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The practicability of estimating directional wave spectra based on a vessel’s 1st order response has been
recently addressed by several researchers. Different alternatives regarding statistical inference methods
and possible drawbacks that could arise from their application have been extensively discussed, with
an apparent preference for estimations based on Bayesian inference algorithms. Most of the results on
this matter, however, rely exclusively on numerical simulations or at best on few and sparse full-scale
measurements, comprising a questionable basis for validation purposes. This paper discusses several
issues that have recently been debated regarding the advantages of Bayesian inference and different
alternatives for its implementation. Among those are the definition of the best set of input motions, the
number of parameters required for guaranteeing smoothness of the spectrum in frequency and direction
and how to determine their optimum values. These subjects are addressed in the light of an extensive
experimental campaign performed with a small-scale model of an FPSO platform (VLCC hull), which was
conducted in an ocean basin in Brazil. Tests involved long and short crested seas with variable levels of
directional spreading and also bimodal conditions. The calibration spectra measured in the tank by means
of an array of wave probes configured the paradigm for estimations. Results showed that a wide range of
sea conditions could be estimated with good precision, even those with somewhat low peak periods. Some
possible drawbacks that have been pointed out in previous works concerning the viability of employing
large vessels for such a task are then refuted. Also, it is shown that a second parameter for smoothing
the spectrum in frequency may indeed increase the accuracy in some situations, although the criterion
usually proposed for estimating the optimum values (ABIC) demands large computational effort and does
not seem adequate for practical on-board systems, which require expeditious estimations.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Petrobras, which financed a series of ocean basin tests and also
provided full-scale data measured on some of their platforms in or-

Wave spectrum estimation from a vessel’s motions is a lively
research topic that has recently been addressed by many authors.
Interest in the subject comes primarily from the prospect of on-
board estimations requiring quite simple instrumentation and
hardware, basically involving an ordinary set of accelerometers
and rate-gyros connected to a PC. The method could therefore rep-
resent an uncomplicated and inexpensive choice for wave infer-
ence, if compared to wave buoys and radar systems.

At Escola Politécnica — USP, an extensive research program has
been conducted since the year 2000, aiming to evaluate the pos-
sibility of estimating wave spectrum on-board offshore systems,
like FPSO platforms. This program has been fully supported by
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der to supply a significant basis for the validation of the proposed
methodology. On-board estimation of wave spectra in offshore sys-
tems may be useful for several reasons. First of all, some floating
units may experience operational problems caused by large verti-
cal motions induced by waves. The information about the spectrum
can then be used in safety procedures, aiming to reduce the risks of
the operation or to keep the integrity of the installations. For exam-
ple, such information might be used to relocate an FPSO to a safer
wave heading, either by using tugboats or dynamic positioning sys-
tems. Furthermore, the estimation would be also useful for other
types of ships, like crane barges and pipe-laying vessels, since the
information can be help its crew to evaluate the feasibility of a par-
ticular operation or the need to interrupt it. Other applications that
may be envisaged are related to Dynamic Positioning (DP) systems.
As offshore oil production moves towards deeper waters, DP sys-
tems become increasingly important as an economical solution for
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Nomenclature

E1mk second-order difference of spectrum associated to
direction k at frequency m

Eomk second-order difference of spectrum associated to
the frequency m at the direction k

Dmn cross spectra of ship motions “m” and “n”

0 wave direction [0; 27 ]

o? noise variance

w frequency (rad/s)

A RAO matrix

B vector with cross spectra of ship motions

H;, H,, H; matrices defined in (8)-(10) used to describe the
prior distribution function

H; significant wave height

Jx) functional to be minimized in the Bayesian method

K number of angular intervals used in the discretiza-
tion

L(x|B) likelihood function

M number of wave frequencies used in the discretiza-
tion

N number of vessel’s motions used in the method

p(x) prior distribution function of the spectrum

P number of integral equations derived from (1)

RAO,, Response Amplitude Operator (Transfer Function)

of ship’s motion “m”
S(w, 0) directional wave spectrum

T hull draft

T, peak period

U vector with measurement noise

ug, u;  parameters that controls the trade-off between
good fit to the data and smoothness of the spectrum

us parameter that controls the spectrum energy at the
frequency boundaries

X vector with the components of directional wave
spectrum

the station-keeping of floating production units and other vessels.
For DP operations under extreme conditions, feed-forward control
may represent a significant improvement in the efficiency of the
system, concerning station-keeping behavior and fuel consump-
tion. The feed forward control consists of providing information
on the environmental excitation (waves, current and winds) to the
system in order to predict the DP response required for counter-
acting the estimated environmental forces. On-board estimation
of directional wave spectrum may then play an important role on
the wave force feed-forward control.

Not so long ago, wave measurements in oil & gas basins offshore
from Brazil depended exclusively on moored wave-buoys. Such de-
vices provide good estimates of wave spectra, since they have neg-
ligible dynamics and their motions can be accurately measured by
means of accelerometers and tilt sensors. However, buoys are eas-
ily subjected to damage and loss, and also suffer from practical and
economical drawbacks related to deep water mooring. Recently,
wave-monitoring radar systems have been developed based on the
analysis of temporal and spatial evolution of the radar backscat-
ter information. Such systems may be installed on-board, conse-
quently eliminating the problems associated with moored buoys.
On the other hand, they require an extensive calibration campaign
and, according to platform personnel, estimations might be influ-
enced by meteorological conditions in the measurement site.

Estimation of wave spectra based on a ship’s motions may
present an alternative that overcomes such problems and, due to
its inherent simplicity, it might even be foreseen as a complement

to other methods. Different approaches for this kind of estimation
have been studied recently, mainly involving parametric or
Bayesian estimation models. In fact, the latest seems to be gaining
preference especially for requiring much less computational effort
if compared to parametric modeling, which ultimately leads to a
nonlinear optimization problem. Indeed, the computational time
required by the estimation models is a crucial issue regarding their
practical application on-board and may impose limitations to the
methods, as will be discussed later.

1.1. Overview of recent works in the field

Regarding the methodology, a brief review of some recent
works may provide an overview of the alternatives that have been
tested and call attention to the discussion on their possible advan-
tages and drawbacks. As examples of the application of parametric
modeling one may find the works of Hua and Palmquist [1] and
Tannuri et al. [2], the latter dealing with the problem of a moored
vessel (FPSO platform) and developed within the context of the
same research project that includes the present paper. The model
adopted by Tannuri et al. leads to a nonlinear optimization problem
involving 10 parameters and therefore requires extensive compu-
tational time. Working with a VLCC, they point out that the ship
filters the high-frequency components of the waves (when there
is no appreciable 1st order response) and estimates cut-off peri-
ods associated to this kind of vessel. Obviously, this is a drawback
that is shared by all different methods that intend to derive the
spectral estimations from ship’s motions. The problem was later
re-examined by Nielsen [3], although now dealing with a Bayesian
estimation. Another problem that was addressed by Tannuri et al.
was the sensitivity to errors in the transfer functions of motions
(the so-called Response Amplitude Operators — RAOs). Once again,
this is a problem common to all the methods, but it is frequently
overlooked. When the ship is used as a wave-buoy, it must be re-
called that one is interested in estimating wave components within
the frequency range where the ship has significant dynamic re-
sponse, including usual resonances in heave and roll motions. Roll
motion is indeed, by far, the most difficult to reproduce appropri-
ately in a linear analysis, since it is often resonant, lowly damped
and the damping is dominated by nonlinear (viscous) hydrody-
namic effects. As a consequence, linear analysis requires lineariza-
tion of the damping with respect to a pre-established amplitude
of motion. Obviously, these characteristics are quite inappropriate
when wave estimation is concerned. As noticed by Tannuri et al.,
previous works regarding motion-based wave estimations usually
adopted the classical set of heave-pitch-roll motions, a clear con-
sequence of the wave-buoy analogy. As an alternative, they show
that the roll motion could be easily replaced by the sway mo-
tion, which brings the same information regarding wave direction
with respect to the hull. By doing this, the reliability on the set
of transfer functions is unquestionably increased. Nielsen [4] later
revisited this possibility and confronted the results based on the
different set of motions with the full-scale data recorded by a radar
system operating in a container ship. Although Nielsen concludes
that “the analysis did not suggest to use the roll response in favor
of the sway response, or vice-versa”, the results presented signif-
icant variations in estimated wave height and direction when roll
or sway was used. Also, by evaluating the results presented in the
paper, one realizes that the highest errors in Hg estimated by the
Bayesian method (26%) occurred for the situation with the largest
wave height (7.2 m) and period (10.1 s), when substitution of the
roll motion indeed led to a closer agreement with the radar results.
This does not seem to be a coincidence since it might be argued
that nonlinear effects in the roll motion increase with wave height
and also as the wave period come closer to the roll natural period
(usually above 10 s). Moreover, it must be recalled that when FPSO
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platforms are concerned, the probability of errors in the roll trans-
fer function is much larger than for conventional ships. First of all,
the vessel loading (and draft) is continuously changing and errors
in KG and inertia values may lead to wrong estimations of the nat-
ural period. Also, the effect of mooring lines and risers on the roll
damping is extremely difficult to predict in full-scale.

Iseki and Ohtsu [5] proposed the application of a Bayesian in-
ference procedure to the problem of ship-based wave estimation.
Aiming at the problem of ships on the move, they deal with the
encounter frequency and direction and the problem that arises in
following seas (the well-known triple-valued problem). In the first
version of the method, the smoothness of the spectrum with re-
spect to frequency and direction was guaranteed by only one (hy-
per)parameter. The value of this parameter should be estimated
a posteriori by a criterion such as the ABIC (Akaike’s Bayesian in-
formation criterion, [6]). Later, Nielsen [7] showed that problems
may arise when applying ABIC to a single hyperparameter and in-
troduced a second one, with favorable results.

Pascoal et al. [8] presented a first comparison between para-
metric and non-parametric (Bayesian) models, using heave-sway-
pitch motions, as previously suggested by Tannuri et al. Authors
observed that, although parametric representation leads to in-
herently smooth estimations, the method presents several disad-
vantages when compared to the non-parametric model, the most
important of which were related to the computational time con-
sumption and the difficult convergence of the numerical algo-
rithm. On the other hand, some problems were also reported when
using the non-parametric model, especially shifts of 180° in the
estimated directions (according to the authors, a problem already
observed by Iseki [9]). The authors correctly argue that the heave
response is probably the single most important one. However, the
argument is used to conclude that large vessels (such as VLCCs, for
example) would be “very poor estimators” since the heave trans-
fer function would have zeros within the wave frequency range
with significant energy. Results shown ahead in the present pa-
per shows that this is not the case, as short-crested seas with rel-
atively low peak periods can indeed be well predicted even by a
fully loaded VLCC. Further comparisons of Bayesian and paramet-
ric model were presented by Nielsen [3,4].

Finally, in the context of the present research project, a prelimi-
nary test of Bayesian and parametric estimators with full-scale data
was presented by Simos et al. [ 10], making use of data obtained in a
monitoring campaign of an FPSO unit that operates in the Campos
Basin. Results were compared with the data provided by a wave-
buoy installed in the vicinity of the unit. Unfortunately, due to
technical problems experienced by the buoy, data was sparse and
restricted to very mild wave conditions. Nonetheless, a few
comparisons could be made, which showed that the paramet-
ric model failed to provide good estimations in most cases.
Bayesian estimation presented better results and, as already ob-
served in previous works, demanded much less computational
time.

Apart from the full-scale measurements, an extensive experi-
mental campaign was performed, with a small-scale model of the
same FPSO unit in order to extend the data available for evaluation
and validation of the estimation models. This campaign is the main
subject of the present work, as detailed next.

1.2. The scope of this work

From the discussion above, one may appreciate that a consid-
erable number of works in the field has recently been presented.
However, most of the previous analysis is based exclusively on nu-
merical simulations or depends on comparisons with sparse full-
scale data, mainly derived from radar systems. In the context of this
research project, a series of small-scale tests has been conducted at

the LabOceano ocean basin, in Rio de Janeiro, comprising both, long
and short-crested seas, the later with variable levels of directional
spreading. Combined (swell and wind) seas, a common condition
in the Campos Basin, were also tested. A small-scale (1:70) model
of the P-35 FPSO unit has been subjected to bow, quartering and
beam seas with different wave heights and peak periods.

The Bayesian inference method with two hyperparameters (as
proposed by Nielsen [7]) was adopted and the ABIC method for
evaluating their optimum values was tested in some cases. Roll was
excluded from the input motions, which comprised all the other
five motions (including surge and yaw). Wave spectra estimated
from the model motions were directly compared to those mea-
sured in the basin by means of an array of wave probes. Very good
estimations of the statistical parameters (significant wave height,
peak period and mean wave direction) were obtained and, in most
cases, even the directional spreading could be properly predicted.
Inversion of the mean direction (180° shift), mentioned by some
authors as a possible drawback of the Bayesian inference method,
was not observed in any case. It is shown that some problems re-
lated to zeros in the heave transfer function may indeed arise in
some situations (as previously argued by Pascoal et al. [8]), but they
are localized (confined to a narrow range of frequencies) and do not
represent a serious hazard to the predicted statistics. Furthermore,
it is demonstrated that this errors may be avoided when the op-
timum solution can be found by the ABIC method, although with
the expense of significant computational effort, which may render
it unpractical for real on-board estimations. Sensitivity analysis on
errors in the input parameters, such as the vessel inertial character-
istics, has also been performed and attested that the method is ro-
bust enough to cope well with the expected level of uncertainties.

Next, the statistical model is presented, followed by a descrip-
tion of the experimental setup and the discussion of illustrative re-
sults.

2. The Bayesian method

In this section the Bayesian estimation method is briefly pre-
sented, focusing on its application to the motion-based wave spec-
trum estimation. The formulation adopted here follows the one
proposed Nielsen [7] closely, using two different hyperparameters
in order to control the smoothness in direction and frequency.

Assuming linearity between waves and ship response, the
cross-spectra derived from the time series of ship motions (¢;;) and
the directional wave spectrum are related by the RAOs through the
following integral:

T

¢ij(w) = RAOi(w, ) - RAO; (w, ) - S(w, ) - O, (1)

-7
where RAO; denotes the Response Amplitude Operator of the
motion i at frequency w and direction of incidence 6 and S(w, 6)
denotes the directional wave spectrum.
The discrete expression of (1) is derived assuming the integrand
to be constant on each slice A9 = 2n /K:

K
() = A0 Y RAO;(®, k) - RAO] (@, 6)) - S(o, ), (2)
k=1
with 6, = —m 4+ (k — 1) A6.
A certain range of M wave frequencies is specified in advance
(w1, w2, ..., W, ...,wy) and, being Aw = (wy — w1)/(M — 1),
Eq. (2) can be rewritten as:

B=A-x+U. (3)
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Fig. 1. Example of time series of motion.

The vector x contains the unknown spectrum evaluated at the
(K - M) pairs (wm, 6k):

S(w1, 601)
S(w1, 67)
S(wm, Ok-1)
S(wwm, Ok)

The vector B contains (N? - M) elements related to the spectrum
and cross-spectrum of the (N) measured vessel’s motions ¢;j(wm)
and is given by:

Gii(wm) 7
Re[¢; ()]
with by = : . @
ml g (om)]

B=[b; b, by 17,

Uis a (N? - M) vector representing measurement noise, assumed
to be a Gaussian white noise sequence with zero mean value and
variance o2 and A is the (N? - M) x (K - M) RAO matrix given by:

Ay, O ... 0
0 A -~ 0

A= . .. (5)
0 0 Am

with 0 the N> x K matrix with null elements (see Box I).

Applying the Bayesian procedure to the system in Eq. (3), the
unknown coefficients (vector X) can be estimated by maximizing
the product of the likelihood function by the prior distribution.

The likelihood function is the conditional probability of occur-
rence of a given measurement (matrix B), given the directional
spectrum (vector X). Since measurement noise is assumed to be
Gaussian, it can be shown that the likelihood function L(x|B) is
given by:

1 \V/2 1
L(x|B) = (ZMZ> exp (—ﬁ B — Ax||2) : (6)

The prior distribution corresponds to the previous information
about the unknown coefficients. Assuming that the spectrum is
smooth with respect to the directions and frequencies and defining
the second order differences &1, associated to direction kat fre-
quency m and &, associated to the frequency m at the direction
k as:

Etmk = S(@m, Ok—1) — 25(@m, Ok) + S(@m, Ok+1)
Eamk = S(Wm—1, Ok) — 25(wm, Ok) + S(wm—Hs 0k,
the smoothness condition is equivalent to keeping the following
summations as small as possible:
K M

> et =x"Hix  with S(wn, 6o) = S(wm. 6k) and

k=1 m=1

(7)

S(@m, Ok1) = S(@m, 61) (8)
K M-1
Z Z e3m = X' HpX 9)
=1 m=2

where the matrices H; and H, may be easily constructed consider-
ing the proper definition of the vector x. Furthermore, in order to
avoid excessive spectral energy at frequency boundaries, the sum
of the power of the spectrum is minimized in a pre-defined range of
low and high frequencies given by (w1, wy, ..., o, wy, ..., Wy).
For doing this, a third parameter is necessary, and it must be in-
cluded in order restrain the estimations for frequencies in which
both the RAO and the ship response are null. Considering the dis-
cretization of the problem, the following functional must be mini-
mized (matrix Hs is obtained by a similar procedure used to derive
H, and Hz):

K L K M
DY S@m 07+ )Y S(wm, 6)” = XHax. (10)
k=1

k=1 m=1 —1 m=H
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Fig. 2. Power spectrum estimation.
Table 1
FPSO main properties (real and model scales).
Properties Real scale Model scale (1:70)
Full Intermediate Ballasted Full Intermediate Ballasted
Mass (M) (ton) 2,667 x 10° 2,090 x 10° 1.162 x 10° 0.778 0.609 0.339
Moment of inertia (Iyx) ton m? 9.39 x 107 6.30 x 107 5.79 x 107 5.29 x 1072 3.75 x 1072 3.12 x 1072
Moment of inertia (I, ) ton m? 1.72 x 10° 1.36 x 10° 9.49 x 108 1.02 x 10° 8.12 x 107! 5.61 x 107!
Moment of inertia (I,,) ton m? 1.76 x 10° 1.37 x 10° 9.51 x 108 1.04 x 10° 8.15 x 107! 5.66 x 107!
Length between perp. (Lpp) (m) 320 4.57
Mean draft (T) (m) 18.44 14.73 8.51 0.263 0.210 0.122
Trim angle 0.41 0.80 0.48 0.41 0.80 0.48
Breadth (B) (m) 54.5 0.779
Heave natural period (Ty33) (S) 11.7 11.0 10.0 1.40 1.32 1.20
Roll natural period (Tya44) (S) 14.7 134 12.6 1.76 1.61s 1.51
Pitch natural period (Tyss) (S) 12.2 12.4 11.8 1.45 1.48 141
Considering that each of the prior distributions is a Gaussian
variable, with zero mean and variances o?/u?; o%/u3; o2 /u3
| AL BEACH for distributions (8)-(10) respectively, the product of likelihood
function (6) by the overall prior distribution p(x) is given by:
I 45m -

negative direction

{ Local conventi

30m

BEACH

135° heading

I

WAVE MAKER
l =
o
<
(o]
Gl
=

Fig. 3. LabOceano basin. Global (black) and Local (red, gray in print) reference
systems for wave direction.

L(x|B) - p(x) = Cexp

202

x (|B— Ax|* +x" (uiH; + u3H, + uH3)x) (11)

with C being a factor independent of the model variable x. The
parameters 1 and u, control the trade-off between good fit to the
data and smoothness of the estimated spectrum in direction and
frequency, respectively.

Finally, maximizing expression (11) is equivalent to minimizing
the functional J (x) given by:

J(x) = |B — Ax|* + x" (u?H; + 13H, + u3H3)x. (12)
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Table 2
Parameters used in the Bayesian method.
Uy Uy us wy Wy
Ballasted 0.035 0.105 0.035 27 /20 27 /6
Intermediate 0.053 0.159 0.053 27 /20 27 /6
Loaded 0.070 0.210 0.070 27 /30 27 /8

A quadratic programming algorithm can then be used to per-
form the required minimization.

In most of the results presented ahead, the set of the hyper-
parameters was established a priori, after a sensitivity analysis.
However, the ABIC criterion for defining the best choice of the hy-
perparameters uq and u; (as proposed by Nielsen [7]), was imple-
mented and tested in some cases, as discussed in the next section.
According to this criterion, the optimal values of (u1, u;) should be
obtained by the numerical minimization of the following expres-
sion:

ABIC = P - InJ(x) — In |det (u{H; + u3Hy)|

where P is the total number of integral equations derived from
Eq. (1).

3. Numerical implementation

The Bayesian Method was implemented using MATLAB 7.0%®.
Welch’s method was used for the estimation of power and cross-
spectra of motions from their time series. Each motion record was
divided into eight sections with 50% overlap, each section being
filtered by a Hanning window.

Figs. 1 and 2 show an example of motion record and the
corresponding power spectra obtained by the Welch’s method. A
moving-average filter is applied (red lines in Fig. 2) in order to
reduce the unevenness of the estimations. Furthermore, since the
low frequency motions (due to the model’s drifts) should not be
taken into account in the spectrum estimation, a high-pass filter
with 0.222 Hz cut-off frequency (corresponding to a cut-off period
of 45 s) is also applied.

The following set of five motions was considered for the estima-
tions: {surge, sway, heave, pitch, yaw}. Preliminary tests were per-

+ In|det (A- AT + uiH; + u3H,)| (13)  formed with the triple {sway, heave, pitch} as suggested by Tannuri
Table 3
Set of waves for experimental tests at Labocean — theoretical values.
Test Type Wave parameters
H; (m) T, (s) Spreading factor s Peakedness factor y? Direction (°)
W9oI1 Irregular 459 10.12 - 151 0
WO90I2 8.05 14.56 - 1.70 0
W90I3 4.67 10.12 60 1.51 0
W9014 4.63 10.12 12 1.51 0
1.47(1) 11.54(1) 1.4(1) —30(1)
W120B1 0.98(2) 6.61(2) = 0.9(2) 30(2)
1.48(A) 11.40(A)
2.03(1) 7.28(1) 1.6(1) —30(1)
W120B2 0.70(2) 9.28(2) = 2.0(2) 15(2)
1.79(A) 7.30(A)
Bimodal 1.47(1) 5.35(1) 1.3(1) —30(1)
W120B3 0.63(2) 11.29(2) = 2.2(2) 30(2)
0.97(A) 11.40(A)
2.03(1) 11.46(1) 1.5(1) —30(1)
W120B4 0.98(2) 11.46(2) = 1.2(2) 30(2)
2.11(A) 11.40(A)
1.47(1) 11.54(1) 1.4(1) —30(1)
W120B5 0.98(2) 6.61(2) = 0.9(2) —30(2)
1.49(A) 11.40(A)
W135I1 Irregular 4.59 10.12 - 1.51 0
W13512 8.05 14.56 - 1.70 0
W135I3 4.67 10.12 60 1.51 0
W13514 4.63 10.12 12 1.51 0
1.47(1) 11.54(1) 1.4(1) —30(1)
W150B1 0.98(2) 6.61(2) = 0.9(2) 30(2)
1.48(A) 11.40(A)
2.03(1) 7.28(1) 1.6(1) —30(1)
W150B2 0.70(2) 9.28(2) = 2.0(2) 15(2)
1.79(A) 7.30(A)
Bimodal 1.47(1) 5.35(1) 1.3(1) —30(1)
W150B3 0.63(2) 11.29(2) = 2.2(2) 30(2)
0.97(A) 11.40(A)
2.03(1) 11.46(1) 1.5(1) —30(1)
W150B4 0.98(2) 11.46(2) = 1.2(2) 30(2)
2.11(A) 11.40(A)
1.47(1) 11.54(1) 1.4(1) —30(1)
W150B5 0.98(2) 6.61(2) = 0.9(2) —30(2)
1.49(A) 11.40(A)

2 Here we assume a JONSWAP spectrum type.
b Global (tank) coordinate system.
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Fig. 4. Views of the P35 model during tests (a) ballast condition — 90° heading; (b) Full load condition — 135° heading.

et al. [2], roll motion being excluded due to the inherent uncer-
tainties regarding its transfer function, as explained before. Never-
theless, additional tests later indicated that by including surge and
yaw records a slight improvement in the estimations was generally
obtained without a significant increase in computational time.

The transfer functions of motions were obtained using a well-
known wave-body interaction BEM code (WAMIT®, [13]). Based
on the model’s hull geometry, numerical meshes were constructed
for each one of the loading conditions, also considering their
respective trim angles specified in Table 1.

The ABIC criterion for defining the best choice of the
hyperparameters u; and u, was tested in some situations and
provided good results (examples will be given below). However,
this procedure was extremely time-consuming and therefore
considered impractical for real on-board estimations. A different
procedure was then employed, where the parameters were
previously calibrated for each loading condition using exhaustive
numerical analysis and experimental results. A fixed set of values
was then pre-defined for each draft and adopted for all the tests.
These values are given in Table 2.! As a general result, it could be
inferred that the sensitivity of the estimations to variations in these
parameters decreases with the level of response. As a consequence,
estimations based on the response of the model in full-loading
condition were more susceptible to errors caused by the wrong
choice of the hyperparameters.

4. Experimental setup

Model tests were carried out in the LabOceano facilities, in Rio
de Janeiro. Its 45 m long, 30 m wide, 15 m deep wave basin is
able to generate multi-directional waves through an in-line array
of 75 flap-type wavemakers that allows emulating short-crested
seas with variable spreading or the combination of two different
long-crested seas. Fig. 3 shows a sketch of the LabOceano basin
and the coordinate systems adopted for the analysis. Directional
wave spectra will be presented in two different patterns: in a
polar plot with directions relative to the vessel model (“local
reference system” — 180° denoting bow incidence) and also in
the basin-fixed reference frame (0° denoting waves that propagate
perpendicular to the wavemakers, towards the opposite beach).

Wave calibration tests were performed in the absence of
the FPSO model and the evaluation of the directional wave
spectrum within the test zone was performed by means of a wave

1 Frequencies (w;, wy) were defined by a qualitative analysis of the RAOs.

probe array. The standard procedure adopted by LabOceano for
measuring directional waves follows Stansberg [11], making use of
an array of eight wave probes and applying the Maximum Entropy
Method (MEM) for the spectrum evaluation. The set of wave
spectra obtained in the calibration tests represents the standard to
which the estimations based on ship motions are compared. A full
description of the wave calibration procedure is given in Tannuri
etal. [12].

The hull of the P-35 FPSO model was built in 1:70 scale and
tested in three different mean drafts, corresponding to a ballast
condition (T = 8.51 m), an intermediate load situation (T =
14.73 m) and a full load condition (T = 18.44 m). The main
characteristics of the vessel in the three different conditions are
presented in Table 1, both in real and in model scale. Each load
condition was tested with a corresponding trim angle, derived
from the FPSO loading and stability reports. One may readily see
in Table 1 that the trim can reach considerable values, especially in
the intermediate load condition. Fig. 4 shows two views of the FPSO
model during tests in ballast (a) and full-load (b) conditions. In
order to simplify the tests, the mooring line arrangement adopted
was composed of four horizontal springs designed for the unique
purpose of keeping heading variations and model offsets within
reasonable limits. A sketch of the mooring arrangement may be
seen in Fig. 3 (dotted lines).

Irregular wave tests were performed for intervals correspond-
ing to 3 h in real scale, during which the motions of the vessel in 6
d.o.f were measured by means of an optical device. Motions were
subsequently transferred to the CG position, with respect to which
the RAOs were derived, as explained in the preceding section. Fig. 5
shows examples of the RAOs derived for the FPSO model (surge
and pitch RAOs in head waves; sway and roll in beam waves and
yaw in quartering waves) in the three different loading conditions
(periods in full-scale). Although not included in the estimation pro-
cedure, roll RAOs are also presented for completeness, and were
derived considering typical viscous damping factors for each load-
ing condition.

The whole set of waves tested is listed in Table 3 (all values in
full-scale). Here, four main groups of tests can be distinguished.
The first group of experiments (W90IX) corresponds to beam-
sea (incidence of 90° with respect to the vessel local coordinate
system) unimodal waves. The vessel heading is 90° in the
LabOceano coordinate system. Tests X = 1, 3, 4 have the same
height and period, but increasing directional spreading. Values of
height and period correspond to a typical 1 yr-return condition,
according to Campos Basin metocean data. Test X = 2 represents
the worst 100 yr condition in the Campos Basin. The same pattern
is adopted in the third group of experiments (W135IX), which is
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Fig. 5. FPSO RAOs.

equivalent to the first set, but now with an incidence angle of 135°
related to the vessel coordinate system (vessel heading of 135° in
the basin).

The second group of experiments in Table 3, labeled as W120BX,
consists of bimodal sea states. These waves were generated in the
tank by the composition of two long-crested seas with different
heights, periods and directions. In these cases, the table specifies
Hs and Tp for both components (indicated by (1) and (2)) and also
their average (combined) values (A), as computed by the Maximum
Entropy Method from the measurements in the tank. The aperture
angle between wave directions is 60° (4+30° and —30° in the tank
system) for the tests X = 1, 3, 4and 45° forX = 2. ThetestX =5
combines two wave components with different peak periods, but
coming from the same direction. For all the tests in this group, the
vessel heading is 120° in the LabOceano coordinate system. Finally,
the fourth group (W120BX) consists of tests with the same waves

of the second group, but now with a vessel heading of 150° in the
tank coordinate system.

All the wave conditions reported in Table 3 were tested for
the three different loadings of the FPSO model. The next section
discusses how statistical wave parameters estimated from model
motions compare to the reference values of Table 3, for each
loading condition. Different aspects of the estimation model such
as filtering of high frequency components, the influence of zeros
in the transfer functions, the use of the ABIC criterion vis-a-
vis calibration of the hyperparameters are discussed based on
illustrative results.

5. Motion-based estimations and comparisons
All the wave tests were run with the FPSO model in the three

different draft conditions and the results estimated by means of
the Bayesian inference method were directly compared to the
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Table 4
Experimental results of the Bayesian estimation — ballasted condition (P35B).
Test Experimental Bayesian — u; = u3 = 0.035 u; = 3 % 0.035 Errors
H; (m) Tp (s) Dir (°) H; (m) Tp (s) Dir (°) H; (%) Tp (%) Dir (°)
P35B90I11 4.59 10.12 89.87 3.99 11.42 82.56 —13.1 12.8 -7.3
P35B9012 8.05 14.56 91.08 7.48 13.96 86.79 -7.1 —4.1 —4.3
P35B90I3 4.67 10.12 90.70 4.50 9.67 90.23 —-35 —4.5 —-0.5
P35B9014 4.63 10.12 92.48 4.92 10.47 108.67 6.1 3.4 16.2
P35B120B1 1.48 11.40 117.95 1.50 10.47 124.51 1.7 —8.2 6.6
P35B120B2 1.79 7.30 107.57 1.61 7.85 108.01 —10.0 7.7 0.4
P35B120B3 0.97 11.40 120.39 0.73 10.47 140.72 —25.4 —8.2 20.3
P35B120B4 2.11 11.40 118.70 2.23 10.47 127.23 5.3 —8.2 8.5
P35B120B5 1.49 11.40 105.04 1.55 11.42 110.59 4.0 0.2 5.6
P35B135I1 4.59 10.12 134.87 431 10.47 148.13 —6.1 34 13.3
P35B13512 8.05 14.56 136.08 8.05 13.96 139.17 0.0 —4.1 3.1
P35B135I3 4.67 10.12 135.70 4.35 9.67 145.92 —6.8 —45 10.2
P35B13514 4.63 10.12 137.48 428 9.67 142.06 -7.7 —45 4.6
P35B150B1 1.48 11.40 147.95 1.41 10.47 143.26 —4.4 —8.2 —4.7
P35B150B2 1.79 7.30 137.57 1.22 7.85 146.10 —31.8 7.7 8.5
P35B150B3 0.97 11.40 150.39 0.61 10.47 172.43 —36.8 —8.2 22.0
P35B150B4 2.11 11.40 148.70 2.14 10.47 146.57 14 —8.2 —2.1
P35B150B5 1.49 11.40 135.04 1.52 10.47 136.73 1.8 —8.2 1.7
Table 5
Experimental results of the Bayesian estimation — intermediate condition (P35I).
Test Experimental Bayesian — u; = u3 = 0.053 u; = 0.159 Errors
H; (m) T, (s) Dir (°) H; (m) T, (s) Dir (°) H; (%) T, (%) Dir
)
P3519011 4.59 10.12 89.87 4.87 9.67 92.04 6.1 —4.5 2.2
P3519012 8.05 14.56 91.08 8.27 15.71 91.91 2.8 7.9 0.8
P3519013 4.67 10.12 90.70 5.61 8.98 109.22 20.1 —-11.3 18.5
P3519014 4.63 10.12 92.48 6.11 8.98 116.97 31.8 —11.3 24.5
P351120B1 1.48 11.40 117.95 1.77 8.98 136.82 19.7 —21.3 18.9
P351120B2 1.79 7.30 107.57 1.44 8.38 99.97 —19.1 14.8 —7.6
P351120B3 0.97 11.40 120.39 0.72 9.67 134.15 —26.3 —15.2 13.8
P351120B4 2.11 11.40 118.70 2.53 9.67 138.87 19.6 —15.2 20.2
P351120B5 1.49 11.40 105.04 1.80 8.98 127.70 20.6 —-21.3 22.7
P35113511 4.59 10.12 134.87 3.48 10.47 139.95 —24.2 34 5.1
P35113512 8.05 14.56 136.08 7.86 13.96 134.29 —2.4 —4.1 —1.8
P35113513 467 10.12 135.70 4.16 9.67 132.86 —10.8 —4.5 —2.8
P35113514 4.63 10.12 137.48 461 9.67 135.88 —0.5 —4.5 -1.6
P351150B1 1.48 11.40 147.95 1.43 10.47 147.54 —2.9 —8.2 —0.4
P351150B2 1.79 7.30 137.57 0.93 8.38 126.15 —48.1 14.8 —114
P351150B3 0.97 11.40 150.39 0.57 10.47 174.35 —415 —8.2 24.0
P351150B4 2.11 11.40 148.70 2.20 9.67 151.24 4.1 —15.2 2.5
P351150B5 1.49 11.40 135.04 1.55 10.47 142.96 3.9 —8.2 7.9
Table 6
Experimental results of the Bayesian estimation — loaded condition (P35L).
Experimental Bayesian — u; = u3 = 0.07 u; = 0.21 Errors
Test H, (m) T, (s) Dir (°) Hs (m) T, (s) Dir (°) Hs (%) T, (%) Dir
()
P35L9011 4.59 10.12 89.87 441 9.67 92.16 —4.0 —4.5 2.3
P35L9012 8.05 14.56 91.08 8.15 15.71 88.98 1.2 7.9 —2.1
P35L9013 4.67 10.12 90.70 4.86 9.67 79.39 4.1 —4.5 —-11.3
P35L9014 463 10.12 92.48 5.33 9.67 74.19 149 —45 —18.3
P35L120B1 1.48 11.40 117.95 1.50 9.67 116.39 1.4 —15.2 —-1.6
P35L120B2 1.79 7.30 107.57 1.06 8.38 85.49 —40.9 14.8 —22.1
P35L120B3 0.97 11.40 120.39 0.67 10.47 126.99 —30.6 —8.2 6.6
P35L120B4 2.11 11.40 118.70 2.22 9.67 125.02 5.1 —15.2 6.3
P35L120B5 1.49 11.40 105.04 1.53 9.67 117.02 2.4 —15.2 12.0
P35L13511 4.59 10.12 134.87 3.67 10.47 114.96 —20.0 34 —19.9
P35L13512 8.05 14.56 136.08 7.94 15.71 128.64 —14 7.9 —74
P35L13513 4.67 10.12 135.70 391 9.67 103.66 —16.3 —4.5 —32.0
P35L13514 4.63 10.12 137.48 4.04 9.67 112.97 —12.8 —4.5 —24.5
P35L150B1 1.48 11.40 147.95 1.42 10.47 136.10 —3.6 —8.2 —-11.8
P35L150B2 1.79 7.30 137.57 0.67 8.98 105.24 —62.6 23.0 —323
P35L150B3 0.97 11.40 150.39 0.51 10.47 174.13 —47.8 —8.2 23.7
P35L150B4 2.11 11.40 148.70 2.16 10.47 138.76 2.4 —8.2 —9.9
P35L150B5 1.49 11.40 135.04 1.58 10.47 127.36 6.1 —8.2 —7.7
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Fig. 6. Experimental results — P35B90I1 test.

parameters obtained in the wave calibration process, presented
in Table 3. The whole set of results is presented in three tables:
Table 4 presents the results for the ballasted FPSO (P35BX); Table 5
refers to the FPSO in intermediate condition (P35IX) and, finally,
Table 6 contains the results for the loaded FPSO (P35LX). It should
be noticed that wave directions refer to the local reference system
or, in other words, directions are given relative to the ship heading.
Also, estimations concerning combined (sea + swell) sea states
(the bimodal tests) all refer to average values concerning the
combined spectra.

As explained before, a unique set of values of the hyperpa-
rameters was adopted for each one of the loading conditions
(see Table 2 [12]). Values were defined by means of a “calibra-
tion” process bases on numerical simulations, searching for those
who resulted in minimum errors concerning the average of all
tests. This process showed that such errors are almost insensi-
tive to the hyperparameters when the model is in ballast con-
ditions, and tend to become more sensitive as the loading in-

creases. This is obviously related to the levels of the dynamic re-
sponse to waves, which decreases with the model draft. A more
robust alternative would be to search for the best values of the
parameters for each one of the tests, using for example the ABIC
criterion. Examples of this procedure will be discussed later in
this paper.

Results indeed indicate an overall good agreement between
Bayesian estimated spectra and those obtained from the wave
probe measurements. Mean errors in the statistical parameters
considering all tests are shown in Table 7. The maximum mean
errors observed in Hs and Tp were obtained for the model in an
intermediate loading condition. In this case, these errors were
approx 17% and 11%, respectively. It is interesting to observe that,
contrary to what could be anticipated, the corresponding errors in
full loading condition were slightly smaller (with the exception
of the error in mean direction). This is probably connected to
specificities of the RAOs (this condition presents the highest trim
angle, intensifying the bow-stern asymmetry) and also, eventually,
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Fig. 7. Experimental results — P35B90I3 test.

Table 7
Mean errors in statistical parameters for each loading case.

Mean absolute errors

H; (%) Tp (%) Dir (°)
Ballasted 9.6 6.3 7.8
Intermediate 16.9 10.8 104
Loaded 15.4 9.2 14.0

with the choice of fixed values of the calibration parameters.
Nevertheless, it should be observed that the mean errors are quite
acceptable for all three drafts.

Analysis of the whole set of results shows that in some cases er-
rors significantly above the mean values were obtained, especially
for two bimodal sea conditions B2 and B3. Errors in the estimation
of these wave conditions increase with the draft and reach very
high levels for intermediate and full-load conditions. In fact, these
errors could be anticipated and are mostly associated with the

filtering of high-frequency wave components. These and other
illustrative results that throw some light on important as-
pects of the methodology will be discussed in more detail
next.

As a first example, Fig. 6 presents the results for the test
P35B90I1. In this test, according to Table 3, the wave condition
corresponds to a long-crested sea that reaches the vessel in a
beam sea condition (90° to the hull). Fig. 6 presents: a contour
plot of the estimated spectrum with directions respective to the
vessel heading (a); a comparison of estimated (Bayesian) and
experimental power spectra (b) and the spectrum maps (c) and
(d) depicted in the wave tank reference system (according to
Fig. 3). Please notice that (c) and (d) share the same colorbar scale,
since the interval of contour lines is the same for both maps.
In this case, errors in Hs, Tp and direction were approximately
{—13%; 13%; —7.3°}, respectively. Similar errors were obtained for
situations with increasing directional spreading. This can be seen
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Fig. 8. Experimental results — P35B150B5 test.

by comparing these errors to those obtained in cases P35B90I3-
4, tests with the same Hs and Tp but with larger directional
spreading. For the sake of comparison, results from test P35B90I3
are presented in Fig. 7, following the same standard discussed
above.

More demanding problems are posed by the tests with bimodal
wave spectra, generated by means of the superposition of two
long-crested seas in the wave basin. For starting the discussion on
these results, let us consider the case when both waves come from
the same direction (wave W150B5 in Table 3 [12]). This situation
is composed by a quite mild sea condition, with an average wave
height of approximately 1.5 m and the wave spectrum has two
peaks with quite different periods, one around 11.5 s and the
other close to 6.6 s, this last one below the estimated cut-off
period imposed by the vessel (estimated to be around 7.0 s). For
illustrating the results, Fig. 8 presents the estimations concerning
test P35B150B5. In this case, the waves hit the vessel with a mean

angle of 30° from its bow. It is interesting to see that, as most
of the wave energy is concentrated in the sea with higher peak
period, both the wave height and mean period are well captured,
although the cut-off of high frequency components below 7 s is
clear in (d), where the smaller wave component is missed. Errors
on the average statistical parameters in this case are indeed quite
small (1.8% for Hs, —8.2% for Tp and 1.7° in direction). Obviously,
the errors should increase with the vessel draft, since motions
become smaller and the cut-off period tends to increase. The
increase in the errors can be observed by comparing Tables 3-
5. To exemplify this issue, the estimations for the same wave
condition obtained with the fully-loaded model (test P35L150B5)
are depicted in Fig. 9. Compared to the case in the ballast condition,
the deterioration of the estimated spectrum is clear, with a
slight tendency of spreading the energy towards the bow of the
vessel. As will be discussed later, this trend was observed in
some cases and it is connected to the some particularities of the
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Fig. 9. Experimental results — P35L150B5 test.

RAOs. Nevertheless, this spread of energy, although deforming
the wave map, is not quite significant in terms of total energy
and, as a consequence, the error in the mean direction remains
below 8°. Results are indeed quite impressive, if one reminds
that these mild waves are estimated from the motions of a
loaded VLCC.

Next, some considerations will be made concerning the tests
with higher errors on the estimations, as for example the tests
with wave W150B3. In this case, the error in Hs predictions
reaches values close to —50% in the fully-loaded condition (see
Table 6 [12]). A quick evaluation of the wave conditions makes
it evident that this test was indeed designed to exemplify the
kind of situation that will impose the most severe problems to
the motion-based estimations. In fact, in this case two combined
waves occur, coming from directions with an aperture angle of
60°. A higher wave (1.47 m) with a quite low period (5.3 s)
encounters the vessel from an angle of 30° from the bow, while

a small swell (only 0.6 m high with a peak period of 11.3 s)
hits the vessel from the bow. Fig. 10 depicts the results for the
model in ballast condition and it is clear that the wave component
with higher frequencies is overlooked, since most of its energy is
filtered by the vessel. As a consequence, only the lower frequency
wave component is “identified” and this leads to errors also in
the mean direction, of approx 20°. Obviously, these errors tend
to increase with the model loading. This kind of situation is
illustrative of the limitations imposed from estimating the waves
from the motions of such a large vessel. For estimating high
frequency wave components, smaller vessels would be preferable.
On the other hand, it is interesting to observe that the errors
obtained when estimating the same sea condition are smaller
for the other vessel heading (120), in the cases P35X120B3,
since, in these cases, although the higher wave component is
once again missed, the waves hit the vessel with larger angles
from the bow and this is favorable for increasing the vessel



204 A.N. Simos et al. / Applied Ocean Research 32 (2010) 191-208

0.1

0.08

0.06

0.04

0.02

L L L L
-150 -100 -50 0 50 100 150

P35B150B3 Experimental Bayesian Errors
Hs (m) 0.97 0.61 -36.8%
Tp (s) 11.40 10.47 82 %
Direction (°) 150.39 172.43 22.0°
Radar Plot - Estimated Spectrum P35L150B3 Power Density Spectrum P35L150B3
0.12 T T T T T
a b ! ! ! S(w) estimated
: : —+— S(«) experimental
RN e
| |
| |
008 F —— — A - — - B e B I
|
&; 0.06 |- — — — ——————————%———7
|
004 | — — — R l ---4
|
002 ——-—H-——fF-F-—-/Q---——-—---—- %———7
|
0 e + h + Il + +
0 5 10 15 20 25 30
T(s)
Contour Plot - Experimental Spectrum P35L150B3 Contour Plot - Estimated Spectrum P35L150B3
C 30 T T T T T 02 d 30 T T T T T
. 0.18 .| ]
0.16
20 - 1 0.14 20 1
_ 0.12
I% 15

&

-150 -100 -50 0 50 100 150

Fig. 10. Experimental results — P35B150B3 test.

motions. Fig. 11 presents the results for the case P35B120B3
and, by comparing its results to those of Fig. 10, one may see
that the spectrum with a higher period is now estimated more
accurately.

Finally, it was already commented on that a tendency to spread
part of the energy towards the vessel bow was observed in some
situations. This trend is connected to particularities of the vessel
response and may be amplified by an inadequate choice of the
hyperparameters. This is more evident for the medium and full-
load drafts and may be quite well illustrated by Fig. 12, relative
to the test P35L120B5. In this specific case, the hyperparameter
u, was changed to 0.07 in order to make the problem more
visible. Errors in the estimations are respectively 9.5% and —15.2%
for height and period and 25.4° for the mean direction. The
spread of energy towards the bow around the peak period of
the spectrum is clear. The reason for this spurious behavior is
connected to the transfer function of motions. To illustrate this

point, Fig. 13 presents the heave and pitch RAOs of the model
in loaded condition for three different angles of incidence (180°,
135° and 90°), therefore, from head to beam waves. First of all,
it should be noticed that the vessel presents some significant
pitch response in beam waves and this in not only due to the
bow-stern asymmetry of the hull, but also due to the trim angle,
which in this case is 0.41° (see Table 1). Also, it can be seen that
the heave motion in 180° (bow incidence) presents almost no-
response for periods smaller than 10 s and that in this period an
almost complete cancelation of the response occurs. One should
notice that in this case this period is very close to the peak
period of the waves that are reaching the vessel in 90° (T, =
11.5 s, see Table 3). These characteristics of the response therefore
impose a difficult situation to the estimation model, since the
pitch response (that really exists around beam incidence) may also
be represented around the bow incidence without significantly
affecting the heave response for periods close to the peak period of
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Fig. 11. Experimental results — P35B120B3 test.

the wave spectrum. That explains the trend to spread the estimated
wave spectrum towards the bow and, as a result, the estimated
spectrum overestimates the wave energy around the peak period.
A few comments on this behavior must be made in this point:
first of all, the problem happens for a small range of frequencies
around the “cancelation” point of heave response and therefore,
contrary to the expectations expressed by Pascoal et al. [8], it
does not make the vessel a “very poor estimator”. Indeed, the
errors in the statistics remain quite acceptable, considering all of
the difficulties involved in this sort of estimation. Furthermore,
it seems possible to minimize or even eliminate this error by
choosing the hyperparameters correctly. As explained before, for
the Bayesian methodology involving two hyperparameters (u; and
u,), the use of the ABIC criterion would be desirable in order to
determine their values. Nevertheless, this procedure should be
adopted for each estimate and it was not followed in this work
for purely practical reasons, since one is mainly concerned here

with the applicability of the method for on-board estimations.
Therefore, a previously “calibrated” set of values of u; and u, (and
also u3) was kept fixed for each loading condition, guaranteeing
quite expeditious estimations. However, for the sake of illustrating
this point, the application of the ABIC criterion was tested and,
regarding the test above, the improvement is clear. The map of
the ABIC values is depicted in Fig. 14 and the point of minimum
value corresponds to (u; = 0.075 and u, = 0.168). Results of the
same wave test obtained when using this set of hyperparameters
are presented in Fig. 15. One can readily see that the tendency
of spreading energy towards the bow is now restricted by the
imposition of a sufficiently smooth distribution in frequency
(controlled by the parameter u,) and the errors in the estimations
are reduced to 1.9% in the wave height and 13° in the mean wave
direction.

In summary, from the whole set of tests performed, it is possible
to infer that accurate estimations may be obtained based on the
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vessel motions (even considering a large one, such as a VLCC),
provided that a significant amount of wave energy is not filtered
by the vessel. Also, one may foresee that the on-board results
may be even further refined if a criterion such as the ABIC can be
numerically implemented in a way that is not prohibitively time-
consuming.

6. Conclusions

The feasibility of employing an FPSO hull for motion-based
estimations of the wave spectrum was analyzed by means
of an extensive set of small-scale tests performed in a wave
basin. For this task, a (1:70) small-scale model of the P-35
platform was tested in three representative loading situations.
In order to evaluate the limitations of the methodology, the
selection of wave conditions included typical sea conditions
measured in the Campos Basin/Brazil and also conditions pre-
defined for testing some of its possible drawbacks. Long and

short crested seas and also combined (sea + swell) conditions
were emulated in the tank. The spectra estimated from the
model’s motions were confronted to those obtained from the
measurements performed by an array of eight wave-probes,
employing MEM.

A Bayesian inference model with two hyperparameters (as
proposed by Nielsen [7]) was adopted for the estimations.
A previous analysis showed that the addition of the second
hyperparameter indeed improved the results, compared to those
obtained with a single one. Also, following Tannuri et al. [2],
roll motion was discarded for the analysis due to the inherent
inaccuracies involved in the prediction of its transfer function
(RAO). It was also verified that the estimations based on all the
other five motions (including surge and yaw) promoted a slight
improvement of the results, compared to those obtained from the
usual sway-heave-pitch set, and did not represent any significant
increase in terms of computational effort.
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Application of the ABIC criterion for defining the optimum set
of hyperparameters was tested and proved to enhance the overall
accuracy of the predictions. Nonetheless, it still requires a consid-
erable computational effort and its application does not seem ap-
propriate from a practical point of view, at least when on-board
predictions are sought to provide expedite operational informa-
tion for the vessel’s crew. In face of this problem, a different pro-
cedure was adopted for which the values of the hyperparam-
eters were previously “calibrated” based on a set of numerical
trials and kept fixed for each loading. Through this analysis it
was possible to observe that the sensitivity to these values de-
creases with the magnitude of the motions, as could be antici-
pated. Therefore, errors resulting from a bad selection of these
values tend to become more significant as the vessel loading
increases.

Results have shown that majority of wave conditions can be
accurately inferred from the Bayesian method. Even for demanding
situations involving mild seas (of relatively low amplitudes and
periods), the errors were, in most cases, kept within reasonable
limits.

The occurrence of an 180° mismatch in the predicted wave
direction, previously mentioned by other authors as an occasional
drawback, was not observed in any case. It was shown that
particularities of the heave transfer functions indeed have an
influence on the estimations, but eventual errors derived from
the absence of vertical motions are confined to a quite narrow
range of frequencies and they are not sufficient to cause significant
distortion of the estimated statistical figures. Moreover, it was
shown that this problem can be avoided with a correct selection of
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the hyperparameters, by imposing that the spectrum distribution
in frequency is sufficiently smooth. Therefore, contrary to the
opinion of Pascoal et al. [8], the characteristics of their RAOs do
not disqualify large vessels as adequate sensors for motion-based
estimations.

In summary, the whole set of experimental results reassures
the feasibility of estimating directional wave spectra based on
1st order vessel motions. The only noteworthy limitation of the
method is related to the range of wave frequencies that might be
inferred, since the vessel behaves like a low-pass filter. Obviously,
for accurate estimations, the vessel must have a reasonable
response in face of the waves it wishes to estimate. Each vessel
will have a distinct range of accurate predictions, depending
on its size and inertial properties. Nevertheless, it is important
to recall that many of the possible applications envisaged for
on-board wave measurements are concerned precisely with
the situations when the waves do induce significant vessel
motions.

Conclusions derived from the wave basin tests seem to be
easily extended to the real-scale problem. In this case, however,
attention should be paid to the calculation of the transfer functions
as they shall be influenced by the presence of moonpools and
by the characteristics of the mooring system, for example. Such
influences can be easily dealt with nowadays by combining the
results of BEM codes, such as WAMIT®, with well-established
time-domain simulators that deal with the coupled dynamics of
moored systems. Also, in the case of basing the estimations on
offshore units that operate with variable loading (such as the
FPSOs), continuous information on the cargo has to be provided.
Most offshore units have systems that rigorously check its loading

from time to time, and this information may be used for the
estimations. As a final step of the ongoing research project,
a field campaign will be performed in the near future and
shall bring valuable information to the discussion of full-scale

applications.
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