist, however,
in terms of multivariate autoregressive (MVAR) modelling, see
Akaike and Nakagawa [1], by application of, e.g., the stepwise
least squares algorithm [9,16] for the determination of the MVAR
coefficients. The use of MVAR modelling facilitates an auto-
matic determination of the “optimum” response spectra, which
is often advantageous compared to standard FFT, where manual
choices on window sizing etc. have an influence on the values of
the individual spectral components. In some studies, like for ex-
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FIGURE 3. Three responses: pitch, roll, and vertical acceleration at
FP measured on TS Shioji-maru. The individual response has been nor-
malised with its standard deviation.

ample the wave buoy analogy [4, 11], any ’manual influence’ is
considered as a negative property. For this reason, MVAR mod-
elling is typically applied to do the spectral analysis and so is the
case in this study.

Figure 3 shows a set of three time histories measured on the
training ship Shioji-Maru belonging to Tokyo University of Ma-
rine Science and Technology. The shown time histories are roll
and pitch, both measured at a position close to COG, and vertical
acceleration at FP. Cross spectral analysis can be performed by
application of MVAR modelling and the outcome is seen in Fig-
ure 4, where it is noted that the spectra depend on the encounter
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FIGURE 4. The non-dimensionalised cross spectra associated to the
time histories shown in Figure 3.



frequency f,. The analysis of three responses leads to nine (3 x
3) spectra and it can be seen that the off-diagonal elements are
pairwise complex conjugated. The off-diagonal spectra provide
information about the correlation between a given combination
of two of the considered responses. This means that the response
spectrum, S; j( fe), of the i-th and j-th responses can be used to
measure the linear correlation between the two responses at each
frequency [8]. In signal processing this measure is called the
mean squared coherence (MSC) and it is directly analogous to
the squared correlation coefficient in linear regression [15].

In this introductory study on blind estimation of a ship’s
relative heading the off-diagonal spectra will (basically) not be
considered, although it is likely that valuable information can be
provided by the analysis of, say, the MSC. However, presently an
exact methodology has not yet been developed for this purpose.

The ’true physical’ response spectra, sometimes also de-
noted the power spectral densities [15], are the diagonal elements
in Figure 4. From any one of the response spectra, Sg(f), the n-
th order spectral moment can be calculated

Ming = /0 Sk(f)fidf.,  n=0,1234 (1)

where, for example, the standard deviation oy of the considered
response is obtained directly as the square root of the 0O-th or-
der moment myg g. Other interesting measures are the mean pe-
riod Ty ;,, the (mean) zero-upcrossing period 7Tk ;, and the (mean)
peak period Tr , that can all be obtained by use of spectral mo-
ments:

TR,m: mil (2)
m,

Tr. = nTZ 3)
m

Teo =1\ @

4 GENERATION OF TIME HISTORIES

If a linear relationship between ship responses and wave ex-
citations is assumed, the time history of a response R(¢) mea-
sured on a ship can be expressed in terms of a complex-valued
frequency response function ®g(w, ) and a directional wave
spectrum E (@, ), where @ and f3 are the wave frequency and
the wave direction, respectively. Traditionally, wave records are
assumed to be Gaussian processes and to secure a Gaussian re-
sponse the time series representation by Jensen and Capul [6] is
applied. Thus, the response is determined by a set of uncorre-

lated, standard normal distributed variables u,,, and i,,,. Hence,

No My

R(t) = Z Z [umncmn(t) +ﬁmn5mn(t)] (5)

n=1m=1

The deterministic coefficients ¢, () and ¢,,,(¢) are given by

Cmn(t) = Gmnlq)R(wnaﬁm)|cos(we,nt + £mn)
Emn(t) = _Gmn|q)R(wn7Bm)‘ Sin(we,nt + gmn) (6)
O = E (0, Bn) A, AB,

where the directional wave spectrum has been discretised into
a number of wave frequencies Ny and headings My. Aw, and
AP, are the increments of the discrete wave frequencies and the
discrete headings, respectively. The phase angles are calculated
from

Im[q)R(wnaBm)]

tan(Emn) = Re[CI)R((Dn;ﬁm)].

)

It should be noted that white noise (uniform, zero mean) has
been added to the synthetic data to make the situation more real-
istic. The maximum signal-to-noise ratio is chosen to 10, and
this value has been set completely subjectively with no refer-
ence to datasheets of sensor manufacturers (because of lack of
specifications by the manufacturers, see also Pascoal and Guedes
Soares [14]). The white noise has been added with a sampling
rate of 10 Hz, after which smoothing has been applied.

4.1 Vessel and Test Cases

Ship motion time histories have been generated for the train-
ing ship (T.S.) Shioji-maru of Tokyo University of Marine Sci-
ence and Technology. A photo and principal particulars of the

FIGURE 5. T.S. Shioji-maru used in the study.



TABLE 1. Principal particulars of T.S. Shioji-maru.

Length, Ly 46.00 m
Breadth, Byyq 10.00 m
Depth, Dpyjq 6.10 m
Draught, T 1q 2.65m
Displacement 659.4 t

ship are shown in Figure 5 and Table 1, respectively. In this
study, the simulated motions are roll, pitch and vertical accelera-
tion. The former two motions (roll, pitch) relate to the centre of
gravity of the ship whereas the vertical acceleration is given at a

position close to the forward perpendicular.
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FIGURE 6. Plots of wave spectra obtained from a JONSWAP spec-
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plot).

TABLE 2. The underlying wave parameters of the test cases. Note
that B = 180 deg. is head sea.

Cases Hg [m] B [deg.] T [s]

{Al, A2,..., A5} 3.0 180 {11.0;9.5;8.0;6.5;5.0}
{B1,B2....B5} 30 135 {11.0;9.5:8.0:6.5:5.0}
{C1,C2...C5} 3.0 90  {11.0;9.5:8.0:6.5:5.0}
{D1,D2,..,D5} 3.0 45 {11.0;9.5;8.0;6.5;5.0}
{El, E2,.., E5} 3.0 0 {11.0;9.5;8.0;6.5;5.0}

To limit the complexity of this introductory study it is de-
cided to focus on test cases represented by short-crested waves
obtained from unimodal wave spectra. This means that mixed sea
conditions are not considered. The test cases are established from
the sets of wave parameters seen in Table 2. The table provides
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FIGURE 8. 3-D plots of transfer functions; heave, pitch and roll.



the significant wave height Hj, the relative mean wave heading
B and the zero-upcrossing period T;. It can be observed that not
all combinations of wave height and period are realistic, since
a sea state with H; = 3.0 m and 7, = 5.0 s is very unlikely to
practically occur.

The wave spectrum is modelled as a (directional) JONSWAP
spectrum, including a frequency dependent spreading [12]. The
variation with wave frequency is visualised in Figure 6 for the
considered range of 7;. The range of T, is chosen to be repre-
sentative to real ocean waves in which T.S. Shioji-maru typically
operates. Based on the plots of the modulus of the individual
transfer function, see Figures 7 and 8, for T.S. Shioji-maru it is
seen that the chosen range of T, corresponds to waves which will
excite the considered responses.

Examples of the motion time histories are shown in Figure
9, where it is seen that one set of simulations covers a time span
of 1,000 seconds. The upper plot shows the sea surface eleva-
tion amidships, while the three lower plots are the roll angle, the
pitch angle and the vertical acceleration at FP, respectively. In the
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FIGURE 9. Time history simulations of the sea surface elevation, the
roll angle, the pitch angle, and the vertical acceleration at FP, respec-
tively, using wave scenario B3.

analysis that follows, it is important to mention that each wave
scenario (Al, A2, ..., C2, C3, ..., ES) is used to generate 10 sets
of time histories. Thus, statistics can be introduced in the anal-
ysis. The considered set of time history simulations in Figure 9
corresponds to one outcome using wave scenario B3.

5 RESULTS AND DISCUSSION

Figure 10 shows four plots that illustrate the behaviour of
different spectral ratios. Ratios are formed between the standard
deviation o, the mean response period T ;,,, the zero-upcrossing
response period Ty ;, and the peak response period T ,. Each ra-
tio is calculated for three different combinations of responses,
where the combinations are ’roll angle over pitch angle’, "pitch
angle over vertical acceleration’, and 'roll angle over vertical ac-
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celeration’, respectively. In any case, the ratios are shown for
the 5 times 5 wave scenarios (Al, A2, ..., C2, C3, ..., ES) and it
should be noted that a specific value of a given ratio is obtained
as the mean value based on ten simulations as explained previ-
ously. Moreover, the statistical spreading to the specific value
is included by plotting also a value obtained as the mean value
plus and minus, respectively, the standard deviation. The statis-
tical spreading is shown by the thin dotted lines. In general, it is
observed that there is a rather small spreading around the mean
values for most ratios at the different wave scenarios. However,
it is seen that the ratio of standard deviations of roll and vertical
acceleration has quite some spreading for wave scenarios E1, E2,
..., BS. The statistical spreading around each node has a conse-
quence for the limiting interval of the particular ratio for a given
set of wave scenarios. For example, the limiting interval of the
ratio of standard deviations of roll and vertical acceleration is
found as [9.79; 27.4] for wave scenarios E1, E2, ..., ES.
Independent on the considered plot in Figure 10, it appears
evident that a situation, as indicated in the hypothetical example
(Figure 2), does not appear. In the following, focus will be on the
ratios of standard deviations; the upper plot in Figure 10. In par-
ticular, it is noted that the ratio formed by ’roll angle over vertical
acceleration’” has some resemblance to the diagram of the hypo-
thetical example. However, if the statistical spreading is taken
into account, there are (small) overlaps between more of the sets
of wave scenarios (Al, A2, ..., C2, C3, ..., ES). This observation
is confirmed by Table 3, where the limiting interval for each ratio
is given for all wave scenarios. It is noted that Table 3 contains
the results of all response combinations as well as the results of
all spectral ratios. The table reveals, for example, that if the ratio
of standard deviations of the roll angle and the vertical acceler-
ation is less than 5.30, the relative wave heading cannot be that
of wave scenarios C, D, or E corresponding to beam sea, stern
quartering sea and following sea, respectively. In other words,
this means that the ship sails in either head sea or bow quartering
sea. However, if the relative wave heading were to be based on
the ratio of standard deviations of the roll angle and the vertical
acceleration alone, it cannot be said which of the two headings
- head sea or bow quartering sea - is the correct one, since part
of the limiting interval [1.40; 3.71] of wave scenarios Al, A2,...,
AS is located inside the limiting interval [2.88; 5.30] of scenarios
B1, B2,..., B5. The answer is, on the other hand, given directly
by considering the ratio of standard deviations of the roll angle
and the pitch angle, because of a distinct separation between the
limiting intervals of this ratio in the given cases. Thus, the in-
tervals are [1.16; 2.28] and [2.48; 4.46]. As a final confirmation
to answer which heading is the correct one, it should be noted
that the limiting interval of the ratio formed by the standard de-
viations of the pitch angle and the vertical acceleration does not
overlap any of the two other limiting intervals for wave scenar-
ios B1, B2, ..., B5, which is not the case for wave scenarios Al,
A2, ..., AS. In summary, it has been seen that it is possible to

TABLE 3. The limiting intervals on all spectral ratios for the different
sets of wave scenarios.

Cases Roll/Pitch Pitch/Acc. Roll/Acc.
Ratios of of
A [1.16;2.28] [1.19;1.67] [1.40;3.71]
B [2.48;4.46] [1.12;1.54] [2.88;5.30]
C [4.44;8.17] [1.09; 1.49] [6.20;9.27]
D [3.29;5.26] [2.20;3.99] [8.14;14.5]
E [2.38;4.36] [2.89;6.97] [9.79;27.4]
Ratios of Tg
A [1.09; 1.42] [1.09; 1.36] [1.42;1.59]
B [1.21; 1.58] [1.08;1.29] [1.53;1.72]
C [1.11; 1.52] [1.21;1.44] [1.52;1.88]
D [0.69; 1.01] [1.63;2.52] [1.52;1.81]
E [1.03; 1.35] [1.15;1.84] [1.41;2.04]
Ratios of Tg ;
A [1.13; 1.38] [1.08;1.30] [1.42;1.59]
B [1.28; 1.56] [1.07;1.25] [1.53;1.70]
C [1.24;1.57] [1.15;1.31] [1.57;1.83]
D [0.87; 1.25] [1.44;1.95] [1.58;1.91]
E [1.28; 1.63] [1.04;1.47] [1.47;2.05]
Ratios of T
A [0.90; 1.42] [1.05;1.12] [0.99; 1.55]
B [1.11; 1.50] [1.00; 1.17] [1.18;1.64]
C [1.30; 1.45] [1.02;1.06] [1.37;1.52]
D [1.24;1.50] [0.91;1.03] [1.24;1.47]
E [1.14; 1.55] [0.83;0.99] [0.97;1.50]

estimate whether a ship sails in head sea or bow quartering sea;
and excluding the other headings beam sea, stern quartering sea,
and following sea. On the contrary, the ship does not sail in head
sea or stern quartering sea, if the ratio of standard deviations of
the roll angle and the vertical acceleration is more than 6.20, cf.
Table 3. If so, it is possible to estimate the relative heading as
well:

Beam sea will be experienced in case the ratio of standard
deviations of the pitch angle and the vertical acceleration is in
the limiting interval [1.09; 1.49], corresponding to wave scenar-
ios Cl1, C2, ..., C5. The reason is that this limiting interval is
completely separated from the two other limiting intervals of the
same ratio for the two other sets, D and E, of wave scenarios.

It is, however, not possible to estimate if the ship sails in
stern quartering sea or following sea (excluding the other head-
ings by means of exclusion) when only ratios of standard devia-
tions are considered. In this case, it is necessary to consider also



the ratio(s) of, e.g., the mean response periods and/or the zero-
upcrossing periods. In either case, the ratios of the roll angle over
the pitch angle and the pitch angle over the vertical acceleration,
respectively, can be used. Thus, the limiting intervals of sets
D and E are fully separated when the ratio(s) of the roll angle
and the pitch angle are considered; for Tg,, and Ty, the inter-
vals are [0.69; 1.01] versus [1.03; 1.35] and [0.87; 1.25] versus
[1.28; 1.63], respectively. In addition, it is seen that the limiting
intervals of the two response combinations are completely sepa-
rated in wave scenarios D1, D2, ..., D5, which is not the case in
wave scenarios E1, E2, ..., ES.

In conclusion, it has been seen that it is possible to (quali-
tatively) estimate the mean relative wave heading from spectral
ratios formed by different responses.

5.1 Additional Information by the Off-diagonal Spec-
tra

It has been mentioned already that a (special) method has
not been developed to take the off-diagonal spectra, cf. Figure 4,
into account. On the other hand, it is possible to introduce the
off-diagonal spectra in a similar manner as done for the ratio of
standard deviations. Thus, the integral of the real part and the
imaginary part, respectively, can be calculated using Eq. (1), for
n =0, applied to any one combination of two responses using the
cross spectrum S;;(f.). Subsequently, the ratio of the two inte-
gral values - ’real value over imaginary value’ - is formed, and
in this way Figure 11 can be obtained. If details of the figure are
studied, it is possible only to deduce something from the ratio
considering the combination of the pitch angle and the vertical
acceleration, since the two other ratios behave odd. The ratio
of the combination of the pitch angle and the vertical accelera-
tion, see Figure 12, is seen to exhibit an interesting property, as
the ratio is negative for the sets, A, B, and C, of wave scenarios
corresponding to head, bow quartering and beam seas, whereas
the ratio is positive for the two other sets, D and E. Obviously,
this information is of high value, when a blind estimate” of the
heading is to be given. In the future, it should therefore be strived
for to develop a consistent approach handling the off-diagonal

Ratios of Real vs. Imag
150 T T T T T T T T T T T T T T T T T T T T T
—#— Roll/Pitch
100 Pitch/Acc. 4
—&— Roll/Acc.
50 a

*Wéw%wm@f

-50F 4

=)

S S T S T TSSO T S S SO MR R N
A1A2A3A4A5 B1B2B3B4B5 C1C2C3C4C5 DI1D2D3D4D5 E1E2E3E4ES
Wave scenarios

FIGURE 11. Ratios derived from Eq. (1) applied to the real part
and the imaginary part, respectively, of a given combination of two re-
sponses.

Ratios of Real vs. Imag
L e e R

2 T
Pitch/Acc.

1+ 4

ol
A1A2A3A4A5 B1B2B3B4B5 C1C2C3C4C5 D1D2D3D4D5 E1E2E3E4ES
Wave scenarios

FIGURE 12. The plot is identical to Figure 11 but keeping only the
combination of the pitch angle and the vertical acceleration.

spectra in a more refined manner; not only considering integral
values.

6 APPLICATION FOR REAL-TIME OPERATIONS

This study is based on numerical simulations only, and based
on the positive findings herein, an approach should be developed
to handle real-time ship operations considering full-scale data.
The procedure could be to make a comprehensive set of time se-
ries simulations for many different wave scenarios. In this way, a
large database with information about spectral ratios for different
responses could be produced; similar to what has been obtained
in this paper’s study. During actual ship operations, spectral ra-
tios from full-scale data can be compared to information from the
database and, thus, it will be possible to obtain a blind estimate
of the ship’s relative wave heading.

7 SUMMARY AND CONCLUSIONS

It has been shown that a (specific) ship’s relative wave
heading can be obtained from a ’blind’ estimate using only
a set of measured responses. This means that a mathemati-
cal/hydrodynamical model is not needed. There are some impor-
tant aspects which should be noted and/or further investigated:

o In this study, numerical simulations have been considered
only; the procedure/hypothesis must be confirmed by con-
sidering full-scale data.

e The study of ratios - and not absolute values - of spectral
values is made to make the procedure independent to signif-
icant wave height. This (assumed) independency to signifi-
cant wave height must be validated.

e A limited set of responses has been used in this study;
can other responses like vertical bending moment amidships
provide additional (valuable) information?

e How to (better) understand and utilise the off-diagonal
spectra.

o It has been suggested to form a comprehensive database
in order to apply the procedure to real-time operations.
However, mixed sea conditions must be contained also in



a database. Therefore, further studies like the one herein
should be made for multimodal seas.

e A rather small and maybe ’characteristic’(?) vessel has
been studied; what about other types of ships?

7.1 A Note about Previous Work

During the very finalisation of the present paper it has come
to the first author’s knowledge of a similar idea to make a heading
estimation based on ship motion measurements. Thus, Davis et
al. [3] devise an approximate and simple method for determining
the mean wave direction in terms of the relative magnitudes of
measured pitch and roll and vertical velocity of the vessel centre
of gravity. Basically, the approach is based on calculations re-
lating pitch and roll with the resultant angular slope of the deck
and the resultant inclination [10]. It is found that, similarly to the
present study, it seems possible to estimate the mean heading in
sectors of +22.5 deg., see also Jacobi et al. [5]. As a work for
the future, it will be interesting to combine the approach outlined
in [3] with the ideas presented in the present paper.
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