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Abstract: A port’s operating capacity and the economic performance of its concessions are intimately
related to the quality of its operational conditions. This paper presents an analytical methodology
for estimating the movements of a moored vessel based on field measurements and forecast data,
specifically including ship dimensions and meteorological and maritime conditions. The methodology
was tested and validated in the Outer Port of Punta Langosteira, A Corufia, Spain. It was determined
that the significant wave height outside the port, and the ratio of the vessel’s length divided by its
beam (L/B), are the variables that most influence movements. Furthermore, heave and surge are
the movements with a better value of the coefficient of determination (R? values of 0.71 and 0.67,
respectively), the sway (R? = 0.30) and roll (R? = 0.27) being the worst when using the available
forecast variables of the Outer Port of Punta Langosteira. Despite their low R? values, sway and roll
models are able to estimate the main trends of these movements. The obtained estimators provide
good predictions with assumable error values (root mean square error—RMSE and mean absolute
error—MAE), showing their potential application as a predictive tool. Finally, as a consequence, the
A Corufia Port Authority has included the results of the methodology in its port management system
allowing them to predict moored vessel behavior in the port.

Keywords: ship motions; in-situ observations; port operation; transfer functions; meteorological and
ocean conditions; vessel dimensions

1. Introduction and Objectives

In one respect, the quality of port operations can be defined by the maxim “the better a vessel’s
stay in port, the greater the economic returns”. An important aspect that affects this process is the
movements of the moored vessels. These movements are divided into three rotations (roll, pitch, and
yaw) and three linear displacements (heave, surge, and sway). Each of these degrees of freedom is
dependent on many variables, including climatic conditions, the vessel load cargo configuration, the
vessel type, its location in the dock, the available defenses (fenders, bollards, etc.), and the mooring
system employed [1].

On the other hand, decisions relating to the number of mooring lines, the ropes material (steel
wire, synthetic fiber ropes, etc.), and the mooring arrangement depend on harbor pilot considerations,
the mooring service providers, the mooring equipment on the berths, and the vessel captain. Finally,
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the vessel’s cargo configuration during operations modifies its center of gravity. This variation is
difficult to ascertain with precision and would require a continuous record [2].

At present, there are a number of general recommendations regarding threshold values for
movements during vessel loading and unloading operations [3,4]. Although these regulations establish
movement criteria for safe working conditions, they do not clearly specify what type of statistical
value of the movement they refer to (maximum, average or significant motion amplitudes). Moreover,
because they are general recommendations, their specific application to each individual port requires a
separate study [5].

Studies relating to operational capacity are traditionally conducted using three methodologies:
numerical models, physical models, and field campaigns. Small-scale physical models [6-8] allow the
simplified reproduction of port characteristics, vessel dimensions, mooring configuration, and different
climatic conditions, but do not permit the accurate analysis of the variation in cargo configuration
which occurs during operations. In addition, for a physical model to be reliable, it is important to
assure that the model is accurate and realistic, which is achieved by costly construction and intense
calibration [9,10]. On the other hand, although the advancement of numerical models facilitates the
analysis of the behavior of a moored vessel and the influence on it of the mooring configurations or the
effect of passing ships with lower computational and economic costs [11-13], these tools also have
similar limitations as the physical models, such as the disadvantage of not reproducing the variations
experienced by the position of the vessel’s center of gravity during the cargo operation. Therefore,
using these two methodologies it is possible to analyze a specific loading condition (ship fully loaded,
ballasted, etc.) but not the continuous variation of the same. Finally, studies conducted through field
campaigns allow a comprehensive analysis of this process and its influence on the dynamic behavior
of moored vessels. However, the current measurement techniques and data processing technology
have limitations in terms of accuracy, the resolution of the instrumentation, temporary data logging,
information storage, and computational cost. Nevertheless, at present there are studies in which some
of the degrees of freedom are analyzed, together with the equations that define them and the loads
that moored vessels are subjected to in specific situations, such as the swell generated by a vessel
navigating in the port [14,15].

The objective of the present work was the development of an analytical methodology to predict
the movements of moored vessels based on the data available by the Port Authority forecast and the
vessel movements measured in a field campaign. This methodology has been applied and validated at
the facilities of the Outer Port of Punta Langosteira, in A Corufia, Spain (Figure 1a). Each of the degrees
of freedom was correlated to climatic variables and vessel dimensions, by means of multivariate linear
approximation (transfer functions). These results allowed the A Corufia Port Authority to develop
a management system to determine the port’s operating capacity, based on forecast data. With this
system, it will be possible to evaluate the quality of the port’s operational facilities, determine the ideal
working windows, and optimize the use of the port’s spaces. Furthermore, this methodology could be
exportable to other ports if an analysis of the influential and available forecast variables is made, as
well as a record of the movements of the moored vessels. Despite the influence of mooring lines on the
behavior of vessels at berth, the mooring system information (material, initial pretension, and mooring
arrangement) was not introduced as a variable to obtain the transfer functions, since no forecast data
on these parameters would be available to subsequently feed the obtained models. In addition, as
a results of the characteristics and layout of the port mooring equipment, vessels use two mooring
arrangements (Figure 1b): 4-2-2-4 for large bulk carriers (4 bow lines-2 bow spring-2 stern springs—4
stern lines) and 3-2-2-3 for general cargo ships (3 bow lines—2 bow spring—2 stern springs-3 stern lines).
Therefore, there is no variability in the number of moorings lines within the same vessel type.
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These vessels were located along the entire berthing line and represent a typical harbor fleet in this
port.
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Vessel Type Deadweight Tonnage DWT (t) Length (m) Beam (m)

Fu Da Bulk carrier 71,330 224.9 32.2
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Noig 208ttt Boheme  Bulk carrier 37,000 186.9 28.6
Pina Cafiero Bulk carrier 75,668 225.0 32.2
Jing Jin Hafable 1. CRudkcgaisies of the vessels medst8@during the field campabgt. 32.2
L i 7 0 n
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CSK inity Bufk faEHieh s 4250 5322
Topazis Bubkiasriest 5499 189225.0 32.82.2
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I%Xglﬁf?ﬁai Bugﬁlﬁacsﬂ?e“r éig% 225.329-5 32.%’6-9
Nawkid} fagoimay ~ Bubllkanrier 63548 179999.9 30.82.2
1 j 178 28,
Nord3fftyn  Buft kPl 7ge 20 5322
Orange flggmony  BupkgasFigs $9.4837 225429.0 32.82.2
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1ZicOs Bulk;carrier 92, 229. 36.
Ngtlétﬁcgl%ﬂuda Genjgtgl Catgo éé@@ 1994294 1458
Dosrisicarn Germualgasgo 124822 225827.3 32.21.2
Orpqd¢yHermony Gerciéiléﬂc?aliigro 86280 2‘8299@06.0 %2’15.5
arc eneral cargo . R
Nele Gegigtalfalag Shio 1204251 adea
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The methodology used for the measurement of the movements was validated in other studies
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Figure 2. Left: IMU (Inertial measurement unit), Center: Photogrammetrie technigues, Right: Laser
distanee sensor:

The elimatie variables were measured using the available instrumentation in the Spanish Port
Autherity netwerk and the A Corufia Port Autherity. The location of the instruments is shown in
Figure 1. This decision was made sinee the pont's own meteorological forecasting system eolleets data

at these points. In first place, the hydrodynamic variables were measured at the outer buoy of the Port
of Punta Langosteira, located at 43°20'58.34” N-8°33'41.32” W at a depth of 60 m. During the first
20 min of each hour it recorded the following variables: significant wave height (Hs (m)), maximum
wave height (Hmax (m)), peak wave period (T}, (s)), average wave period (Tm (s)), and wave direction
(Dirw (°)). Second, the weather station located near the roundhead of the main breakwater was used
to record wind speed and direction. The instrumentation continuously records the average wind
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poi®085-2018.

Although the models for estimating the movements of moored vessels were obtained with
observational meteorological and ocean data (recorded by the wave buoy and the weather station),
they are run with forecast data. Therefore, it is important to know the differences between both sources
of information (observational data vs. forecast data). To this end, an analysis of the estimation errors
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As can be seen in Figure 5, a moored ship that under specific meteorological and ocean conditions
moves with certain amplitudes may experience a maximum punctual movement much larger than its

significant or average movement. This value that stands out from the main trend of the movement
could be occasionally caused by the action of other external agents such as the waves generated
by passing vessels or the punctual modification of the mooring lines tension to adapt them to the
tidal variations.
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3. Analytic Methodology
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to the tidal variations.
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This section presents the analytical methodology developed in this study for the calculation of
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An amount of 83% of the significant wave heigh ata (Hs (m)) is concentrated in the range

1.0 < Hs (m) < 4. For the peak period, 93% of the data lies between 8 < Ty, (s) < 16. Moreover, 38% of

the data is concentrated within a 2-s range (10 s—12 s). Most of the data pertaining to the wave direction

come from the NW direction (81%). Regarding the ship’s dimension, 59% of the length values and

70% of the beam values are for the largest vessels (200-250 m length and > 30 m beam). In view of the
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results it can be seen that some of the possible combinations between the variables are not defined by a
very high number of data points.

Table 4. Frequency of the data recorded during the field campaign for each of the variables.

H; (m) Tp (s) Dirw (°) Vw (km/h) Diryy (°) Length (m) Beam (m)
Range % Range % Range %  Range % Range % Range % Range %
<1.0 0% <4 0% N [337.5-22.5] 16%  0-10 14% N [337.5-22.5] 2% <100 1% <10 0%
1-2 27% 4-6 0% NE [22.5-67.5] 0%  10-20 35% NE [22.5-67.5] 27% 100-150 13% 10-15 1%
2-3 37% 6-8 2% E [67.5-112.5] 0%  20-30  24% E [67.5-112.5] 4% 150-200 27% 1520 9%

—4 19% 8-10 19% SE [112.5-157.5] 0% 30-40 16% SE [112.5-157.5] 19% 200-250 59%  20-25 6%

5 8%  10-12 38% S [157.5-202.5] 0%  40-50 7% S [157.5-202.5] 8% >250 0%  25-30 13%
6 7%  12-14 21%  SW[202.5-247.5] 0%  50-60 3% SW [202.5-2475]  19% >30  70%
7 1%  14-16 15% W [247.5-2925] 2%  60-70 1% W [247.5-292.5] 14%

-8 1%  16-18 4%  NW[292.5-337.5] 81% >70 0%  NW[292.5-337.5] 6%

9 1% >18 1%

0 0%

3.2. Statistical Response, Variables and Predictors

Next, the analytical methodology employed, the variables used, and their influence on each of the
degrees of freedom is presented.

The variables were selected taking their a priori possible influence on vessel movements into
account. They were divided into three groups, depending on whether they were climatic variables,
vessel dimensions, or dimensionless vessel size features. The latter were obtained by scaling the vessel
size measurements with the following wave characteristics: significant wave height (Hs (m)), and
wave length in deep water (Lop (m)). Table 5 shows the description of all the predictor and response
(vessel movements) variables obtained, studied, and modeled in this work.

Table 5. Response and predictor variables, with corresponding tags.

Movement (y;) Name Variables (Xm) Name Typology
Roll V1 Wave height (Hs (m)) X1
Pitch V2 Wave period (Tp (m)) X5
H Wave 1 h (L X
Seave Y3 ave length (Lop (m)) 3 Meteorological and
urge V4 Wave steepness (s) X4 n variabl
Sway V5 Wave direction (Diryy (°)) X5 ocean variables
Yaw (3 Wind velocity (Vi (km/h)) Xe
Wind direction (Diryy, (°)) Xz
Length (L X
];:agm (](3 (SS;) XZ Vessel dimensions
Length/Beam (L/B) X10
Length/Hs X11
Length/Lop X12 Dimensionless
Beam/Hjg X13
Beam/Lop Xia

The transfer functions were calculated and analyzed using statistical correlation studies and
multivariate linear regression techniques [22]. This methodology has recently been applied to various
different engineering domains, including naval and oceanic engineering [23-25]. In the case of ocean
engineering, following a similar methodology, Carral-Couce et al. [23] developed nonlinear and
multivariate linear regression models to estimate the traction of towing and anchor-handling winches.
Additionally, the transit time to cross the Panama Canal’s new locks was estimated using multivariate
linear regression [24], and the effect of vessel dimensions, type, and fishing ground were also modeled
to estimate net drum and winch traction for trawler design tasks [25]. These techniques were also used
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to forecast wave height [26] and vessel traffic flow [27], among various other applications. For the
present case, the proposed multivariate regression model can be expressed as Equation (1):

M
yi :ﬁ0+2ﬁmx,n+éi, withi=1,2,...,6andm=1,2,...,14 1)

m=1

where y; represents the sample values of the response variable (vessel movement) corresponding to the
multivariate linear model, x,, represents the m predictor variables (there were up to M = 14 variables
analyzed), and ¢; represents the model’s residuals or the discrepancy between the real y; and the
model estimates, §j; = ﬁo + ):ﬁf:l ﬁmxm. The 7 index accounts for the vessel’s degrees of freedom (roll,
pitch, heave, surge, sway, and yaw). iy represents the constant term of each model, and f3,, represents
the model’s parameter estimates corresponding to each of the independent variables. They account for
the linear effect of each predictor on the response.

4. Results and Discussion

This section includes the descriptive analysis, including the predictor correlation study, the
multivariate linear model’s estimation, and the model’s predictions of vessel movements obtained
from the previously described dataset.

4.1. Correlation Analysis

The predictors of a multivariate linear model should be uncorrelated in order to obtain reliable
model parameter estimations, and, hence, accurate and precise predictions [23-25,28]. Indeed, the
existence of multicollinearity leads to estimates of model parameters being highly dependent on sample
data, preventing an analysis of the effect of each predictor or covariate on the response, and limiting
the model’s ability to generate accurate predictions. Accordingly, a pairwise dependence relationship
analysis should be performed prior to including the predictors in the final model [28]. The most widely
used measurement for goodness of fit is the Pearson coefficient (r). At this point, it is important to note
that the inclusion of new additional predictors to the model always increases the Pearson coefficient.
Nevertheless, those predictors must be uncorrelated to prevent spurious dependence relationships
and inaccurate models. Accordingly, the dependence structure of the predictors was analyzed by
calculating the Pearson coefficient, r (Table 6).

Table 6. Pairwise Pearson linear correlation coefficients for the predictors (in gray whenr > 0.6 or r < —0.6).

r

H, T, Ly  Diw Vy Dirw L B

L/B  L/Hs L/Lop B/Hs B/Lop

(m) () (m) ) (km/h) () (m) (m)
Hs (m) 1.0 03 03 07 0.1 0.3 0.1 -01 -01 01 -08 -03 -08 -03
Tp (5) 0.3 1.0 1.0 -04 01 -0.1 -0.1 0.1 0.1 01 -02 -07 -02 -08
Lop (m) 0.3 1.0 1.0 -04 01 -0.1 -0.1 0.1 0.1 01 -02 -07 -02 =07
s 07 -04 -04 10 0.1 0.3 0.1 -01 -01 01 -06 04 -06 04
Diry (°) 0.1 0.1 0.1 0.1 1.0 -0.1 0.1 0.1 0.1 00 00 0.0 0.0 0.0

Vw (km/h) 03 -01 =01 03 -0.1 1.0 0.1 -01 00 -02 -03 00 -03 0.0
Diryy, (°) 01 =01 -01 01 0.1 0.1 1.0 -01 -01 -01 -01 00 =01 0.0

L (m) -01 0.1 01 -01 0.1 -0.1 -0.1 1.0 09 02 05 04 04 04
B (m) -01 0.1 01 -01 0.1 0.0 -0.1 0.9 1.0 00 05 04 05 0.4

L/B 0.1 0.1 0.1 0.1 0.0 -0.2 -0.1 02 00 1.0 0.1 0.1 0.0 0.0
L/Hs -08 -02 -02 -06 0.0 -0.3 -0.1 05 05 01 1.0 04 1.0 0.4
L/Lop -03 -07 -07 04 0.0 0.0 0.0 04 04 01 0.4 1.0 0.4 1.0
B/Hs -08 -02 -02 -06 00 -0.3 -0.1 04 05 00 1.0 04 1.0 0.4
B/Lop -03 -08 -07 04 0.0 0.0 0.0 04 04 00 04 1.0 0.4 1.0

Table 6 shows that the wave period (T}, (s)) and wave length (Lop (m)) present a direct linear
relationship (r = 1) due to their definition. In addition, the wave height (Hs (m)) and steepness (s)
are also correlated (r > 0.6). Additionally, the vessel size predictors are also significantly correlated.
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This is the case for vessel length (L (m)) and beam (B (m)), which are very strongly correlated (r > 0.9).
A similar dependence structure is obtained when the size dimensionless predictor variables are studied.
Taking into account the fact that the dimensionless variables were derived from the vessel size and
meteorological and ocean variables, Table 6 shows that they are strongly correlated with both size and
meteorological and ocean predictors. On the other hand, it can be observed that the dimensionless
variable Length/Beam is independent, and this allows the influence of the size of the vessel to be
introduced into the analysis.

On the basis of the results depicted in Table 6, linear regression models were developed using
variables that were independent of each other. Thus, these models were constructed using five
hydrodynamic predictors (Hs (m), Ty (s), Dirw (°), Vw (km/h), Diry,, (°)) and the dimensionless
variable Length/Beam (Table 7).

Table 7. Predictors involved in fitting regression models.

Selected Predictors

Wave height (Hs (m))
Wave period (T}, (s))
Wave direction (Diryy (°))
Wind velocity (Vi (km/h))
Wind direction (Diryy, (°))
Length/Beam (L/B)

The variables Hs (m) and Ty, (s) were selected instead of s (wave steepness) and Loy, (m) since
they are the main parameters that define the characteristics of a sea state (together with Diry (°)).
In addition, their values are directly provided by both the wave buoy and the weather forecasting
system of the Port, facilitating the data acquisition and the implementation of the models. Regarding
vessel dimensions, neither L (m) nor B (m) was selected to participate as an independent variable since
their information was already included in the dimensionless variable L/B.

4.2. Regression Modelling of Vessel Movements

Once the variables that could potentially participate in the generation of the models were selected,
the next step consisted in identifying those that had an important influence on the prediction provided
by each model. To this end, an Akaike criterion (AIC) was used [29]. First, the multivariate linear
regression models were calculated including all selected predictors. The parameters corresponding to
each predictor, 3, were estimated from the data base by means of the least squares method. Then,
a statistical significance analysis of each variable was carried out, selecting those with a level of
significance o« < 0.01 (Table 8).

Table 8. Summary of the selected predictors for each response variable. Variables that have an effect on
the response significantly different from zero are indicated by a cross (significance level « < 0.01).

Roll (y1) Pitch (y,) Heave (y3) Surge (ys) Sway (ys) Yaw (yg)
Hs X X X X X X
Tp X X X
Dirw X X X X
Vw X X X
Diryyy, X X
L/B X X X X X X

Finally, models were re-calculated using only the most influential predictors in each vessel
movement, obtained from the significance analysis (Table 8). Adopting this methodology ensured
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that the models would provide predictive results. The following expressions show the structure and
selected variables for each transfer function:

L
y1 (Roll) = Bo,, + By, Hs + BlT Tp + BlDlr Diry + BlV Vw + B % B @)
. L
Y2 (PltCh) = BOPitch + Bsz Hs + Bsz pT B2 2L'B )
B
L
ys (Heave) = Bo,.. .+ Bsy, Hs + Bapiey, Dltw + Bay -Vw + Ba, B (4)
B
. 3 L
y, (Surge) = BOSurge +B d, -Hs + [34Dirw -Diry + B4Dirvw -Diry,, + 54% B ®)
L
ys (Sway) = BOSway + BSHS Hs + B5Tp Tp + BSVW Vw + BSDlr -Diry,, + Bs % ‘B (6)
. L
Yo (Yaw) = Boy,, + ey, Hs + B, Ditw + B, = @)
B

Each multivariate linear regression model was adjusted with 80% of the composed data sample.
The rest of the data was reserved for external validation of the transfer functions calculated by
the models.

In order to quantify the importance of each variable for vessel movements, a relative frequency
descriptive analysis was performed (Figure 7). From this analysis, the wave height (H; (m)) and the
dimensionless variable Length/Beam (L/B) effect on the response was found to be significant in all
(100%) of the regression models performed (transfer functions), while the wave direction (Diry (°)).
effect was non-zero in 66.67% of the transfer functions performed. In addition, the wave period (Tj, (s))
and wind velocity (Vy, (km/h)) were significant in 50% of the movements. Finally, wind direction
WDien 2016, ))1eLfEBORWEEROREY Bighificant for surge and sway movements. 13 of 20
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In addition, the R? coefficients and the root mean square error (RMSE) provided a quantitative
measure of each model’s goodness of fit (Table 9). The best goodness of fit was produced for the heave
movement, with an R? value of 0.71 and an RMSE of 0.08 m.

The surge movements fitted with R? = 0.67, while the yaw and pitch movements had R? values of
0.56 and 0.45, respectively. In addition, the RMSE is 0.18 m for the first, 0.21° for yaw, and 0.09° for the
pitch. Finally, the movements with the lowest goodness of fit values were the sway (R? = 0.30) and the
roll (R? = 0.27). In these two cases it was verified that the RMSE of the sway was about 0.18 m, while
for the roll it was 0.46°.

Table 9. Values of the R? coefficient and the root mean square error (RMSE) of the calculated
transfer functions.

Movement R? RMSE
Heave 0.71 0.08 m
Surge 0.67 0.18 m
Sway 0.30 0.18 m

Yaw 0.56 0.21°
Pitch 0.45 0.09°
Roll 0.27 0.46°

Additionally, the error for each function was quantified. This was done using the mean absolute
error (MAE) parameter (Table 10). The objective was to estimate the deviation of the functions, because
all the variables involved in the process were not taken into account. The joint analysis of these three
parameters allows for a determination to be made as to whether the error obtained was acceptable for
use in a port operational management system.

Table 10. Mean absolute error (MAE) for each of the six degrees of freedom analyzed using
transfer functions.

Heave (m) Surge (m) Sway (m) Yaw (°) Pitch (°) Roll (°)

Mean Absolute

0.06 0.14 0.14 0.15 0.07 0.36
Error

The results show that despite not having all the variables referenced in the model, it is possible to
estimate with a mean precision of at least 0.36° the rotations, and 14 cm the displacements. From Table 10
it can be seen that, coinciding with the values of R?, the largest errors were produced in the case of the
roll, and the smallest for the heave.

4.3. Model Validation

An external validation procedure was implemented in order to evaluate the predictive ability of
the transfer functions compared in the previous section. For this purpose, 20% of the data obtained in
the field campaigns was applied to the transfer functions and the results were compared (Figure 9).

As can be observed in Figure 9, heave, surge, yaw, and pitch estimated and measured movements
conform to the bisector of the first quadrant. Sway and roll movements present a similar fit, but in a
less precise way. This fact demonstrates that the proposed models achieve their objective. However, as
before, the existing differences were produced by climatic characteristics, the mooring lines and the
cargo configuration. Figure 10 shows the comparison between the measured heave and roll motions,
and those estimated by the transfer functions from the validation data.
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Table 11. Obtained values of the R? coefficient and the root mean square error (RMSE) in transfer
dable. 1L Qhtringd values of the R? coefficient and the root mean square error (RMSE) in transfer

functions validation

Movement R2 RMSE
Heave 0.70 0.08 m
Surge Heavg,, 070 0.08 m ;40
Sway Surggp2 0.74 0.16m 0.18m

Yaw Swa$.60 0.22 0.18 m 0.20°

Pitch Yavxp'46 0.60 0.20° 0.09°

Roll PiteR>2 046 qoge 94
Roll 0.32 0.44°

Comparing Tables 9 and 11, the obtained validations reflect the same pattern as the calculated
transtesfynation T bkeiladpdoth e clsteirmpinationatinit defie (Rbasdhtberortrmasntsguake datod
travister shtainedswsiraihaybtabelef deecsameaticiecoé ffieignit (iR ahldeteéorsoitrararbe qumd edest
(RVIBTE) aslstataed of the slabidationbe sintilessontatdéthy ealaitieddiNetietisrdylvreny de itorakaled
hrifiged hatuthe meathabselidettsrots(Mil hasdth siwiltieved i tatdi fealdidatedMiyrthe arpitelsa ) 850
fearifie dothtiotiscam@dd ebvstiin thedisplavenentsadabkiri)atvaler ao ahaeanticnieded bectiom hdlete:
meks voillthe fochivtls wadthérfarkaatteldteptacthednss(Tably 12)lIHlse becepashitiontéceyl theSpetitia
aythderecasiting Hysédad (Wabllewpather forecast data, so their accuracy will also be conditioned by the
port’s own forecasting system (Table 2).
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Table 12. Mean absolute error (MAE) for each of the six degrees of freedom studied in the validation of
the transfer functions.

Mean Absolute Error
Heave (m) Surge (m) Sway (m) Yaw (°) Pitch (°) Roll (°)
Validation 0.07 0.12 0.14 0.14 0.07 0.35

Finally, the application of this methodology and the implementation of the obtained models
in a port management system would provide reasonable predictions of the expected movements of
moored vessels from weather forecast data. Comparing this information with the movement thresholds
specified by the different standards would detect possible operational downtimes and risk situations in
the berthing area. Therefore, this tool would help to identify operational windows for ships, facilitating
decision making on port berth occupancy planning.

5. Conclusions

This paper presents an analytical methodology to relate the movements of moored vessels using
the variables available in forecast data including specifically, ship dimensions and climatic conditions.
This work was applied and validated for 27 moored vessels (15 Bulk carrier and 12 General cargo)
at the facilities of the Outer Port of Punta Langosteira, A Corufia, Spain. The results obtained are
currently incorporated in its port management system.

The results show that this methodology can be used to predict the six degrees of freedom of
moored vessels. These models were obtained assuring that the variables used were independent of
each other. The values of the determination coefficient (R?) and of the root mean square error (RMSE)
indicate that the equations calculated allow a reasonable prediction of the movements. Even models
with lower R? values (sway and roll movements) are able to estimate the main trend of the expected
movements. In addition, the mean absolute error reveals that the errors are less than 14 ¢m for the
displacements, and less than 0.36° for the rotations.

As a conclusion, it can be verified that the methodology proposed facilitates an advance towards a
better understanding of the factors that influence port operations in the Outer Port of Punta Langosteira.
This is the first step in order to generate warnings that assist port management and help to optimize
the use of the port’s resources and facilities. Also, this methodology could be exportable to other ports
providing an analysis of the influential and available forecast variables is made, as well as a record of
the movements of the moored vessels.
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