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ABSTRACT

This paper proposes a novel methodology for recovering missing time series data, a crucial task for
subsequent Machine Learning (ML) analyses. The methodology is specifically applied to Significant
Wave Height (SWH) time series in the field of marine engineering. The proposed approach involves two
phases. Firstly, the SWH time series for each buoy is independently reconstructed using three transfer
function models: regression-based, correlation-based, and distance-based. The distance-based transfer
function exhibits the best overall performance. Secondly, Evolutionary Artificial Neural Networks
(EANNS) are utilised for the final recovery of each time series, using as inputs highly correlated buoys
that have been intermediately recovered. The EANNs are evolved considering two metrics, the novel
squared error relevance area, which balances the importance of extreme and around-mean values, and
the well-known mean squared error. The study considers SWH time series data from 15 buoys in two
coastal zones in the United States. The results demonstrate that the distance-based transfer function
is generally the best transfer function, and that EANNs outperform a range of state-of-the-art ML
techniques in 12 out of the 15 buoys, with a number of connections comparable to linear models.
Furthermore, the proposed methodology outperforms the two most popular approaches for time
series reconstruction, BRITS and SAITS, for all buoys except one. Therefore, the proposed methodology
provides a promising approach, which may be applied to time series from other fields, such as wind

or solar energy farms in the field of green energy.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

special sensors to collect environmental data from coastal regions
of the United States of America (USA). Although there are buoys

Significant Wave Height (SWH) has attracted a considera-
ble worldwide interest because of its key role in marine engi-
neering and resource development [1], shipping and maritime
transport [2], fishery and aquaculture [3], and wave energy pre-
diction [4], among others.

In this regard, oceanographic buoys, maintained by agencies
of different countries and deployed around oceans and seas, are
used to measure SWH, as well as other wave-related parameters.
This is the case of the National Data Buoy Center (NDBC) and the
National Oceanic and Atmospheric Administration (NOAA) [5].
They use hydrographic stations and ocean buoys equipped with
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located close to the shore, the vast majority are deployed in
remote or inaccessible locations for long time periods [6]. Besides,
extreme weather conditions such as cold, storms or cyclones [7],
as well as unexpected events such as accidents, sensor failures or
technical maintenance [8], cause buoys to be inoperative during
different periods of time. This implies the existence of two sorts of
missing values in the SWH time series [9]: (1) extended periods of
time without collecting data, and (2) intermittent missing values.
Although they can be interpreted by some methods, such as
clustering [10], it is advisable to recover them so that methods
not capable of dealing with missing values can be applied.

As in other areas, for example, in climatology with the amount
of rainfall [11] or the temperature [12,13], the reconstruction
of SWH missing values, in this case, is considered an essential
pre-processing phase, given that SWH analysis and prediction
tasks have a high impact on human and economic activities. For
example, maritime transport management [14], the influence of
oceanographic parameters on fishing [ 15], or the design, planning
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and maintenance of offshore structures [16]. Moreover, SWH is
very relevant in some climatic processes [17] and in forecast-
ing oceanic cyclones, earthquakes and tsunamis [18]. However,
nowadays, the energy management being harnessed is one of
the most paramount concerns of predicting the SWH, and conse-
quently the prediction of wave features. SWH has become one
of the critical factors in wave energy determination as presented
in a large number of works and research in recent years [19-
23]. Related to this, the exploration of ocean energy resources
has demonstrated a clear potential for sustainable growth, be-
coming a major issue for renewable energies [24]. In fact, there
is an enormous need to develop new methodologies capable of
efficiently exploiting the natural resources available in our envi-
ronment. In this sense, one of the most promising clean energy
sources in recent years is marine energy [25]. Consequently, the
reconstruction of missing SWH time series has emerged as a key
topic in the ocean research field [26].

Despite extensive research, SWH time series reconstruction
remains a challenging problem and a growing area of research
due to its crucial role in marine engineering and renewable
energy estimation. In this sense, efforts are addressed to ex-
plore new approaches aimed at overcoming the flaws of the
state-of-the-art methods.

Therefore, the purpose of this work is to propose a novel
methodology for recovering missing values in SWH time series
collected by ocean buoys located at different geographical loca-
tions. Specifically, the methodology is divided into two phases:
(1) the missing values are intermediately recovered by applying
different Transfer Function (TF) models and considering the avail-
able data from neighbouring buoys, and (2) the intermediately
recovered data is used by Evolutionary Artificial Neural Networks
(EANNSs) to perform the final reconstruction of the SWH time
series. One of the main innovations of this novel spatio-temporal
approach is that it benefits from retrieving information not only
temporally, but also geographically, as it takes into account the
proximity to other buoys. The main contributions of this paper
are:

o TF models perform an intermediate recovery (first phase)
which is subsequently used as input for EANNs to perform
the final reconstruction (second phase).

e This paper proposes a new distance-based TF model that
improves the intermediate recovery for several of the buoys
considered in this study.

e One of the main drawbacks of most state-of-the-art meth-
ods is that they attempt to minimise the average error made
in estimating missing SWH values (i.e. the Mean Squared
Error (MSE)). This results in a much larger error in the high-
est waves, also known as extreme waves. In this way, this
paper proposes the use of a recently developed metric that
pays attention to the extreme values without leaving aside
the around-mean values. This metric is known as Squared
Error-Relevance Area (SERA) [27], and aims to balance the
attention paid to both extreme and around-mean values,
regardless of the quantity of one type or another. Hence, for
the extreme values, models optimised by SERA achieve more
accurate estimations than models optimised by MSE.

e In the second phase, the performance of three EANN archi-
tectures is analysed regarding the type of basis function for
neurons in the hidden layer: sigmoidal unit, product unit, as
well as the combination of both types (hybridisation) with
the idea of taking advantage of both to improve the final
reconstruction of the SWH time series.

e Given the stochastic nature of the proposed EANN tech-
nique, for each SWH time series reconstruction, 30 runs are
performed to analyse the average results obtained, rather
than analysing only the best one as is done in other works
in the literature.
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e The feasibility and robustness of the proposed methodol-
ogy are assessed considering two coastal zones of the USA,
namely the Northeast Coast and the Gulf of Alaska, with a
total of 15 buoys.

e The results achieved by the EANN technique are compared
against other 7 ML methods that have been specifically
adapted for the problem tackled. Also, a second comparison
is carried out against the 2 state-of-the-art approaches in
the time series imputation field.

e The proposed methodology has been designed in such a way
that it can be applied to related problems, as is the case
of wind and solar energy farms in the green energies field,
or to fog and rainfall detection systems at airports in the
atmospheric area, among others.

The remainder of this paper is organised as follows: Section 2
presents related works in the literature. Section 3 details the
SWH time series employed. Section 4 explains the two-phase
methodology proposed for the recovery of missing SWH time
series values. Section 5 describes the experimental design, shows
the results obtained and provides a detailed discussion comparing
the methodology with other state-of-the-art algorithms. Finally,
Section 6 concludes the paper and includes future work.

2. Related works

In recent decades, many approaches have been published in
the literature aiming to recover missing SWH time series data.
On the one hand, traditional and statistically-based methods were
often used for this purpose. For example, traditional proposals
using random sampling [28] or Monte Carlo methods [29] were
initially presented to recover SWH time series. Regarding statisti-
cal techniques, in [30], the authors proposed a method based on
the AutoRegressive Moving Average (ARMA) model with a prior
transformation of the input data to reconstruct a SWH time series
collected at the Portuguese coast. Similarly, a methodology using
an ARMA model based on non-stationary modelling of long-term
SWH time series was presented in [31], in which missing values
were recovered at the level of the uncorrelated residuals.

On the other hand, there has been a growing trend in the
use of Machine Learning (ML) approaches for the reconstruc-
tion of SWH time series. There is a myriad of ML techniques
capable of achieving excellent results, such as Gaussian Process
Regression (GPR) [32], Support Vector Machine (SVM) [33] or
Extreme Learning Machine (ELM) [34], among others. However,
Artificial Neural Network (ANN) models [35] as for being the most
widely used technique to address SWH missing values recovery.
In [36], an ANN model was proposed for the spatio-temporal
analysis of SWH time series collected by a network of buoys,
aiming to determine the best way to recover the gaps in SWH
time series. For this, the performance of ANNs was compared
with observed data collected by stations located at the Ionian and
Adriatic Seas, showing the reliability of this model. Silva-Ramirez
et al. in [37], proposed two imputation approaches: a single
imputation technique based on a Multilayer Perceptron (MLP)
model trained by means of different learning rules and a multiple
imputation technique based on combining MLP with k-Nearest
Neighbours (kNN). In [38], the authors demonstrated that the
proposed Elman-type recurrent ANN models, trained with both
steepest descent with impulse and conjugate gradients methods,
outperformed the MLP model. In [39], the feasibility of three
different ANN architectures for wave data supplementation was
assessed using measurements collected near the Tasmanian coast.
Moreover, in recent years, the emergence of SWH reconstruc-
tion and prediction works using deep ANNs has exponentially
increased [40]. In this regard, the use of recurrent ANNs and their
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more widespread type, Long-Short Term Memory (LSTM) [41],
has been satisfactorily applied in this field: in [42], the authors
presented a framework using LSTM models for the reconstruction
of coastal sea levels time series in Korea, in [43], bathymetric
data was used to improve the performance of LSTM models in the
West Coast of the USA, and Pirhooshyaran and Snyder [44], also
through LSTM, demonstrated that for a large number of target
features, deeper structures are able to improve the performance
of other ML techniques.

Therefore, ANNs have proven to be effective and accurate
when tackling the problem addressed in this work. However, they
show some constraints, such as the determination of the most
suitable architecture (number of neurons in hidden layer and
connections) for the problem being solved or local minima issues
during the training phase. In this sense, Evolutionary Computa-
tion (EC) is an excellent technique to optimise the architecture
of ANNs and enhance their performance. EC comprises a set of
optimisation algorithms which apply biologically inspired mech-
anisms, including reproduction, mutation, natural selection and
survival of the fittest, among others [45]. Some of these algo-
rithms are Genetic Algorithm (GA), Particle Swarm Optimisation
(PSQ), Coral Reefs Optimisation (CRO) and Evolutionary Algorithm
(EA), to name a few [46].

For instance, in [47], the authors proposed a hybrid ELM
combined with a GA for tuning the parameters to solve the
reconstruction of SWH time series at the Caribbean Sea and
West Atlantic. A similar hybrid ELM approach, also trained by a
GA, was analysed to find the best subset of features [24], such
methodology was proposed to estimate the SWH and energy flux
at the Western Coast of the USA. In [48], PSO was employed to
train ANNs for SWH time series estimation at New Mangalore
Port in India. In [49], a standard Back-Propagation (BP) ANN was
improved using a Mind EA to predict ocean wave heights at the
Bohai Sea and the Yellow Sea, showing that the novel approach
was more suitable when compared to its BP and GA version. A
methodology combining ANNs optimised by means of an EA with
linear models was presented in [26] for recovering missing values
in SWH time series. Recently, in [50], the authors developed a
novel approach to simultaneously predict short-term SWH and
energy flux at the South West Coast of the USA and at the Gulf
of Alaska, using Multi-Task ANNs trained by an EA. Hence, the
combination of ANNs and EC has demonstrated its great relevance
and high performance in tackling SWH reconstruction and related
problems in this field of application, which has been gaining
momentum in recent years.

3. Data description

The data used in this study has been obtained from the
NDBC [51]. Specifically, NDBC records meteorological and oceano-
graphic measurements regarding the marine environment using
buoys deployed along coastal regions of the USA. One of the
measurements collected by the sensors installed in the buoys is
the Significant Wave Height (SWH), which is the object under
study in this work. In addition to the SWH, the sensors also record
other environmental observations, such as wind speed and air
temperature.

This work considers the SWH time series of 15 buoys located
at two relevant coastal zones of the USA. The following Sections
describe this data.

3.1. Significant wave height
As aforementioned, when sensors are inoperative, none of

these measurements can be collected. Even though the recon-
struction of missing values in any of these measurements is of
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great interest, the reason behind choosing the SWH is its enor-
mous impact on highly relevant areas, such as marine engineering
or renewable energy production. At this point, it is important to
note how SWH is defined. On the one hand, if SWH is defined
in the temporal domain, Hy,3 is noted and defined as the mean
height of the highest third of the wave heights, measured from
the time series of the free surface by the upward or downward
crossover. On the other hand, if the definition is in the frequency
domain, Hy is noted and defined from the frequency spectrum.
However, in deep water, both measurements are less than 5%
different, and they are usually confused with the generic term H;.
For this reason, although definitions of wave height are formally
expressed, it is recommended to use the generic term H; or
simply SWH, which is defined as the mean in metres between the
trough and the crest of the highest third of all wave heights dur-
ing a 20-minute sampling period [52]. Specifically, this sampling
period is the one used by the processor on board of the buoys to
obtain the SWH time series considered in this study [53].

3.2. Zones subject to research

Two different coastal zones of the USA have been selected for
this work: the Gulf of Alaska and the Northeast Coast, where
6 and 9 buoys have been considered, respectively. Fig. 1 shows
the location of each of these 15 buoys: the Figure in the middle
shows the geographical location of both coastal zones in the
USA, whereas the upper and the lower Figures show the specific
location of the buoys at the Gulf of Alaska and at the Northeast
Coast, respectively.

These two zones of the USA have been considered given the
entirely different environmental characteristics they present. As
can be seen in Fig. 1, the Gulf of Alaska is located at the West
Coast of the USA, whereas the Northeast Coast is located, as its
name suggests, at the East Coast. Moreover, the Gulf of Alaska is
closer to the North Pole, whereas the Northeast Coast is closer
to the Equator. Table 1 presents the geographical location and
water depth of each buoy. From this Table 1, it is interesting to
remark the differences in water depth between both zones: the
water depth in the Northeast Coast is, in general, very low, the
deepest being at 185 m (buoy 44027), in comparison with the
Gulf of Alaska, where the minimum water depth is 192 m (buoy
46076) and for the half of the buoys is higher than 3500 m.

3.3. SWH time series

For each buoy, its corresponding SWH time series has been
recorded 4 times daily (i.e. 6 h resolution) from year 2013 to
2018, resulting in a total of 8764 values per time series. Ta-
ble 2 summarises the number of training, testing and missing
values for each SWH time series. These values have been obtained
separately for each buoy in the following way: first of all, the
missing values have been identified, then, the remaining ones
(i.e. the non-missing values) have been randomly divided into the
training and testing sets (80% and 20% of the non-missing values,
respectively) with the constraint that the 20% of the testing values
must be consecutively selected from the time series, that is, not
having any gap. Thus, the first sequence having a 20% of the non-
missing values consecutively defines the testing set. Because of
the randomness and the availability of a 20% consecutive non-
missing values, the time instants for training and testing may vary
from one buoy to the others.

To better understand the procedure described and the differ-
ent sets, Fig. 2 shows two SWH time series corresponding to
the 46061 and the 44005 buoys of the Gulf of Alaska and the
Northeast Coast, respectively. Values in green colour belong to the
training set, whereas those coloured in red belong to the testing
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Table 1
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Geographical location and water depth of the buoys.

Geographical location

Buoy ) . Water depth (m)
(latitude N, longitude W)
46001 (56.232N, 147.949W) 4054
46061 (60.238N, 146.833W) 222
Culf of Alaska 46076 (59.471N, 148.009W) 192
46078 (55.556N, 152.582W) 5380
46082 (59.681N, 143.372W) 300
46085 (55.883N, 142.882W) 3721
Geographical location
Buoy (latitude N, longitude W) Water depth (m)
44005 (43.201N, 69.127W) 177
44008 (40.498N, 69.251W) 69
44011 (41.093N, 66.562W) 91
44013 (42.346N, 70.651W) 65
Northeast Coast 44020 (41.493N, 70.279W) 14
44025 (40.251N, 73.164W) 36
44027 (44.283N, 67.300W) 185
44065 (40.369N, 73.703W) 25
44066 (39.618N, 72.644W) 78

Table 2
Description of the SWH time series of each buoy.

# testing values

# missing values

1343 (15.324%)
1522 (17.366%)
1284 (14.651%)
1065 (12.152%)
1287 (14.685%)

2047 (23.357%)
1156 (13.190%)
2342 (26.723%)
3441 (39.263%)
2329 (26.575%)

# testing values

# missing values

Buoy # training values
46001 8764 (100.000%)
46061 5374 (61.319%)
46076 6086 (69.443%)
Gulf of Alaska 46078 5138 (58.626%)
46082 4258 (48.585%)
46085 5148 (58.740%)
Buoy # training values
44005 4429 (50.536%)
44008 3850 (43.930%)
44011 3328 (37.974%)
44013 8764 (100.000%)
Northeast Coast 44020 6862 (78.298%)
44025 5827 (66.488%)
44027 5940 (67.777%)
44065 5798 (66.157%)
44066 5755 (65.666%)

1107 (12.631%)
962 (10.977%)
832 (9.493%)
1716 (19.580%)
1457 (16.625%)
1485 (16.944%)
1450 (16.545%)
1439 (16.419%)

3228 (36.832%)
3952 (45.094%)
4604 (52.533%)
186 (2.122%)

1480 (16.887%)
1339 (15.278%)
1516 (17.298%)
1570 (17.914%)

set. Moreover, gaps indicate the presence of missing values as
intuitive. As aforementioned, missing values can be found in two
different ways: (1) intermittent periods of time, and (2) long
consecutive ones. An example of the first type is shown in the
buoy 46061, wherein the time period from Jan-2013 to Apr-2014
of the SWH time series, a high amount of the missing values is
intermingled with data. On the other hand, the second behaviour
is shown for the buoy 44005, where the whole time period
from Jan-2013 to Mar-2014 of the SWH time series is missing.
It can also be observed, as mentioned above, that the testing set
(coloured in red) vary from one buoy to the others, and they do
not contain gaps.

As can be seen in Table 2, the percentage of missing values
varies from 2.122% (buoy 44020) to 52.533% (buoy 44011), mean-
ing that recovering the first buoy should be easier than recovering
the second one. In this regard, it is important to specify that the
concept of complexity is not only associated with the amount of
missing data existing in the time series but also with its dynamics.
Besides, it is worthy of mention that for the proposed regression-
based TF, at least one buoy without missing values is required
per zone since it is considered the starting point from which the
missing values of neighbouring buoys are recovered. In this sense,
buoys 46001 and 44013 belonging to the Gulf of Alaska and the
Northeast Coast, respectively, are complete, as can be observed in
Table 2.

Therefore, the proposed approach aims to recover both sorts
of missing values in order to provide an accurate reconstruction
of the missing data so that SWH time series can be used in

subsequent tasks, such as prediction, classification or clustering,
among others.

4. Methodology

The proposed methodology is divided into two phases. First,
an intermediate reconstruction of the missing values in the SWH
time series is performed by applying different Transfer Function
(TF) models. These TFs consider available data from neighbouring
buoys and select the one achieving the lowest error. For read-
ability purposes, this first phase will be named as intermediate
recovery. After that, in the second phase, known as final recov-
ery, Evolutionary Artificial Neural Network (EANN) models are
employed to perform the final and definitive reconstruction. For
this, the rest of the intermediately recovered buoys are used as
input. It is worth mentioning that the first phase allows the use of
any ML technique, such as EANNs, which cannot be applied when
missing data across time series do not coincide in time, i.e., the
missing data is found at different time/points of the time series.
Fig. 3 summarises the procedure described above. The following
Sections detail both phases, including specific flowcharts per
phase.

4.1. Phase 1: intermediate recovery

This first phase carries out an intermediate recovery of the
SWH time series, which is performed using only data available
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Fig. 1. Geographical location of the two zones under study (middle) and specific
buoys location at the Gulf of Alaska (upper) and at the Northeast Coast (lower).

in the neighbouring buoys. For this, three completely indepen-
dent TF models have been adapted and developed: regression-
based, correlation-based and distance-based models. These TFs
have the advantage that they do not require training, unlike
ML techniques, which cannot be applied at this point, as the
available information is not equivalent for all buoys. Neverthe-
less, TF models can be straightforwardly applied to the data
available in the neighbouring buoys. It is important to mention
that the regression-based TF is applied in a time series-wise
manner, i.e. one regression model is built using two SWH time
series. For this TF, at least one complete SWH time series has
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to be available. On the other hand, correlation and distance-
based TFs are point-wisely applied. In other words, the informa-
tion available is considered for each time instant. Hence, even
though a complete SWH time series is not needed, it is required
to have information from at least one buoy for each time in-
stant. The three TF models, namely regression, correlation and
distance-based TFs, are detailed in the following Sections. Fig. 4
graphically summarises the main steps of this first phase.

4.1.1. Regression-based model

This method assumes that a complete time series already
exists among all those available in the buoy grid, i.e. the buoys
belonging to the same coastal zone. In an iterative process, for
each incomplete time series, its correlation with respect to those
with available data is computed. It is worthy of mention that only
buoys with available values at same time instants as the buoy
being recovered are considered for computing the correlation,
and that, at least, one correlation value is expected, since it is
assumed that one buoy is complete. The time series with a corre-
lation above a threshold « are the input variables of a regression
model for the time series of the buoy to be recovered at that time.
Thus, at each iteration, those SWH time series whose correlation
with respect to the complete buoys is above such threshold are
intermediately reconstructed. It is important to mention that
when a time series is reconstructed, it is considered complete
for the next iteration and can be used for recovering the time
series of other buoys (if the correlation is above the « threshold).
Furthermore, in each iteration, the « threshold is increased to
compensate for the error incurred in the reconstruction process.
The regression model is defined as follows:

k
Ytzﬂo-i-ZﬂiXit, t=1,...,N, (1)
i=1

where Y; is the value to be recovered at time instant t, 8; is the
coefficient for the ith SWH time series considered as a predictor
variable (X;), k is the number of correlated buoys (those whose
correlation is above the « threshold), and N is the length of the
SWH time series. In this work, the least-squares method has been
used to solve the regression problem so that:
—A1im

i=—, i=1,...,k 2
Bi A (2)
where A;; is the adjoint (i, j) of the variances and covariances
matrix X. And therefore:

k
Bo=Y— Zﬂzxﬁ (3)

i=1

being Y and X;, the average value of Y and X;, respectively.

4.1.2. Correlation-based model

This method is based on recovering the missing values of the
time series of each buoy by weighting the similarity with respect
to the time series of the neighbouring buoys (remaining buoys of
the same coastal zone). In this case, as the information is retrieved
point-wisely, instead of needing to have a buoy with complete
data, having information from at least one of the neighbouring
buoys for the time stamp being reconstructed is sufficient. Thus,
this aspect is easier to be fulfilled as having one buoy with
complete data may be difficult to find in some areas. Specifically,
missing values at time instant t to be recovered are weighted
by a factor A that measures the importance contributed by the
same time instant t available at the neighbouring buoys. In this
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Buoy 46061 - Gulf of Alaska - (23.357% missing values)
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Fig. 2. SWH time series of the buoys 46061 and 44005 of the Gulf of Alaska and the Northeast Coast, respectively.

way, the time instant t of a SWH time series Y is reconstructed
as follows:

. -
YX;
Yo=Y A2 (4)
i=1

Xi

being k the number of SWH time series with data available at time
instant t, Y and X; are the mean values of Y and X;, respectively,
X;i¢ is the value of X; at time instant t, and A; is a multiplicative
factor allowing a greater weight to buoys with higher correlation,
and it is expressed as follows:

PYX;

k
D i1 PYx;
being pyx; the Pearson correlation coefficient between Y and X;.
Hence, values of correlated buoys are paid more attention.

Even though correlation plays an essential role in both TFs,
it is important to differentiate how it is employed in each one.
The regression-based TF indirectly uses the correlation to decide
which buoys are considered input for the regression model. On
the other hand, the correlation-based TF directly weights the
neighbouring buoys’ values using the correlation between them.
Moreover, note that this method is much faster than the previous
one, as all missing values for a given buoy can be recovered
simultaneously.

)"i= 5 i:l,...,k, (5)

4.1.3. Distance-based model

Similar to the previous correlation-based TF, this model re-
covers each buoy time series by weighting the time series of
the neighbouring buoys as defined in Eq. (4). However, instead
of the correlation, the multiplicative factor A is computed by
considering the distance between buoys. Hence, the main goal
of this technique is to measure the similarity according to the
geographical position of the buoys, i.e. it is supposed that close
buoys should have similar behaviour.

To calculate the distance between buoys, the Haversine equa-
tion (also known as the great circle distance) [54] has been
considered. It is defined as follows:

d(po, p1) = arccos(sin(laty) - sin(laty)
- cos(long — lony) + cos(laty) (6)
- cos(laty)),

where py is the geographical location of the buoy being recovered,
p1 is the location of the neighbouring buoy with available data at
the time instant being processed, and lat and lon are the latitude
and longitude of the buoys, respectively.

This distance is inverted and normalised as follows, in such a
way that the greater the distance, the smaller the weight that the
neighbouring buoy should have:

_ _ d(po,pi)
ijzl d(po, pj)

being A; the weight for the ith buoy with available data for recov-
ering a given missing value, and k is the number of neighbouring
buoys with available data. In this case, for the computation of the
multiplicative factor A, no data from the neighbouring time series
has been considered but their geographical positions (latitude and
longitude of the buoys).

At this point, it is important to analyse the relationship be-
tween correlation and distance. It is assumed that when one
feature increases, the other decreases and vice-versa. However,
this assumption is not always true. Highly correlated buoys are
supposed to be geographically close to each other. Neverthe-
less, it may happen that buoys located at the coast but very far
away, one from the other, could share some similarity in their
dynamics as their geographical accidents may be similar. On the
opposite, closer buoys are supposed to be highly correlated. But
this assumption may not always be met either. There could be
a geographical accident or a vast change in the orography of the
ocean happening in the middle of two close buoys causing very
different wave conditions in each of them, and, as a consequence,
the data collected by each buoy is unrelated.

i=1,...,k (7)

4.2. Phase 2: final recovery

In this second phase, the final and definitive reconstruction
of each SWH time series is carried out. For this, the intermediate
reconstructions of SWH time series of the remaining buoys in the
zone are used as input for a model. At this point, it is possible
to apply complex ML techniques. These techniques could not be
previously applied as they require a training step, which, in turn,
could not be accomplished given that for the training time in-
stants of a given SWH time series, missing values could be found
in other buoys. However, once the intermediate reconstruction is
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Fig. 3. Simplified flowchart of the complete methodology, where the intermediate recovery is performed in the first phase, using Transfer Functions, and the final
recovery is carried out using Evolutionary Artificial Neural Network (EANN) models in the second phase.

performed, there are no missing values in the input SWH time
series, hence, the training stage of these ML techniques can be
carried out.

Furthermore, from all the buoys of a zone, only those highly-
correlated SWH time series are used as inputs, i.e. those SWH
time series with a correlation above the threshold «. Note that
this threshold is the initial one and is not recomputed to avoid
introducing bias from the intermediate recovery. In addition, as
it was aforementioned, the testing set of each buoy remains
invariant, and it may be used in the training stage of each of the

remaining buoys, but it is not used in the buoy being recovered.
Moreover, it is important to mention that its intermediate recov-
ery is not considered as input for the final reconstruction of the
SWH time series for a specific buoy. To proceed with, EANNs are
proposed for this second phase to obtain more accurate estima-
tions as they have been previously applied, achieving outstanding

results. This procedure is summarised in Fig. 5.



D. Guijo-Rubio, A.M. Durdn-Rosal, AM. Gémez-Orellana et al. Applied Soft Computing 146 (2023) 110647

TRANSFER FUNCTIONS

AVAILABLE BUOYS

DATA BUOY 1

BUOY TO BE INTERMEDIATELY
RECOVERED

[TraINING] [ missinG | | TESTING |

DATA BUOY 2

DATA BUOY 3

DATA BUOY N

~

p
(TRAINING || TESTING |

Note that the time instants in the testing
set of the buoy to be intermediately
recovered can be either in the training

RESULTS or the testing set of the available buoys.

AL

REGRESSION || CORRELATION DISTANCE
BASED BASED BASED

Best transfer function in terms of MSE.

\ ~ J
BEST
»>| TRANSFER
FUNCTION
This recovery is considered intermediate INTERMEDIATELY ?ECOVERED BUOY
as it is only used for the final recovery of

other buoys in the 2" phase, not being - INTERMEDIATE -
the definitive recovery of this buoy. LRAINING RECOVERY UESLIE

Fig. 4. Flowchart of the first phase in which buoys are individually recovered using one of the three TFs proposed. Once this phase finishes, the buoy is intermediately
recovered. The term “intermediately” indicates that this reconstruction is not definitive and it is only used for recovering other buoys in the zone and not itself.

Inputs for each time instant in HIGHLY-CORRELATED

/ N ini BUOYS
BUOY TO BE FINALLY RECOVERED | oytput EANN MODEL the training set of the buoy to
. TRAINING be finally recovered.
[rranng) [missivG ] (TESTING] MSE | [sERA
" Inputs DATA BUOY 2

ﬂ MODEL TRAINING

MODEL RECOVERY & TESTING

Inpyts_for each tlm_e instant in the DATA BUOY N
missing and testing set of the
TRAINED EANN buoy to be finally recovered. |
MODEL

A
r N

The evaluation metrics
The final recovery of the m + + m
aretﬁgr?s:ttiidgosr!{ e missing set is now performed. - RECOVERY -
) Note that the time instants of the sets of the
buoy to be recovered can be either in the
FINALLY RECOVERED BUOY training, the testing or the intermediately

EVALUATION recovered set (15t stage) of the

FINAL :
METRICS TRAINING | |recovery| [ TESTING highly-correlated buoys.

Fig. 5. Flowchart of the second phase in which the final recovery of the buoy is carried out by means of the highly-correlated buoys of the zone. Once this phase
finishes, the recovery of the buoy is considered definitive.

4.2.1. Artificial neural networks used in many real-world problems, being present in several appli-
Artificial Neural Networks (ANNs) are models which try to cations of different areas of science. One of the simplest and most
mimic the problem-solving behaviour of the human brain. Be- widely used models is Feed-Forward ANNs (FNNs) with a hidden

cause of their powerful characteristics and properties, they are layer composed of several nodes. An FEN is a generalisation of a
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Fig. 6. Flowchart of the Evolutionary Algorithm applied for SWH time series reconstruction.

regression model where the basis functions are non-linear:

D
(X, 0)=Bo+ Y _ BaBa(x, Wa), 8)

d=1

where D is the number of hidden neurons, wy represents the
weights of the connections between the input layer and the
hidden neuron d, B4(X,wy) is the basis function of neuron d,
which applies a non-linear transformation to the input space x (a
vector containing the highly-correlated time series with respect
to the one that is being finally recovered, i.e. those with a corre-
lation above the threshold «), B4 is the weight of the connection
between the d-hidden neuron and the output layer, 8, represents
the bias, and finally, the function to be optimised is denoted as
y(x, @), where 0 = (8, w).

Regarding the type of neurons in the hidden layer By(x, wg),
Sigmoid Units (SUs), Product Units (PUs) and a combination of
both of them (PU+SU) have been chosen in this work.

On the one hand, SUs basis functions [55] present an additive
projection model. This family of units can approximate any given
function with enough accuracy provided that the number of hid-
den neurons is selected appropriately. SU is one of the most used
activation functions, and it has achieved excellent performance
on a wide variety of problems. A SU is defined as:

1
14+ e—(woa+ Yk wigx)

Ba(x, wq) = 9)
where w; 4 is the weight of the connection between the input i
and the hidden neuron d, and wyg 4 is the bias.

On the other hand, PUs [56] are used for cases where there is
a strong interaction between the inputs, and the decision regions
are not separable into hyperplanes. PU based neural networks can
form higher-order combinations of inputs, with the advantages of
higher information capacity and smaller network architectures.
PUs have been shown to work effectively on both classification
and regression problems. A PU is formally defined as follows:

k
Ba(x, wy) = HX:ui'd~ (10)
i—1

In addition to develop ANNs using each type of basis function,
this work also proposes a hybridisation in which the hidden layer

is made up of neurons of both types, PUs and SUs (known as
PU+SU), trying to benefit from the advantages of both.

4.2.2. Evolutionary artificial neural networks

Back Propagation (BP) algorithm is the most widespread one
to train ANNs. Nonetheless, this algorithm only optimises the
connection weights given a predefined neural network structure.
In addition, it is challenging to define the most suitable structure
for each problem in advance. Besides, BP can converge to local
optima due to the convoluted error surface associated with ANNs.
Therefore, in this work, an Evolutionary Algorithm (EA) is used
to train both the structure and the connection weights of ANNS,
giving rise to Evolutionary ANNs (EANNSs). The goal of EANNS is to
perform a balanced search of the error surface (i.e. exploration vs
exploitation) to avoid local minima and find good performance
solutions. For this purpose, mutation operators are used aiming
to increase the diversity and exploitation of EANNs during their
evolution. Given that the EA is not gradient-based, parameters
such as learning rate and momentum are not used. Instead,
the control parameters of the mutation operators regulate the
strength when altering the synaptic weights and the structure of
the EANNSs. Since crossover operator has been proven to lead to
potential drawbacks in evolving EANNs [57], it is not considered
in the EA.

Specifically, the EA used in this work evolves the ANNs pro-
posed in Section 4.2.1 by applying the evolutionary process,
which is graphically summarised in Fig. 6. As can be seen, the
EA starts creating an initial random population of EANNSs. In this
way, the structure of each EANN in the population is randomly
created, that is, its number of hidden neurons, the number of
connections linking each hidden neuron to both input layer and
output layer, and the synaptic weight of each connection are
randomly initialised according to the values of the parameters
shown in Table 3.

After that, the evolutionary process is performed on EANNS,
generation after generation, until the stopping criterion is
reached. The performance of EANNs is evaluated in each gen-
eration of the evolutionary process by calculating their fitness
(Eq. (11)), which is used to sort the population (the higher fitness,
the better). Once EANNs are sorted, the worst 10% of the popu-
lation is replaced by a copy of the best 10% of EANNs, and then
each EANN in the population is individually evolved. Specifically,
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Table 3

Most important parameters values considered of the EA for MSE and SERA.
Parameter PU SU PU+SU
Maximum number of generations.” 1200/2100 3800,/1800 1600/2100
Population size of ANNs. 1000 1000 1000
Minimum number of hidden neurons. 1 1 1
Maximum number of hidden neurons.” 4/6 6/6 5/6
Synaptic weights for connections between input and hidden layer. [-5,5] [—10, 10] [—10, 10]
Synaptic weights for connections between hidden and output layer. [—10, 10] [—10, 10] [—10, 10]

Number of hidden neurons to add or remove.
Percentage of hidden layer connections to add or remove.
Percentage of output layer connections to add or remove.

[1,2]
30%
5%

[1,2]
30%
5%

[1,2]
30%
5%

20ptimising by MSE/SERA.

the best 10% of the population is parametrically mutated (altering
the synaptic weights), whereas the remaining 90% is structurally
mutated (adding or removing hidden neurons and connections).
It is noteworthy that the mentioned selection of the best 10% of
EANNSs that replace the worst 10% of the population encourages
elitism in the EA since after that replacement, the worst 90% of
EANNSs contain the best 10% of EANNs and, as a consequence, the
best 10% of EANNs are independently evolved in both ways: para-
metrically and structurally. Parametric and structural mutations
will be later described.

Thus, each EANN in the population is optimised by maximising
its fitness (i.e. improving its performance) during the evolutionary
process. Finally, after reaching the stopping criterion, the EA stops
and returns the best EANN according to the fitness.

Given that the goal of the EA is to maximise the fitness of
each EANN in the population throughout the evolution, the fitness
function used by the EA is expressed as follows:

1
1+o(x0)

where @ is the metric used to compute the error achieved by
the EANN. Specifically, to optimise the fitness of the EANNs two
metrics are considered, the Mean Squared Error (MSE) and the
Squared Error-Relevance Area (SERA), which are described in
Section 4.2.3.

Therefore, taking into account that the fitness of each EANN
is computed as a decreasing transformation of its error (as ex-
pressed in Eq. (11)), the best fitness EANN returned by the EA cor-
responds to the SWH reconstructed time series with the lowest
estimation error.

As mentioned above, the purpose of the mutation operators
is to increase the diversity and exploitation of the population.
To this end, each EANN is individually mutated and the strength
of each mutation during its evolution depends on its associated
temperature, defined by:

T(x,0)=1—F(x,#),

F(x,0) = (11)

0<T(kx0) <1. (12)

On the one hand, the parametric mutation involves altering
the synaptic weights of the EANNs (not the structure), and it is
performed on the best 10% of the population. It is carried out
by adding Gaussian noise of zero mean and decreasing variance
throughout the evolution depending on the temperature of each
EANN so that the EA moves from exploring solutions to exploiting
them. In that way, the synaptic weights of the connections from
the input layer to the hidden layer are modified as follows [58]:

wig(t 4+ 1) = wiq(t) + & (1), (13)

where &1(t) € N(0, o4(t) - T(x,0)) corresponds to a number
randomly generated according to a normal distribution of one
dimension, whose mean and variance are equal to 0 and o(t) -
T(x, 0), respectively. The goal is that the strength of the mutations
lessens as the EANNs increase their fitness, but also managed by
an adaptive parameter «(t) that will be later described.

i=1,...,k,d=1,...,D,

10

The synaptic weights of the connections from the hidden layer
to the output layer are modified as follows [58,59]:

Ba(t + 1) = Ba(t) + &(1),

being &;(t) € N(0, a(t)-T(x, #)) similar to &(t) but, for this case,
a different control parameter is considered for the variance o;(t).

After applying the parametric mutation, the EANN fitness is
recalculated, and then the mutation is rejected or accepted ac-
cording to a simulated annealing process [60]. Specifically, being
AF, the difference of the EANN fitness before and after the mu-
tation, the mutation is accepted if AF > 0. On the contrary, if
the new fitness is worse than the original, the mutation would
be accepted with a probability exp(AF/T(x, 6)).

The two aforementioned adaptive parameters «(t) and o;(t)
control the strength of parametric mutations during the evolution
of EANNs. To proceed with, both parameters are updated during
evolution to avoid local minima and accelerate convergence when
search conditions are suitable. The update of «(t) and o(t) is
expressed as follows [56]:

d=1,...,D, (14)

(T4 A)onlt)
if F(x,0;)>F(X,0,_1)Vge{t,t—1,...,t—p}

ag(t) = 1 (1 —A)-out) ,
if F(X,0g)=F(x,0;_1)Vgeft,t—1,...,t—p}
a(t) otherwise
(15)

where k € {1, 2}, F(x, 63) is the best EANN fitness in generation
g, and A and p are parameters to control the update. Their values
are set to o1(0) 0.5, ap(0) = 1, A 0.1, and p 10.
The use of Eq. (15) is justified as follows: a successful generation
means that the current best EANN is better than one of the
previous generation. When this occurs p times, the best EANNs
are most likely to be found in the search space being explored.
Consequently, the strength of the mutation is increased with the
aim of finding EANNSs closer to the optimal one. Conversely, the
mutation strength decreases when the best EANN is the same
during p generations. Otherwise, the strength of the mutation
remains the same.

On the other hand, the structural mutation involves altering
the structure of the EANNs (adding or removing both hidden
neurons and the connections that link them to the input layer
and output layer), and it is performed on the remaining 90% of
the population. In that way, the EA explores a diverse range of
structures (expands the area of the search space) and keeps a
diverse population.

Five different structural mutations are used by the EA: Add
neuron, Delete neuron, Add connection, Delete connection and
Neuron fusion, which are sequentially performed on each EANN
with probability T(x, #). In case no structural mutation is per-
formed due to probability, one of them is randomly selected and
then performed. After that, the fitness of the EANN is recalculated.
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The connection structural mutations are performed as fol-
lows [58,59]:

e Add connection. Two neurons from adjacent layers are ran-
domly selected, and then both neurons are connected with a
random synaptic weight. This mutation is firstly performed
to add a connection between two neurons of input and
hidden layers, and then another connection is added to link
two neurons of hidden and output layers.

e Delete connection. This mutation is also applied to all adja-
cent layers, randomly selecting one neuron belonging to the
mutated layer and another neuron from the previous layer.

The number of connections used for both mutations is ob-
tained as Apin + u - T(X, 0) - [Amax — Aminl, being u a number
randomly generated between 0 and 1, A, = 1 is the mini-
mum number of connections to add or delete, and A, is the
maximum number of connections to mutate, which is calculated
by multiplying a user-defined percentage by the total number of
connections of the layer being mutated.

Finally, the neuron structural mutations are performed as fol-
lows [60]:

e Neuron addition. One or more hidden neurons are added.
Two neurons are randomly selected, one from the input
layer and one from the output layer. Then, both neurons and
the new one added in the hidden layer are connected with
random synaptic weights. Specifically, the synaptic weights
for the connections from the input layer to the hidden layer
are selected in the range [—I, I], whereas for the connections
from the hidden layer to the output layer, the range [—O0, O]
is used. Both ranges values are user-defined.

e Neuron deletion. One or more hidden neurons are randomly
selected and removed along with their connections.

e Neuron fusion. Two neurons, a and b, are randomly cho-
sen and fused into one neuron c, keeping their common
connections and whose synaptic weights are recalculated as
follows [60]:

Wia + Wip
—

Non-common connections between neurons a and b are in-
herited by ¢ with a probability of 0.5, keeping their original
values.

Be = Ba+ By, wic = (16)

The number of neurons used for these mutations is obtained
as Apin +u - T(X,0) - [Amax — Aminl, Where Apin and Ay, are
user-defined and represent the minimum and maximum number
of neurons to be mutated, respectively.

Finally, if the mutated EANN is not valid, all applied mutations
are discarded, and another structural or parametric mutation is
randomly chosen and performed on the original EANN, avoiding
the use of repair mechanisms.

4.2.3. Metrics

For regression problems, one of the most commonly used
metrics is the Mean Squared Error (MSE), which is computed as
follows:

T
1 A
DIUEIOR

t=1

MSE(x, 0) = (17)

where T is the number of time instants, Y; is the observed SWH
value at t time instant, and Y; is the recovered SWH value by the
model (Y; = y(x, 9)).

Although it is true that this metric is well-known, it has a
severe drawback: as it computes a mean value of the errors,

11
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very high or extreme values of time series tend to be underes-
timated. However, note that these very high or extreme values
are the most important ones in this type of time series, as not
correctly predicting them may entail for example, not anticipating
seaquakes, among other situations. Therefore, the recovery of
these values is of enormous interest for the marine engineer-
ing. In this sense, and given that not all values of the target
variable are equally important, this work proposes using the
metric Squared Error-Relevance Area (SERA) [27] to overcome
this drawback.

The following calculations are considered to obtain this metric.
Firstly, it is important to mention that the interval proposed
by [61] frames the mean values. Values outside this interval are
considered outliers. In our case, these are the extreme SWHs.
Specifically, the interval for determining the outlier cut-off values
is [Q1 — 1.5IQR, Q3 + 1.5IQR], where Q; and Qs are the first and
third quartiles of the SWH time series Y, and IQR = Q3 — Qq is
the interquartile range. Note that, in this work, the interest is in
the right part of the interval, that is, to focus on extreme values
higher than Q3+ 1.5IQR. To make this interval less proned to bias,
in [62], the medcouple metric (MC) [63] was included as a robust
alternative to the classical skewness coefficient:

MC = medy, <q, <y h(Yi, Y;), (18)

where Q, is the median of the SWH time series Y, and for all
Y; # Y}, h is computed as:
Y, — Q) —(Q— Y
vy = = @)= (@ =¥
Y -V
After that, to determine the cut-off values for the outliers,
in [62], the authors proposed an interval, where a threshold y
is obtained, defined as:

| Qs+ 1.5e*MCIQR
V=1 Qs+ 1.5¢MC QR

According to [62], these exponential functions allow the box-
plot to be more adjusted to the skewness. In the context of
imbalanced regression tasks, they present two main contribu-
tions: (1) the metric is non-parametric, and (2) the method is
better suited to avoid missing real cases of extreme values.

Then, a relevance value r; is assigned to each value Y;, accord-
ing to the following rules:

(19)

if MC>0

if MC<0" (20)

0 if Y, < MC
= Yl it Yezy | (21)
g i @sYsy

Considering the subset S formed by the cases for which the
relevance value r; assigned to the target value Y; is above or equal
to a cut-off s, the Squared Error-Relevance (SER) of a model with
respect to this cut-off s is formulated as:

SERy(x, 8) = D (Y — Y. (22)
tesS
Finally, SERA represents the area below the SER;:
1 1
SERA(X, 0) = / SERy(x, 0)ds = / > (Y = v.)ds. (23)
0 0

teS

Note that the smaller is the area under this curve, the better
the model is.

According to the study carried out in [27], using the Mean
Squared Error (MSE) to compare two models can be problematic.
If one model performs better around the mean and the other is
better at extreme values, the MSE may not show any difference
between them. The reason behind this behaviour is that MSE
do not appropriate reflect the difficulty in correctly estimating
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an extreme value in comparison to predicting a common value
around mean. This happens because the MSE considers all values
equally important, even though predicting an extreme value is
considerably more difficult. On the other hand, if we only focus
on extreme values, we ignore the performance around the mean.
To address this issue, SERA was introduced as a solution. SERA
orders values according to their relevance. A higher relevance
is given to extreme values than to more common values. For
this, we use a threshold value s. The SER; metric is then used
to calculate the error only for values whose relevance is above
s. Combining SER; and MSE is the suggested solution by SERA to
avoid neglecting the impact of model performance on any of the
metrics. The errors of the around-mean cases have fewer impact
given their higher frequency. On the contrary, the errors made
when estimating extreme values are given more importance and
are counted more times along the cut-off values of relevance in
the global sum defined in the integral.

Moreover, the SERA metric demonstrates a notable advantage
in handling severe model biasing, as it replaces the conventional
skewness coefficient with the medcouple, thereby enhancing its
ability to detect and account for extreme values (outliers). Fur-
thermore, SERA exhibits all the essential attributes necessary for
an appropriate metric in the context of imbalanced regression
problems: (1) it primarily focuses on reducing prediction errors
associated with extreme target values; (2) it mitigates the risk of
overfitting by giving equal importance on predictions for common
values; (3) it enables the computation of asymmetric errors,
i.e. errors of similar magnitude have different impact according
to their relevance; and (4) SERA facilitates model discrimination
and comparison. Therefore, given its inherent properties, the
SERA metric is regarded as a suitable and effective method for
evaluating imbalanced regression problems [27].

4.3. Complexity of the proposed methodology

In order to determine the complexity of the proposed method
Ommethod» We must consider the complexities of the two phases
discussed earlier.

Let us denote as Oppgse1, the complexity of the first phase. This
first phase sequentially applies three transfer function models.
Considering N as the number of time series involved in the
method: the linear regression-based model is an O(N?) algorithm
thanks to advanced matrix inversion algorithms; the complexity
of the correlation-based model is O(N?) since for each time series
the correlation with all the other time series should be calculated;
and the distance-based model requires to compute the distance
between each pair of time series so the complexity is O(N?). Thus,
applying the properties of Big O notation, Oppgse1(N? + N2 4+ N2)
= Ophasel(Nz)-

The computational cost of the second phase, related to the
evolutionary algorithm, is Oppase2(gPc), where g is the number
of generations, P is the population size, and c is the size of
the individual. This order of complexity is obtained since each
generation of the evolutionary algorithm involves evaluating and
ranking the population and updating it for the next generation,
through structural and parametric mutations.

In the worst case, assuming that n = max(N, g, P, c¢), the
complexity Opmethod(n? + n3) =~ Ometnoa(n’). Therefore, it can be
concluded that the methodology is of cubic order.

5. Experimental settings and results

This Section describes the experimental settings used in both
phases of the proposed methodology. Besides, the results ob-
tained for both coastal areas and a detailed discussion comparing
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the methodology with other state-of-the-art algorithms are also
presented.

5.1. Experimental settings

As mentioned in Section 4, the proposed methodology is di-
vided into two phases. The first performs an intermediate re-
covery of each SWH time series, serving as input for the final
recovery of other buoys in the zone.

On the one hand, for the first phase, three different TFs are
proposed, which have been optimised by MSE. Regarding the
regression-based TF, the initial correlation threshold « is de-
termined using a 10-fold cross-validation over the training sets
and using the following grid {0.65, 0.70, 0.75}, which, in turn,
is selected because these values are close to the mean of the
correlations between the training sets of the buoys (Tables 5
and 6). Note that in each step of the regression-based TF, this
threshold « is increased by 0.05 to reduce the error entailed in the
reconstruction process. In this sense, the initial values « = 0.70
and o = 0.65 are chosen for the Gulf of Alaska and the Northeast
Coast zones, respectively. The other two TFs (correlation-based
and distance-based) do not need any parameter to be cross-
validated, just the correlations and distances between the buoys
belonging to the same coastal zone, which are precomputed and
shown in Tables 5 and 6.

As it was mentioned at the end of Section 4.1, it may be
assumed that when correlation increases, distance decreases and
vice-versa. Looking at Tables 5 and 6, it can be observed that for
the buoy 44025, the highest correlation (0.938) is found with the
buoy 44065, which is also the closest (47.549 km). In addition, the
second highest correlation (0.905) is found with the buoy 44066,
which is also the second closest buoy (83.186 km). Thus, the
general assumption is met in some cases. However, some cases
deny this assumption in two ways. (1) The higher the correlation,
the lower the distance: in this case, highly correlated buoys are
supposed to be geographically close to each other. However,
looking at the three buoys located at the coast of the Gulf of
Alaska (46076, 46061, 46082, Table 5), it can be seen that the
buoy 46076, which is geographically located at the left side of
the coast, has a higher correlation with the buoy in the opposite
extreme (buoy 46082, correlation of 0.833), than with respect to
the buoy 46061, which is geographically located at the middle of
both (0.825). The same behaviour is replicated with buoys 44020,
44013, and 44066 of the Northeast Coast (Table 6). The same
correlation is obtained for the pairs 44020 — 44013 (0.704) and
44020 — 44066 (0.703), whereas the distance between the buoys
of the first pair (99.718 km) is almost three times the distance
between the buoys of the second pair (288.749 km). (2) The
higher the distance, the lower the correlation: this is the opposed
situation, which is also generally assumed. This idea may not be
deduced either as distance does not take into account the geo-
graphical features that may exist or the orography of the coast.
For instance, focusing on the buoy 44005 of the Northeast Coast, it
can be seen that its closest buoy is the 44013 (156.558 km away).
However, that buoy is not the most correlated (0.782, in fact, is
the third). The same behaviour could be found for some of the
remaining buoys.

On the other hand, for the second phase, the EA used to opti-
mise the ANN models has been applied using each optimisation
metric (MSE and SERA) independently. More specifically, Table 3
shows the most important parameters considered and their range
of values according to the basis functions used.

Since the EA is stochastic, 30 runs for each metric (MSE and
SERA), have been carried out, using different seeds, to recover
each SWH time series. It is worthy of mention that the number
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Considered range of values for tuning the parameters of the state-of-the-art techniques.

Technique Parameter description Range of values
Ridge Regularisation (1073,1072, ..., 103}
Lasso Regularisation {103,102, ..., 10%}
ElasticNet Regularisation {1073,1072,...,10%}
Ratio of the L1 penalisation weight [0.10, 0.50, 0.70, 0.90, 0.95, 0.99, 1.00]
SVR Kernel width {1073,1072, ..., 10%)}
Number of hidden neurons [10, 25, 50, 100]
MLP Regularisation {1073,1072,...,10%}
Initial learning rate [0.00001, 0.0001, 0.001]
Number of iterations [1000, 1500]
Number of trees in the forest [10, 50, 100, 150]
Maximum depth of the trees [3,4,5,6]
RandomForest .
Maximum depth of the trees: when all leaves are pure or [2,3,4,5]

contain less than samples than the minimum

of generations required for the evolutionary process depends on
the time series being recovered.

Furthermore, in the second phase, with the aim of establishing
a fair and robust comparison of the EANN models, 7 state-of-the-
art techniques have been run: LinearRegression [64], Ridge [65],
Lasso [66], ElasticNet [67], Support Vector Machines (SVR) [68],
Multilayer Perceptron (MLP) [69] and RandomForest [70]. Their
parameters values have been selected using a 10-fold cross-
validation over the training sets. The best configuration for each
technique is chosen according to the metric being optimised
(i.e. lowest MSE or SERA). More specifically, Table 4 shows the
most important parameters considered and their values. Both
MLP and RandomForest techniques are stochastic, and thus, they
have been run 30 times using different seeds as the EANN models.
Therefore, their results are expressed as their mean and Standard
Deviation (SD): Meangp.

Finally, The performances of the TFs in the first phase and
the ML techniques in the second phase are evaluated considering
three metrics in addition to the two used to optimise the models
(i.e. MSE and SERA, both to be minimised). These three new
metrics are the standard coefficient of determination (R?), the
Maximum Standard Error (MaxSE) and the Mean Relative Error
(MRE). The first one, R?, is a measure of goodness of fit between
0 and 1 that indicates how well a model predicts an outcome. The
second one, MaxSE, indicates the biggest error performed by the
model, hence, the lower error, the better. It is useful to know the
magnitude of the errors made by the models. It is computed as
follows:

MaxSE(x, 0) = max(Y; — Y;)*, te{l1,2,...,Th (24)

where T is the number of time instants, Y; is the observed SWH
value at t time instant and Y; is the recovered SWH value by the
model (Y; = y(x, 9)).

Finally, MRE indicates the ratio of the absolute error with
respect to the magnitude of the measurement being taken. MRE
is calculated as follows:

XY =Y
i 1Yl

These last two metrics, MaxSE and MRE, allow the comparison

of the results obtained for different buoys. Even though SWH

is always measured using the same unit, the magnitudes from

one buoy to others differ depending on the atmospheric and
geographical conditions where they are located.

MRE(x, 0) (25)

5.2. Results

As the proposed methodology is divided into two different
phases, the results obtained using the test sets are presented
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separately for each phase. Concretely, the results achieved by the
three TF models proposed for the first phase are shown in Table 7.
As can be seen, the results are divided according to the zone
under study, i.e. the first part of the Table 7 shows the results for
the Gulf of Alaska, whereas the results for the Northeast Coast
are shown below. In addition to MSE, which has been used to
optimise the models, the performance of each model in terms of
SERA, R?, MaxSE, and MRE is also shown for comparison purposes,
all of them to be minimised but R?. Regarding the Gulf of Alaska,
even though the correlation-based TF achieves good results (the
number of second-best results can denote it), the distance-based
TF manages to improve these results. For this zone, the regression
technique is selected for 3 out of 5 buoys, whereas the distance
one is selected for the remaining 2 buoys. In the case of the
Northeast Coast, all these TF models can achieve competitive
results for all the performance measures. Focusing on MSE, the
regression-based TF is chosen 1 time, the correlation-based TF is
chosen 3 times, and the distance-based is selected 4 times. Ulti-
mately, for all the buoys of this work, the regression-based, the
correlation-based and the distance-based TFs are chosen a total of
4, 3, and 6 times, respectively. This demonstrates that weighting
by distance between buoys, which is one of the contributions of
this study, is better than weighting by their similarity. Note that,
as mentioned in Section 4.1, distance and correlation (similarity)
may not be related in such a way that the greater distance, the
lowest correlation or vice-versa. Not assuming this fact has led to
achieving better results in 6 buoys. Moreover, it is important to
mention that MRE supports the results achieved by MSE so that
the selected TF for each buoy would be the same but for one case
(44008). Therefore, the results achieved in terms of MSE and MRE
are consistent.

Therefore, the intermediate recovery of each of the analysed
buoys has been selected according to the TF, achieving the best
result in terms of MSE. For instance, for the buoy 44005 of the
Northeast Coast, the distance-based TF achieves the best result
(0.2242), improving the performance, in terms of MSE, of the
remaining TFs (0.3945 and 0.2431 for the regression-based and
the correlation-based TFs, respectively). As aforementioned, these
intermediate reconstructions are not definitive and are only used
for the final reconstruction of the other buoys belonging to the
same coastal zone but not for themselves.

In this way, Table 8 shows the results obtained by the tech-
niques applied in the second phase when optimised by MSE,
whereas Table 9 contains the results when SERA optimises the
techniques. Note that the results are expressed as their mean and
Standard Deviation (SD): Meansp for the stochastic techniques.
The first part of each table shows the results for the Gulf of Alaska,
whereas the results for the Northeast Coast are shown below.
Our approach consists in the EANN models, which are named
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Table 5
Correlation and distance matrices for the buoys of the Gulf of Alaska.
Buoy 46001 46061 46076 46078 46082 46085
46001 1 0.674 0.719 0.804 0.682 0.833
46061 0.674 1 0.825 0.591 0.872 0.666
Correlation matrix 46076 0.719 0.825 1 0.625 0.833 0.679
46078 0.804 0.591 0.625 1 0.515 0.626
46082 0.682 0.872 0.833 0.515 1 0.749
46085 0.833 0.666 0.679 0.626 0.749 1
Buoy 46001 46061 46076 46078 46082 46085
46001 0 450.195 360.178 298.422 468.802 316.905
46061 450.195 0 107.636 621.154 202.341 536.914
Distance matrix 46076 360.178 107.636 0 513.643 262.091 501.788
46078 298.422 621.154 513.643 0 713.890 608.097
46082 468.802 202.341 262.091 713.890 0 423.313
46085 316.905 536.914 501.788 608.097 423.313 0
Distance values are expressed in kms.
Table 6
Correlation and distance matrices for the buoys of the Northeast Coast.
Buoy 44005 44008 44011 44013 44020 44025 44027 44065 44066
44005 1 0.811 0.766 0.782 0.679 0.631 0.840 0.534 0.719
44008 0.811 1 0.829 0.745 0.726 0.726 0.694 0.618 0.824
44011 0.766 0.829 1 0.626 0.574 0.509 0.652 0.404 0.614
44013 0.782 0.745 0.626 1 0.704 0.626 0.480 0.616 0.693
Correlation matrix 44020 0.679 0.726 0.574 0.704 1 0.674 0.488 0.620 0.703
44025 0.631 0.726 0.509 0.626 0.674 1 0.496 0.938 0.905
44027 0.840 0.694 0.652 0.480 0.488 0.496 1 0.379 0.555
44065 0.534 0.618 0.404 0.616 0.620 0.938 0.379 1 0.826
44066 0.719 0.824 0.614 0.693 0.703 0.905 0.555 0.826 1
Buoy 44005 44008 44011 44013 44020 44025 44027 44065 44066
44005 0 300.735 315.658 156.558 212.204 468.762 189.772 492931 494.625
44008 300.735 0 235.818 236.321 140.299 332.583 450.303 377.037 304.874
44011 315.658 235.818 0 366.812 313.683 564.459 359.799 606.895 540.689
44013 156.558 236.321 366.812 0 99.718 313.560 346.205 336.430 346.389
Distance matrix (km) 44020 212.204 140.299 313.683 99.718 0 279.113 393.829 313.592 288.749
44025 468.762 332,583 564.459 313.560 279.113 0 658.341 47.549 83.186
44027 189.772 450.303 359.799 346.205 393.829 658.341 0 682.634 681.140
44065 492.931 377.037 606.895 336.430 313.592 47.549 682.634 0 122.930
44066 494.625 304.874 540.689 346.389 288.749 83.186 681.140 122.930 0

Distance values are expressed in kms.

according to the basis functions used in the hidden layer: PU for
Product Units, SU for Sigmoid Units, and PU+SU for hybrid EANNs
with Product Units and Sigmoid Units. As an example, the buoy
46085 of the Gulf of Alaska uses the buoys 46001 and 46082 as
inputs for its final recovery, given that the correlations between
the buoy to be finally recovered (46085) and these two buoys
(0.833 and 0.749, respectively, as can be checked from Table 5)
are the only ones that are above 0.70, which is the threshold o
for this zone.

On the one hand, analysing the results obtained when opti-
mising the models by MSE (Table 8), it can be observed that in
the Gulf of Alaska, EANNs models obtained the best results in 4
out of 5 buoys (2 using SU and 3 using PU+SU, note that SU and
PU+SU share one best result), whereas the remaining best result
is achieved by both LinearRegression and Ridge (buoy 46078).
Regarding the Northeast Coast, EANN models are able to achieve
the best MSE results in 5 out of 8 buoys (1 using PU, 3 using
SU and 2 using PU+SU, note that SU and PU+SU share one best
result), whereas the remaining 3 best results are achieved by
RandomForest (buoy 44011), SVR (buoy 44027) and regression
techniques (the best result for the buoy 44066 is achieved by
both LinearRegression and Ridge). Note that EANN models can
also obtain the second-best results in 2 out of those 3 buoys.
The results achieved in this second phase are better than those
obtained in the first one for all the 13 buoys (5 for the Gulf of
Alaska and 8 for the Northeast Coast).
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Moreover, when models are optimised by MSE, EANN models
obtained not only the best SERA results in both areas (5 for PU,
1 for SU and 7 for PU+SU) but also the second best results. These
results in terms of SERA are very interesting since this metric
involves recovering not only the simpler parts where the SWH
time series takes values around the mean but also the more
complex parts where the SWH time series takes extreme values.
In this sense, it can be said that EANNs using PUs in the hidden
layer can capture both behaviours of the SWH time series on the
simplest buoys (i.e. buoys with a reduced percentage of missing
values or buoys with few extreme values), and when buoys are
considered to be more difficult to retrieve (i.e. buoys with a high
percentage of missing values or buoys with a lot of extreme
values), PUs combined with SUs, i.e. hybrid PU+SU models, are
able to achieve the best results on most buoys. In terms of R?,
the results are in line with those obtained by MSE. Interestingly,
most of the buoys reach R? values around 0.8 and some buoys
above 0.9, except for two buoys of the Northeast Coast (44011
and 44027), for which values of 0.5265 and 0.3574, respectively,
have been reached. The reason behind these poor values obtained
by buoys 44011 and 44027 is that the correlation with which the
input buoys are selected is very close to the correlation threshold
chosen for this zone, « = 0.65, and only 3 and 1 buoys are used
in the final recovery, respectively, as can be checked in Table 6.
Analysing the MaxSE results, it can also be observed that the
highest values of SE (Squared Errors) are obtained for the same
two buoys at the Northeast Coast (44011 and 44027) and for
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Table 7
Results achieved by the three TF models proposed for the first phase of the approach, optimising models by MSE.
Metric Buoy TF Model
Regression Correlation Distance
46061 0.1674 0.2385 0.1833
46076 0.5994 0.2852 0.1925
MSE ({) 46078 0.4452 0.6282 0.5735
46082 0.8910 0.4649 0.4026
46085 0.5579 0.6426 0.5989
46061 11502.2972 18638.2711 14393.3618
46076 56501.5219 21347.8961 15012.6605
SERA ({) 46078 29039.6746 41748.0934 37639.7270
46082 51038.8417 20229.0578 17466.1147
46085 33107.1304 39644.6752 36518.7132
46061 0.8465 0.7956 0.8424
Gulf of Alaska 46076 0.5537 0.7947 0.8612
R? (1) 46078 0.7194 0.6332 0.5990
46082 0.4470 0.6963 0.7415
46085 0.7366 0.7229 0.7374
46061 6.4872 9.4614 8.0193
46076 25.1624 14.9769 10.8107
MaxSE () 46078 15.6620 22.3124 20.8965
46082 22.5341 8.4985 7.1036
46085 12.9483 9.8247 9.3184
46061 0.1746 0.2080 0.1790
46076 0.2929 0.2089 0.1694
MRE () 46078 0.2034 0.2372 0.2262
46082 0.2719 0.2020 0.1870
46085 0.1841 0.1977 0.1913
Metric Buoy TF Model
Regression Correlation Distance
44005 0.3945 0.2431 0.2242
44008 0.3519 0.2043 0.2070
44011 1.1363 1.0015 1.0434
44020 0.0531 0.0443 0.0452
MSE () 44025 0.1677 0.1360 0.0491
44027 0.4869 0.5077 0.5223
44065 0.1063 0.1283 0.0682
44066 0.5848 0.2280 0.1608
44005 25798.3631 14717.2076 13460.3862
44008 13360.9987 9464.4901 9901.0025
44011 49114.9313 33628.0406 34449.8383
SERA (1) 44020 4749.2202 3390.8779 3347.2782
44025 11325.0573 10216.2087 3296.0708
44027 46884.9705 38049.4116 40616.0840
44065 8469.1762 9389.1561 4629.3282
44066 52845.5524 18803.2937 13335.5235
44005 0.5541 0.7494 0.7692
44008 0.5290 0.7216 0.7205
44011 0.3318 0.4563 0.4460
Northeast Coast R 44020 0.4984 0.5867 0.5904
) 44025 0.7106 0.7568 0.9140
44027 0.2871 0.3299 0.3199
44065 0.6445 0.6232 0.7890
44066 0.3772 0.7580 0.8384
44005 11.2392 6.4114 6.0429
44008 5.9840 3.8672 4.0236
44011 21.2563 15.5661 16.0240
44020 3.9678 4.4735 4.5082
MaxSE (1) 44025 3.9641 6.0605 1.1741
44027 21.6919 16.2316 17.5281
44065 2.7312 2.6608 1.3428
44066 15.4801 10.3903 10.0580
44005 0.2940 0.2230 0.2167
44008 0.3212 0.2225 0.2217
44011 0.3293 0.3110 0.3167
44020 0.3293 0.2944 0.2949
MRE (1) 44025 0.2388 0.1957 0.1225
44027 0.4052 0.4273 0.4293
44065 0.2218 0.2465 0.1823
44066 0.3397 0.2051 0.1725

The best results are highlighted in bold, whereas the second best are in italics.
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Table 8
Results achieved on the second phase of the approach, optimising models by MSE. The results of the stochastic models are expressed as their mean and Standard Deviation (SD): Meansp.
Metric Buoy LinearRegression Ridge Lasso ElasticNet SVR MLP RandomForest PU suU PU+SU
46061 0.1581 0.1566 0.1580 0.1566 0.1811 0.15600.0026 0161200025 0.15280.0015 0.15350.0032 0.1499 0014
46076 0.1745 0.1744 0.1743 0.1743 0.1736 0.17030.0019 0.17560.0029 0.16970.0006 0.16880 0016 0.16880 0022
MSE () 46078 0.4452 0.4452 0.4455 0.4455 04532 0.44570,0006 0.45240,0003 0.44600,0005 0447800025 0.446600007
46082 0.3655 0.3655 0.3651 0.3651 0.3766 0.35870.0057 0.35560.0011 0.35470.0028 0.3541,0023 0.3480¢ 0025
46085 0.4428 0.4428 0.4424 0.4424 0.4382 0.43700,0015 0.44860,0018 0.43510.0013 0.43420 0019 0.43770.0032
46061 10664.4483 111482822 10759.1228 10849.2567 14727.6876 10767.3642325 3058 11461.6720346 4244 6564.0699;3.6302 6807.1688 75 8736 6538.4622100.7926
46076 15717.2647 15716.4361 15803.4999 15802.4383 15367.2084 15115.2904573 2156 15804.6627335 050 8518.9647 44,5683 8435.2063125.3525 8398.3464 155 7568
SERA ({) 46078 29039.6746 29039.8674 29170.9211 29170.9211 29754.7437 28867.6146357. 1405 29010.515976,1522 18394.7586104 3305 18470.6403,33 2760 18455.2227 50,321
46082 17881.0046 178810725 179409341 179409341 18892.7873 17130.3207463.0613 16835.688493.4771 10278.7888194.9226 9867.1941 05,0041 9739.1154152.4571
46085 26258.4783 26258.6329 26383.4965 26383.4965 27051.5767 25662.518 1255 7405 25422.8782 1661083 15217.4397 95,4755 14935.6931114 5193 15231.3725398 5966
46061 0.8498 0.8514 0.8496 0.8508 0.8282 0.85170.0025 0.84740,0030 0.85560.0013 0.8548,0027 0.85880,0013
Gulf of Alaska 46076 0.8709 0.8710 0.8709 0.8709 0.8717 0.87450,0008 0.86970,0021 0.87460,0003 0.87560.0011 0.87570 0016
R? ™) 46078 0.7194 0.7194 0.7194 0.7194 0.7167 0.7194¢ 9002 0.7147 0005 0.71880.0003 0.71779.0016 0.7184 004
46082 07691 07691 07691 0.7691 07668 0.77250 0037 0.77300 0007 0.7759% 0015 0.77600 0015 0.77900,0013
46085 07910 07910 07911 07911 0.7947 0.79360.0007 0.78819.0005 0.79450 0006 0.79500.0008 0.79340 0015
46061 57438 62272 5.8374 5.9886 8.8995 5.86120.1636 4.8759 1535 5.53290.0753 5.1899.1370 5.30580,1358
46076 113678 113822 11.4993 11,5069 10.6332 11.30260.1765 10.21670.4996 1113800 1235 11.0649 3006 10.93499.373;
MaxSE ({) 46078 15.6620 15.6622 15.8154 15.8154 16.9998 15.82070.2826 16.3259 2980 16424701945 16.67030, 6856 16.5127 1750
46082 7.1700 7.1699 7.1677 7.1677 75273 7113501143 7.31820.1260 7.23560.1366 7.15690.1879 7.01884 1963
46085 8.7660 8.7660 8.8144 88144 89335 8.55970 1109 8.74150 1381 8.60430.0433 8.77440 763, 8.61000 1208
46061 0.1665 0.1655 0.1663 0.1655 0.1676 0.16510.0016 0166700013 0.16319.000s 0.16219.0017 0.1599,0007
46076 0.1506 0.1506 0.1502 0.1502 0.1504 0.14980.0009 0.15270 0012 0.14930 0005 0.14919 007 0.1493 00
MRE () 46078 02034 02034 02038 0.2038 0.2014 0.2035.0009 0.20560.0003 0.20240 0003 0.20349.0012 0.2029.0003
46082 0.1756 0.1756 0.1755 0.1755 0.1783 0.17460.0012 0.17550.0003 0.1739% 0005 0.1739% 0006 0.17280,0007
46085 0.1651 0.1651 0.1651 0.1651 0.1629 0.16440.0004 0.16830.0004 0.16370.0003 0.16410.0005 0.16400.0005
Metric Buoy LinearRegression Ridge Lasso ElasticNet SVR MLP RandomForest PU SuU PU+SU
44005 0.1044 0.1045 0.1037 0.1039 0.1044 0.1033) 0019 0.11549 009 0.10530 0044 0.10310,0034 0.1117g0110
44008 0.1623 0.1585 0.1566 0.1562 0.1537 0.15339.0026 0156300012 0.1514g 0041 0.15630 0036 015419 0053
44011 08833 0.8833 08802 0.8802 0.8904 0.83410.0005 0.82200,0036 0.84650.0056 0.84330 023 0.83800 0202
MSE (1) 44020 00418 0.0415 00425 0.0416 0.0416 0.04140 0005 0.04650.0002 0.08040 0507 0.04129.007 0.0419 000
44025 0.0339 0.0339 0.0342 0.0342 0.0330 0.03340,0005 0.03680.0002 0.0709.1759 0.03329 0005 0.03300,0005
44027 0.4629 0.4628 04612 04610 0.4520 0.45630.0023 0.4539 0009 0.4560.0007 0.45570 0012 0.45360.0021
44065 0.0338 0.0338 0.0368 0.0368 0.0347 0.03530.0005 0.03370.0002 0.0333).0002 0.0330.000 0.03300,0007
44066 0.1136 0.1136 0.1193 0.1193 0.1152 0115200012 0.13140,0010 0.11580,0024 0.1179,0030 011860003
44005 5605.9115 5612.7849 5633.8913 5650.9320 5975.1325 5560.0195136 8325 6342.411731 3010 3613.8875271.4587 3744.306229 3305 3907.2206574 5327
44008 77427134 76262445 7592.6547 7558.5572 83238136 7503.0712196 5287 8369.140649,0931 4846.1251,37.6652 5271.7589306.6653 4835.3828731 g6g0
44011 28065.6455 28065.1765 28144.1929 28144.1929 29571.0343 25436.1695540.9184 24971.7589129,6452 16669.7033473 6500 16868.4807 1238097 17009.1688 13115456
SERA (1) 44020 32083297 3234.5864 3326.8788 3228.6959 2918.8629 3127.118001 6059 3230.245433.705, 1259.9140;32 9363 1796.7355.42,3087 1840.430569.4784
44025 2075.4542 2075.4723 2095.8021 2095.8021 1992.2001 2010.236462,1105 2243.5931335579 1261.182957.3111 1172.645970.9526 1116.386445.5547
44027 42511.8428 42479.6281 42085.3125 42048.5222 40747.8902 40089.7654g55.2117 38872.1555 170,827 25648.5797 105,129 25569.0626157.5732 25436.7969,39 5733
44065 2388.9036 2389.0303 2643.2509 2643.2509 2520.1190 2522.078049.2890 2382.563319,3104 1537.4463 15,9930 1519.252159,6645 1506.110050,304
44066 8626.3934 8626.7148 9398.2295 9398.2295 9126.3871 8947.9964361 1221 99077310113 4463 6118.0188301 4930 6296.0088,73 4421 6252.8932,35 3900
44005 0.8825 0.8824 0.8828 0.8826 0.8886 0.8848,0015 0.87030.0010 0.88260,0041 0.88549,0040 0.87670.0106
44008 07572 07628 07656 0.7661 07724 0.77500.0025 0.77220.0016 0.77540 0055 0.77160.0125 0.77270.0077
Northeast Coast 44011 05028 05028 05024 05024 0.4967 0.52240 0032 0.52650,0014 0.51420 0035 0.51830.0134 0.5159 0142
2 44020 06036 0.6066 05969 0.6056 06165 0.60860.0051 0.57210.0020 0.87880.1111 0.61050 0061 0.6048.0074
R? (1) 44025 0.9400 0.9400 09398 09398 0.9419 0.94119.005 0.93510.0003 0.9119 1159 0.9413) 0009 0.9419,0009
44027 03440 03440 03442 03442 0.3574 0.35380.0012 0.35600.0009 0.35570.0006 0.35540 0009 0.3569.0011
44065 08863 0.8863 08758 08758 08830 0.88140.0015 0.88670.0005 0.88810.0007 0.88900 0025 0.88919,0023
44066 0.8801 0.8801 0.8771 08771 0.8792 0.87900.0012 0.86130.0010 0.87880.0014 0.87640.0030 0.87610.0036
44005 36107 3.5943 3.4342 3.4161 3.7062 3.58880.2252 3.32244 1577 4.50621 5749 3.83400.7367 4.5098 2862
44008 3.9266 39518 3.8959 3.9378 4.1340 3.7391¢ 0956 4.77460.6225 4.232233110 3.9289.2078 4.43853 965
44011 133153 13.3151 133727 133727 14.1031 13.53830 2046 13.94680 3843 12.83970.1075 14.52543 415 13.76033 4504
MaxSE (1) 44020 42815 4.2657 4.2636 42723 42845 4.28800,0622 4.40730 0321 67.8355132.0003 4.32120 0785 4.33010.0906
44025 0.7949 0.7949 06894 0.6894 0.6081 0.6273).0gs1 1.3114g.1624 53.750 12563741 0.640992221 0.67740.4113
44027 19.9385 19.9290 19.8339 19.8283 19.6555 19.246102190 18.52650,1209 19.35490 0725 19.13770.1745 19.20030,141
44065 1.0504 1.0503 0.8769 0.8769 1.0618 0.96430.0201 0.95849 0471 1.09010,0285 1120101149 1.14510,0000
44066 7.1190 7.1209 92519 9.2519 9.1340 7.5839 6516 11.85990.7373 6.96230.7734 7.792114113 7.6959 3775
44005 0.1491 0.1491 0.1484 0.1485 0.1468 0.14780,0013 0.15700.0006 0.14750,0027 0.14670 0020 0.15150.0060
44008 0.1942 0.1915 0.1892 0.1897 0.1835 0.18580,0030 0.18400 0006 0.18149 0013 0.18520,0070 0.18560,0039
44011 0.2878 0.2878 0.2876 0.2876 0.2889 0.28129 0019 0.2802¢ 9006 0.2827¢.0010 0.2814 0030 0.2813¢ 0032
MRE (}) 44020 02909 02909 02943 0.2909 0.2872 0.29020 0025 0.30339.0009 0292200030 0.28970.0031 0.29150.0031
44025 0.1027 0.1027 0.1043 0.1043 0.1013 0.10170.0011 0.10680.0002 0.10530.0037 0.10110,007 0.10119,0007
44027 03888 03889 03896 0.3896 0.3843 0.38880.0011 0.38970 0004 0.38940 0007 0.3883).0010 0.38840 0021
44065 0.1264 0.1264 0.1320 0.1320 0.1275 0129200011 0.12550.0002 0.12550.0004 0.12500 0015 0125190012
44066 0.1471 0.1471 0.1498 0.1498 0.1465 0147190017 0.15740.0005 0.14850.0012 0.14920 0019 0.14960.0015

The best result is highlighted in bold; the second one best result is shown in italics.
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Table 9
Results achieved on the second phase of the approach, optimising models by SERA. The results of the stochastic models are expressed as their mean and Standard Deviation (SD): Meansp.
Metric Buoy LinearRegression Ridge Lasso ElasticNet SVR MLP RandomForest PU N PU+SU
46061 0.1581 0.1576 0.1580 0.1566 0.1811 015790029 0.16320.0009 0.19550.0047 0.18860.0053 0.18450,00s9
46076 0.1745 0.1745 0.1743 0.1743 0.1725 0.17030.0021 0.18070,0067 0191800065 0195400070 0.20000 0057
MSE () 46078 0.4452 0.4452 0.4455 0.4455 04532 0.44550,0004 0.45330,0024 0.95060,0102 0.94420 0071 0.93920,013
46082 0.3655 0.3655 0.3651 0.3651 0.3766 0.35940,0059 0.35610,0016 0.46380,.0100 0.478300192 0.48240 0235
46085 0.4428 0.4428 0.4424 0.4424 0.4382 0.4370,0013 0.44660,0031 0.67290.0143 0.69010,0135 0.7039.0208
46061 10664.4483 10689.0179 10759.1228 10849.2567 14727.6876 10753.1888540 4077 11630.7253139 5485 6528.130055.513 6549.70403, 1419 6362.0409;55 1432
46076 15717.2647 15717.2553 15803.4999 15803.4999 14817.1561 15110.9463555 0997 16125.3902546 3157 74359183102 6262 7293.764859 0509 7252761615 3626
SERA (}) 46078 29039.6746 29039.8674 29170.9211 29170.9211 29754.7437 28737.8139350,7998 29058.4763 195 3715 13675.323117,7405 13705.445530,6155 13687.157 1245219
46082 17881.0046 17881.0725 179409341 179409341 18892.7873 17130.4101390.5689 16873.6626135.6204 7594.4811175420 7790.6611113.7050 7668.2098104,0323
46085 26258.4783 26258.6329 26383.4965 26383.4965 27051.5767 25610.0824314 6427 25189.5615219.685 11765.26263; 164 11881.4101 1541414 11875.6736 44,0537
46061 0.8498 0.8501 0.8496 0.8508 0.8282 0.8498 0028 0.8448 0008 0.84520 0018 0.84999 0027 0.8515¢ 0954
Gulf of Alaska 46076 0.8709 0.8709 0.8709 0.8709 0.8743 0.87470,0006 0.86620,0047 0.86960.0031 0.87180.0031 0.87270.0057
R? ") 46078 0.7194 0.7194 0.7194 0.7194 0.7167 0.7193.0002 0.71419 0015 0.6879.0042 0.68200.0018 0.6866¢ 0032
46082 07691 07691 07691 07691 0.7668 0772200037 0.7727g 010 0.77040 0036 0.7639 0082 0.76650.0071
46085 07910 07910 07911 07911 0.7947 0.79360.0005 0.78910.0014 0.78830.0032 0.78270 0042 0.78549 0072
46061 57438 57927 5.8374 5.9886 8.8995 5.78660.1065 5.01860.1632 5.06350.4525 4.47019.2551 4.54720 3304
46076 113678 113679 11.4993 11.4993 92493 1128290103 10.24510 5267 9.49820 1847 8.96850.1928 8.87319.3735
MaxSE ({) 46078 15.6620 15.6622 15.8154 15.8154 16.9998 15.794005193 16.29400.4009 12.7660 0311 12.87620 5287 1284891301
46082 7.1700 7.1699 7.1677 7.1677 75273 7.11119,0005 7.34530.1566 5.60950.1156 5.70749.479) 5.4034 3683
46085 8.7660 8.7660 8.8144 8.8144 8.9335 8.54070 1201 8.93370 1088 6.44330 9717 6.83000 1860 6.6228 2857
46061 0.1665 0.1662 0.1663 0.1655 0.1676 0.16629 0015 0.16780.0004 0.19500 0062 0.18980.0076 0.18880 0075
46076 0.1506 0.1506 0.1502 0.1502 0.1507 014979 6011 0.15510.0031 0.16730 0045 0.17410 076 0.18030 0093
MRE () 46078 02034 02034 02038 02038 0.2014 0.20270 0009 0.20580.0006 0.3495 0030 034349 0015 0.34400 0044
46082 0.1756 0.1756 0.1755 0.1755 0.1783 0.17470 0013 0.17570.0005 0.21960.0030 0.22160.0067 0.22580.0099
46085 0.1651 0.1651 0.1651 0.1651 0.1629 0.16449 005 0.16760.0005 0.22640,0040 0.2279.0041 0.23320 0078
Metric Buoy LinearRegression Ridge Lasso ElasticNet SVR MLP RandomForest PU NI PU+SU
44005 0.1044 0.1049 0.1037 0.1050 0.1044 0.1039% 0022 0115500010 0.11880.00s6 0.1209,00s1 0.1199 005
44008 0.1623 0.1585 0.1566 0.1566 0.1537 015279 0026 0.15650.0016 0.78865 6635 0.33780.057 0.32150 0765
44011 0.8833 08833 08802 08802 08904 0.83670.0093 0.8222 0075 1.45330,0365 1.52410,0585 1.50101.5010
MSE (1) 44020 00418 00417 00425 00416 0.0398 0.04150.0007 0.04660.0004 0.07580.0052 0.0729.0035 0.07440 0047
44025 0.0339 0.0339 0.0342 0.0342 0.0330 0.03360.0005 0.03680.0002 0.04680.0121 0.04380.0027 0.04380.0025
44027 0.4629 04629 04612 04612 0.4557 0.4559% 0018 0.45640.0015 0.56850.0077 0.56430.0099 056590136
44065 0.0338 0.0338 0.0368 0.0368 0.0347 0.03540,0005 0.03380 0003 0.04340,0015 0.04330.0019 0.04240.0027
44066 0.1136 0.1136 0.1193 0.1193 0.1152 0.11530,0014 0.1313,0019 0.16480,0079 0.1859 0191 0.17230.0131
44005 5605.9115 5681.2963 5633.8913 5738.1196 5975.1325 5601.8064157 2240 6343.887 135 8261 3482.6442313 9006 3560.3486244 3136 3528.1412379 5786
44008 77427134 7626.2445 7592.6547 7592.6547 83238136 7531.9970315 9654 8374239830872 5267.86542523.6104 5275.37994g5 7511 5113.9226500,1604
44011 28065.6455 28065.1765 28144.1929 28144.1929 29571.0343 25565.6633495.9032 25634.7770459.4333 11394.5672130.4503 13000.5643025 2205 11752.9770; 17529770
SERA (1) 44020 3208.3297 3207.3917 3326.8788 3228.6959 2800.7833 3100.555585.3141 3239.647935. 0648 1313.756435 3553 1326.604627.1161 1319.358135,353
44025 2075.4542 2075.4723 2095.8021 2095.8021 19922001 2012.863457.9121 2245.717230.9303 1124.1819296539 1127.3527.47.4385 1099.3406.2,0522
44027 42511.8428 42511.5180 42085.3125 42085.3125 39802.5155 40033.4009770,9741 38834.4376 175 641 18035.672577.6232 17908.8358209.8570 17739.7083350 6746
44065 2388.9036 2389.0303 2643.2509 2643.2509 2520.1190 2530.494152.3065 2386.98195 3249 1431.968324.4679 1408.6447,3 5190 1417.711227,6052
44066 8626.3934 8626.7148 9398.2295 9398.2295 9126.3871 8929.553 1369 3166 99475424155 4176 5616.5070,30,0157 5680.594254 2060 5584.9080567.1034
44005 0.8825 0.8818 0.8828 0.8814 0.8886 0.8840 0924 0.87030,0011 0.87320.0110 0.87219.0074 0.87330.0001
44008 07572 07628 0.7656 07656 07724 0.7749 0030 0.7719 0019 0.69660.1342 0.7099 0544 0.72449 0539
Northeast Coast 44011 05028 05028 05024 05024 0.4967 0.52170.0035 0.52400 0041 0.52649,0075 0.4709.0314 0.514505144
2 44020 0.6036 06043 05969 06056 0.6268 0.60860.0035 0.57120 0029 0.58470.0444 0.60160.0091 0.59680.0122
REM 44025 0.9400 09400 09398 09398 0.9419 0.9409 0005 0.93500.0004 0.93180.0154 0.9369.0020 0938700035
44027 03440 03440 03442 03442 03552 0.35460.0006 0.35400.0014 0.35650.0025 0.3589 0029 0.3598,0027
44065 0.8863 08863 08758 08758 08830 0.88100.0015 0.88650.0009 0.88700,0023 0.88680.0025 0.8869 0024
44066 0.8801 0.8801 0.8771 0.8771 0.8792 0.87910,0014 0.86160,0025 0.85930,0114 0.86410.0126 0.8659 0039
44005 36107 3.4636 3.4342 3.3339 3.7062 3.601295357 3.3305¢.1777 4.3951; 0163 4.5183,9597 4.8000 6630
44008 3.9266 39518 3.8959 3.8959 4.1340 3.79870.1053 4.91870.9795 489.127295647203 5.71183.9921 7.19857 8524
44011 13.3153 13.3151 133727 133727 14.1031 13.54080 1968 13667002713 17.11461 1567 17.65007 4322 18.346615 3456
MaxsE (1) 44020 42815 42818 42636 42723 43005 434770 0571 4.3959%,0419 6.9224 3477 3.7389.1769 3.73660.2224
44025 07949 07949 06894 06894 0.6081 0.63040.0920 1.30830.1730 4.635516.0142 0.58400,0962 0.63799 3755
44027 19.9385 199384 19.8339 19.8339 185037 19.251202130 18.46040 2434 15.22010 0635 14.99120.3009 14.8523 3027
44065 1.0504 1.0503 0.8769 0.8769 1.0618 0962490274 0.97440 065 1.36450,0543 1.47170,0557 1.48550.0546
44066 7.1190 7.1209 92519 92519 9.1340 7.89440 770 11.8722; 006 6.35330 7701 7.0904; 2525 6960722955
44005 0.1491 0.1493 0.1484 0.1491 0.1468 0.14830.0016 0.15700.0007 0.16790.0055 0.17030.0077 0.1699,0087
44008 0.1942 0.1915 0.1892 0.1892 0.1835 0.18500,0028 0.18120 0000 0.28830.0280 0.322190553 0.311700371
44011 0.2878 0.2878 0.2876 0.2876 0.2889 0.2818).0018 0.2796¢ 0011 0.40540 0061 0.4153¢0114 0.41409 209
MEE (1) 44020 02909 02907 02943 02909 0.2837 0.28960.0025 0.30360.0012 0.43060,0144 0.42500,0173 0.43020.0215
44025 0.1027 0.1027 0.1043 0.1043 0.1013 0.10219.0012 0.1069.0003 0.12540 0069 0.12510.0065 0.12619.0054
44027 03888 03888 03896 03896 0.3875 0.38849.0012 0.39050.0006 0.47619.0068 0.472100114 0.47449 0147
44065 0.1264 0.1264 0.1320 0.1320 0.1275 0.12940.0010 0.12560.0005 0.15140.0045 0.15060.0072 0.14760 0096
44066 0.1471 0.1471 0.1498 0.1498 0.1465 0.14730.0020 0157200013 0.19819.0073 0.219100149 0.207200133

The best result is highlighted in bold; the second one best result is shown in italics.
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SWH time series reconstruction performed the best PU+SU model optimised by MSE
Buoy 46061 - Gulf of Alaska - (15.324% testing values)
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Fig. 7. Comparison of observed (red) vs. predicted (blue) values and scatter plot corresponding to the best PU+SU model optimised by MSE, for the test set of the

buoy 46061 of the Gulf of Alaska.

SWH time series reconstruction performed the best PU+SU model optimised by SERA
Buoy 46061 - Gulf of Alaska - (15.324% testing values)
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Fig. 8. Comparison of observed (red) vs. predicted (blue) values and scatter plot corresponding to the best PU model optimised by SERA, for the test set of the buoy

46061 of the Gulf of Alaska.

one buoy in the Gulf of Alaska (46078), which, as with the two
previous ones, this particular buoy only uses 1 buoy as input. Note
that these three buoys have particular weather conditions, being
significantly different from the rest of the buoys of the zone. Fur-
thermore, the MRE results reflect that the reconstructions differ
from the ground truth by a 10.11% for the buoy achieving the best
results (44025) and by a 38.43% for the most challenging buoy to
be recovered (44027). Bear in mind that EANNs have been run 30
times (as well as MLP and RandomForest). Since these are average
percentages, the best model can reduce this error considerably.
Finally, indicate that 9 out of 13 buoys only differ, at maximum,
from the ground truth, by a 20%, which demonstrates that the
proposed methodology achieves a very good performance when
optimised by MSE.

On the other hand, optimisation using SERA is also of great
interest, even more than the optimisation using MSE. In this
sense, SERA does not only focus on the overall behaviour of the
SWH time series as MSE does (i.e. the same attention is paid
to both around-mean and extreme values, although the latter
are of more interest than the mean values), but pays special
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attention to these extreme values. Thus, Table 9 shows the results
obtained in the second phase when the techniques are optimised
by SERA. As can be checked, the best results in terms of SERA are
always obtained by EANNSs for all the buoys under study. More
specifically, PU models obtained the best results for 6 buoys, SU
models for 1 buoy, and PU+SU models in the remaining 6 buoys.
These excellent results underline the importance of using EANN
models with PUs in the hidden layer, either alone (for easier
buoys) or combined with SUs (for more complex buoys). It is
noteworthy that EANN models not only obtain the best results
in terms of SERA but also the second best ones, as happened
when MSE was used as the optimisation metric. Therefore, these
results demonstrate that the proposed EANNs also achieved an
excellent performance when optimised by SERA, contrary to the
other techniques applied.

Regarding the remaining performance measures, in the case
of MSE and MRE, all the best results are achieved by the state-of-
the-art techniques. This behaviour means that these techniques
can only recover values around the mean instead of paying special
attention to the extreme values. Something similar happens in the
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Fig. 9. Scatter plots of the best PU+SU models optimised by MSE (red) vs. by SERA (blue) for the extreme values of the test set of the buoy 46061 (upper) and

46076 (bottom) of the Gulf of Alaska (more than 5 m and 6 m, respectively).

case of R? since state-of-the-art techniques achieve most of the
best results. In terms of MaxSE, EANNs achieve the best results
for half of the buoys at the Northeast Coast and all the buoys at
the Gulf of Alaska.

In addition, in order to graphically analyse the performance
achieved by EANN models when they are optimised either by
MSE or SERA, the buoy 46061 from the Gulf of Alaska has been
selected to represent observed vs predicted values. The choice of
this buoy is twofold: (1) it has a considerable amount of missing
data, almost a quarter of the period of time considered (23.357%,
equivalent to 1 year and 5 months approximately), and (2) the
range of SWH values is wider than for other buoys, between 0.2 m
to 6.9 m, thus, it is easier to show the differences between models
optimised using MSE and SERA. In this sense, Fig. 7 shows the
SWH time series reconstruction performed by the best PU+SU
model optimised by MSE. As can be seen, the predictions are
generally good, with no major deviations when SWH values are
close to the mean. Nevertheless, in the case of values higher
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than 4m, the predictions are not that accurate due to those SWH
values could be considered extreme values. Also, focusing on the
scatter plot, it can be observed that predicted values between Om
and 2.5 m are concentrated around the regression line. However,
predicted values higher than 2.5 m are more dispersed. The main
reason for this behaviour is that MSE focuses on values around the
average, hence, ignoring extreme values. On the other hand, Fig. 8
shows the SWH time series reconstruction performed by the best
PU+SU model optimised by SERA. Contrary to the previous case,
where MSE optimised the model, SWH values lower than 2.5 m
are not accurately predicted. Nevertheless, values over 2.5 m are
more accurately predicted. This behaviour is also represented
in the scatter plot, where values over 2.5 m are closer to the
regression line than in Fig. 7.

Moreover, to shed light on the differences in terms of extreme
values between the models optimised by MSE and SERA, Fig. 9
shows the scatter plot of the predictions as well as the regression
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Buoy 46082 - Gulf of Alaska - (39.263% missing values)

—— Training
8 —— Testing
g 6 Recovered
T
= 4
0
2
0
Jan Jul Jan Jul Jan Jul Jan Jul Jan Jul Jan Jul
2013 2013 2014 2014 2015 2015 2016 2016 2017 2017 2018 2018
Date
6 Buoy 44065 - Northeast Coast - (17.298% missing values)
—— Training
—— Testing
§4 Recovered
I
=
n2
0Jan Jul Jan Jul Jan Jul Jan Jul Jan Jul Jan Jul
2013 2013 2014 2014 2015 2015 2016 2016 2017 2017 2018 2018
Date

Fig. 10. Recovered SWH time series for the buoys 46082 and 44065 of the Gulf of Alaska and the Northeast Coast, respectively, using MSE as optimisation metric.

lines for two buoys: 46061 (upper) and 46076 (bottom). Specif-
ically, 17 and 15 extreme values of the testing set have been
included for buoys 46061 and 46076, i.e. those SWH higher than
5m and 6m, respectively. These amounts represent the 1.25% and
the 0.99% of the values belonging to the testing set. Concerning
the buoy 46061, the best predictions but one are obtained by
the model optimised by SERA, reducing the error performed by
a 7.959% on average, i.e. the predictions performed by models
optimised by SERA are a 7.959% on average closer to the regres-
sion line. In the case of the buoy 46076, the same behaviour is
achieved. The best performance over extreme values is obtained
by the model optimised by SERA (for 14 out of the 15 values), re-
ducing the error by a 31.873% on average. Summarising, some of
the extreme values cannot be estimated as desired. Nevertheless,
when SERA optimises the models, a better estimation is achieved
for the extreme values.

Furthermore, in order to illustrate the SWH time series after
the final recovery, Figs. 10 and 11 show two examples of SWH
time series each, where the reconstruction has been performed by
the best PU+SU model optimised by MSE and SERA, respectively.
Concretely, Fig. 10 shows the reconstructed SWH time series of
the buoys 46082 and 44065 of the Gulf of Alaska and the North-
east Coast, respectively. As can be checked, the SWH time series
keeps its general behaviour after recovering the missing values,
even when they represent a huge portion of the time series, as
is the case of the buoy 46082, with more than a 39% of missing
values. Note that for the buoy 46082, 19 months are lost in a
row (from Mar-2016 to Sep-2017). Nevertheless, the proposed
approach is able to recover this gap with high performance. On
the other hand, Fig. 11 shows the final reconstructions of the
buoys 46061 and 44025 of the Gulf of Alaska and the Northeast
Coast, respectively. In this case, it is worthy of mention that in
addition to recovering large data gaps, this approach is also good
at retrieving intermittent gaps, i.e. missing data is interspersed
with training data, as is the case of the buoy 46061 during the
year 2013. In general, it can be said that PU+SU models are an
excellent approach for recovering missing data, either using MSE
or SERA as optimisation metrics, given that they are able to catch
the behaviour of the SWH time series (maintaining seasonality
and trend among other features of the time series).

Finally, in order to give an insight into the complexity of the
models obtained, an analysis in terms of the number of connec-
tions is carried out. In this sense, Table 10 shows the mean and
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standard deviation (Meansp) of the number of connections of the
different models applied in the second phase and for each of the
buoys of both coastal zones. As can be seen, linear techniques are
the ones that require the lowest number of connections, given
their simplicity. Among the four linear techniques, LinearReg,
Ridge, Lasso and ElasticNet, the last two stand out, given that,
for all the buoys either optimised by MSE or by SERA, they have
the lowest number of connections, except for the buoy 44008 of
the Northeast Coast when optimised by MSE. On the other hand,
leaving aside the linear techniques, it can be checked that EANNs
using PU, SU or PU+SU basis functions have the lowest number
of connections compared to the remaining non-linear techniques,
standing out the EANNs with PUs in the hidden layer for being the
simplest models.

5.3. Comparison against time series imputation techniques

In order to demonstrate that the proposed approach is able
to achieve excellent results, an extra comparison has been in-
cluded against two state-of-the-art approaches in the time series
imputation field: (1) Bidirectional Recurrent Imputation for Time
Series (BRITS, [71]) and (2) Self-Attention-based Imputation for
Time Series (SAITS, [72]). The reason behind their inclusion is that
they are the state-of-the-art in their respective category, i.e. BRITS
is the best approach based on Recurrent Neural Networks (RNN),
whereas SAITS is the technique based on Self-Attention blocks
achieving the best results:

e Bidirectional Recurrent Imputation for Time Series (BRITS,
[71]) consists in an RNN approach for missing value im-
putation in time series data. BRITS imputes the missing
values following a bidirectional recurrent dynamical system.
The main advantages of this algorithm are: (1) it can man-
age multiple correlated missing values in time series, (2)
it can generalise to time series with nonlinear dynamics
underlying, and (3) it provides a data-driven imputation
procedure.

BRITS has been compared against other RNN-based ap-
proaches, such as GRU-D [73] and M-RNN [74], outperform-
ing both of them significantly.

e Self-Attention-based Imputation for Time Series (SAITS,
[72]) is the most recent approach not only based on Self-
Attention mechanism but also tackling the imputation task
for time series. Specifically, SAITS is composed of two
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Fig. 11. Recovered SWH time series for the buoys 46061 and 44025 of the Gulf of Alaska and the Northeast Coast, respectively, using SERA as optimisation metric.

Table 10

Comparison between the models of the second phase of the approach optimised by MSE and SERA, respectively, in terms of the number of connections and for each
of the buoys of both coastal zones. The number of connections of the stochastic models is expressed as their mean and Standard Deviation (SD): Meansp.

Buoy LinearReg Ridge Lasso ElasticNet SVR MLP RandomForest PU SuU PU+SU
46061 3.00 3.00 3.00 3.00 9584.00 171.67117.92 372727316470 6.971.19 11.900.84 11.23063
46076 4.00 4.00 4.00 4.00 16302.00 294.03107.12 10440.27¢659.49 8.307.70 12.43; 19 12.671.12
Gulf of Alaska 46078 2.00 2.00 2.00 2.00 8618.00 117.937554 3234.331583.14 333076 9.30151 8.87057
46082 4.00 4.00 4.00 4.00 13390.00 191.40128 11 14519.47 4596.94 540116 12.231.49 1213052
46085 3.00 3.00 3.00 3.00 12734.00 161.6399.76 8753.003294.16 6.800.89 1157114 10.83137
Optimised by MSE Buoy LinearReg Ridge Lasso ElasticNet SVR MLP RandomForest PU N PU+SU
44005 7.00 7.00 6.00 6.00 19056.00 507.33152.76 552305.87154594.84 6.77 189 27.33366 10.93; 33
44008 8.00 8.00 7.00 7.00 21338.00 471.002338 66 14346.274712.38 5.57143 15.03;.90 13.87250
44011 4.00 4.00 4.00 4.00 9966.00 283.93112.25 3823.071613.78 8.631.22 19.60161 10.57 157
Northeast Coast 44020 6.00 6.00 6.00 6.00 20714.00 430.67 198,63 787511.80231822.80 10.67; 58 16.97 183 14.83197
44025 5.00 5.00 5.00 5.00 13037.00 392.37125.99 16776.403626.31 7.30170 24.37187 16.57159
44027 4.00 4.00 3.00 3.00 18118.00 217.70112.93 2982.131643.72 73717 10.97¢.93 16.60;.76
44065 3.00 3.00 2.00 2.00 8150.00 268.9764.61 13205.005112.76 6.33132 11.4778 10.600.62
44066 7.00 7.00 3.00 3.00 25797.00 506.00153.24 579712.13130831.45 8.631.90 13.90; 83 11.772.93
Buoy LinearReg Ridge Lasso ElasticNet SVR MLP RandomForest PU SuU PU+SU
46061 3.00 3.00 3.00 3.00 9584.00 144.73107.39 2840.731634.31 10.23p73 14.87¢63 10.23p.99
46076 4.00 4.00 4.00 4.00 15826.00 302.47102.20 3455.073659.82 12.300.92 16.07136 11.17 13
Gulf of Alaska 46078 2.00 2.00 2.00 2.00 8618.00 150.3065.53 2605.131844.75 9.070.37 13.000.00 8.930.37
46082 4.00 4.00 4.00 4.00 13390.00 160.93131.68 11782.875760.34 11.50;.04 16.671.03 11.73111
46085 3.00 3.00 3.00 3.00 12734.00 213.00100.75 12930.536304.35 10.670.61 15.13068 9.701.02
Optimised by SERA Buoy LinearReg Ridge Lasso ElasticNet SVR MLP RandomForest PU N PU+SU
44005 7.00 7.00 6.00 6.00 19056.00 424.37173.87 544945.80174651.31 15.90,.16 20.302.09 19.43; g3
44008 8.00 8.00 7.00 7.00 21338.00 305.07210.07 11580.405634.77 16.075.13 21.802.12 19.90, 70
44011 4.00 4.00 4.00 4.00 9966.00 234.67110.18 7974.603031.03 11.40; .04 16.731.08 14.1314.13
Northeast Coast 44020 6.00 6.00 6.00 6.00 21506.00 389.93191.63 767708.27277009.53 13.83145 19.83166 27.40¢ 75
44025 5.00 5.00 5.00 5.00 13037.00 358.30141.38 13471.404835.87 12.27, 5 17.77138 16.03183
44027 4.00 4.00 3.00 3.00 18022.00 255.00115.80 8512.805726.23 16.331.15 23.83115 15.131.43
44065 3.00 3.00 2.00 2.00 8150.00 261.437478 10708.876271.59 10.430.68 14.830.70 13.630.61
44066 7.00 7.00 3.00 3.00 25797.00 449.43166 05 482345.47303117.27 15.83160 20.90, 77 19.0753

The lowest number of connections is highlighted in bold; the second one lowest is shown in italics.

diagonally-masked self-attention blocks and a weighted
combination of both learned representations.

SAITS has been compared against a range of approaches, in-
cluding BRITS, M-RNN and GP-VAE [75]. SAITS outperforms
all these techniques on three well-known datasets of the
community.

In addition to these two approaches to sanity check, a com-
parison against a well-known naive approach, which consists in
recovering all values with the training mean value, has been
carried out.

These approaches have been compared against the EANNS,
i.e. after carrying out the intermediate reconstruction. Note that
these three approaches have been run exactly under the same
conditions as EANNs and the rest of ML approaches, namely SVR,
LinearRegression, MLP, and so on, i.e. the same inputs and the
same number of training patterns, which, in turn, depend on the
considered buoy. The BRITS and SAITS approaches have also been
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run 30 times in order to provide a fair comparison against our
approach. Concerning the experimental settings, both approaches
have been run using default values.

Therefore, Table 11 shows the results achieved by our ap-
proach when optimised by MSE and SERA, respectively, as well
as the results achieved by the naive mean approach and the two
state-of-the-art approaches. Note that the results for the EANNs
are the same as those of Tables 8 and 9, repeated to enhance
the readability. The rest of the ML approaches have not been
included, as it was demonstrated that EANNs outperformed them.

As can be observed in Table 11, EANNs optimised by MSE are
the best in terms of MSE (12 out of 13 buoys). On the other hand,
EANNSs evolved by SERA are the best in terms of SERA (11 out of
13). Hence, the results achieved by BRITS and SAITS are not better
than those obtained by our approach.
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Results achieved by our approach when optimised by MSE and SERA in comparison against the naive mean approach and the two state-of-the-art approaches BRITS
and SAITS. The results of the stochastic models are expressed as their mean and Standard Deviation (SD): Meansp.

Optimised by MSE

Optimised by SERA

Metric Buoy Mean BRITS SAITS
PU su PU+SU PU SuU PU+SU
46061  0.1528p.0015 0.1535¢,0032 0.1499¢ 0014 0.1955¢,0047 0.18860.0063 0.1845¢ 9089 1.1286 0.25950.0034 0.4123¢ 9937
46076  0.1697.0006 0.1688¢.0016 0.1688¢ 0022 0.1918¢ 0065 0.1954¢ 0070 0.20000,.0087 1.3739 0.35970.0093 1.6765¢.6726
MSE () 46078  0.4460 o005 0.44780.0025 0.44660.0007 0.95060.0102 0.9442 9071 0.93920,0136 1.6032 1.1489 6015 4.0631¢.9709
46082  0.3547.0028 0.35419,0023 0.3480¢ 9025 0.46380,0100 0.4783¢.0192 0.4824.0235 15914 0.55250,1961 0.9547 2951
46085  0.43519.0013 0.4342¢ 9019 0.43770.0032 0.67299.0143 0.69010.0135 0.7039.0208 2.2818 0.67790.1614 1.68770.5051
46061 6564.069973 6302 6807.1688175.3786 6538.4622100.7926 6528.130068 5213 6549.704093, 1419 6362.040953 1432 108670.1584  21496.1178463.877 35728.39097567.832
46076 8518.9647445653  8435.20631553523  8398.3464155786s  7435.91831006282  7293.764850 0000 7252.7616125 3626 119914.2962  35365.4742,4556353  190805.67865270 1333
SERA (|) 46078 18394.75861043305 18470.64033332760  18455.2227g93421  13675.3231177408  13705.445506155  13687.157 1245919 1184355287  55901.17250372841  347702.330970787 5264
46082  10278.7888194.9226 9867.194 15060941 9739.1154453.4571 7594.481147 5420 7790.6611113 7059 7668.2098104.0323 102057.5456  25856.67 139435 9262 58727.21121g388 7018
Gulf of Alaska 46085  15217.439795 4788 14935.69311145193 15231.37252085066 ~ 11765.26268 1648  11881.4101454.1414  11875.67 361440537 179228.8871 38097.251811644.4851 128592.746835283 4309
46061  0.85560.0013 0.85480,.0027 0.85880,0013 0.8452 0018 0.8499 0027 0.8515¢.0054 0.0000 0.75550.0024 0.73950.0114
46076  0.8746¢ 0003 0.87560.0011 0.87570.0016 0.86960.0031 0.87180.0031 0.87270.0057 0.0000 0.74460 015 0.25870.2030
R? (1) 46078  0.7188.0003 0.7177.0016 0.71840.0004 0.6879.0042 0.68200.0018 0.68660.00s2 0.0000 0.5583¢.0201 0.17380.1352
46082 0.7759.0015 0.77600.0015 0.77900,0013 0.77040.0036 0.7639.0082 0.76650.0071 0.0000 0.72650.0059 0.71980.0232
46085  0.7945.0006 0.79500 0008 0.79340,0015 0.78830.0032 0.78270.0042 0.78540 007> 0.0000 0.74730.0076 0.67820.0369
46061  5.5329 753 5.1899 1370 5.30580.1358 5.06350.4525 4.4701 3551 4.5472 3304 29,5771 12.7718¢ 33 15.24891 1278
46076  11.13800.1235 11.0649¢ 3006 10.9349¢ 3733 9.4982¢.1347 8.96850.1928 8.8731¢.3735 41.002 19.6955¢.7636 37.95849 4604
MaxSE (]) 46078 16.4247¢ 1945 16.67030.6356 16.5127¢.1759 12.76600 0311 12.8762¢.2287 12.84899.1391 45.6979 33.11686.1929 75.86745.0879
46082  7.23560.1366 7.15690.1879 7.01880.1963 5.60950.1156 5.70740.4792 5.4034 3633 27.3254 9.27663 2289 15.31633 2001
46085  8.6043 0433 8.7744 2632 8.61000,1298 6.4433¢ 9217 6.83000.1869 6.6228) 2882 37.4499 15.150732015 34.93175 5485
46061 0.1631¢.0008 0.16219.0017 0.1599¢,0007 0.19500,0062 0.18980.0076 0.18880.0078 0.4611 0.19730.0030 0.2606¢,9390
46076  0.14939.0005 0.1491 0007 0.1493, 0008 0.16730,0048 0.17419.0076 0.18030,0003 0.5034 0.21000,0064 0.42730.1068
MRE (|) 46078 0.20249 0003 0.20340,0012 0.20299,0003 0.34950 0030 0.34340.0018 0.34400 044 0.4211 0.35060,1167 0.65470 1028
46082 0.1739 9006 0.1739 0006 0.17280 0007 0.21960.0030 0.2216¢ 0067 0.22580 0099 0.3968 0.22550,0474 0.28770.0547
46085  0.1637¢ 9003 0.1641¢,0005 0.1640.0005 0.22640 0040 0.2279.0041 0.2332,0078 0.3907 0.2118¢ 376 0.32380,0637
Metric Buoy Optimised by MSE Optimised by SERA Mean BRITS SAITS
PU N PU+SU PU N PU+SU
44005  0.105390044 0.1031,0934 0.1117.0110 0.11880,00s6 0.12099 0081 0.1199 0008 0.9220 0.29810,0021 0.31930.0150
44008  0.1514¢ 9041 0.1563.0086 0.15419,00s8 0.78863 6633 0.33780.0872 0.3215¢, 0768 0.8217 0.2196¢.0586 0.1965¢,0193
44011 0.8465¢,0056 0.8433¢,0232 0.83800.0292 1.4533,0365 1.5241¢ 0386 1.50104 5010 1.8373 0.6534 1993 0.9191¢.2330
MSE (1) 44020  0.08040.0907 0.0412 9007 0.0419.0008 0.07580,00s2 0.0729.0038 0.0744 0047 0.1053 0.06470.0006 0.06330,00s9
44025  0.0709.1759 0.0332,0005 0.03300,0005 0.04680,.0121 0.04380.0027 0.0438.0025 0.5566 0.134800018 0.1341¢,0063
44027 0.45600.0007 0.45579.0012 0.4536.0021 0.5685¢.0077 0.56430 0099 0.56590.0136 0.6934 0.53470.1575 0.56970.0889
44065  0.0333.0002 0.0330.0008 0.0330¢,9007 0.04340 0015 0.0433,0019 0.04240.0027 0.2969 0.1235¢,0045 0.1925¢ 0456
44066  0.1158¢.0024 0.11799.0030 0.1186¢.0032 0.16480.0079 0.1859.0191 0.17230.0131 0.9407 0.29630.0081 0.30630,0195
44005 3613.88755714587  3744.3062220 8505 3907.2206574537 ~ 3482.64423150006  3560.3486344313  3528.1412370.57s5 76562.0017  18452.63372088810  20063.3511;585 0530
44008 4846.1251;376657  5271.7589%066653  4835.38285318680  5267.865455036104  5275.37994g5 7511 5113.9226500 1604  25414.3219  10734.377231441024  12454.8032 14005253
44011  16669.70334736500 16868.480714238097 17009.168813115456 11394.5672130.4303  13000.56435028 2005  11752.9770117529770  105814.0418  19382.00143313.4157  45427.761212944.6109
SERA (1) 44020  1259.914043; 9363 1796.735542 3087 1840.430569.4784 1313.756433.3863 1326.604657.1161 1319.358135 3638 111523129 5456.1263131.0929 6267.90951135.2531
44025 1261.1829;57.3111 1172.645970.9526 1116.386445.8547 1124.1819;96539 1127.352747.4385 1099.34064; o522 52985.298 11131.7309250.2592 11246.6733656.0384
44027  25648.5797106.1200 25569.0626157.8732  25436.7969;395733  18035.672577.6232 17908.8358399.8570 17739.7083350 6746  59447.9833  40590.423817504.0232 60558.0768 10596.6004
44065 1537.446313 9930 1519.252159 6646 1506.110050.5394 1431.9683,4.4679 1408.6447,3 6190 141771122 6952 29501.1561 9866.6322611.0786 19196.67933995 2856
Northeast Coast 44066 6118.0188301.4930 6296.0088373.4421 6252.8932335 3000 5616.5070320.0157 5680.5942,43 2960 5584.9080,67.1034 93020.5637 26960.55761914.169 30026.96922852.8357
44005  0.88260.0041 0.88540 0040 0.87670.0106 0.873200110 0.87210.0074 0.87330.0001 0.0000 0.67280,0007 0.66220,0138
44008  0.77549 0055 0.77160.0125 0.77270.0077 0.69660.1342 0.7099 0544 0.72440 0530 0.0000 0.72740,0046 0.72420.0151
44011 0.5142 9935 0518300134 0.5159 014 0.52640.0075 0.4709 0314 0.51450 5144 0.0000 0.68930,0074 0.67840,0317
R (1) 44020 0.8788¢. 1111 0.6105¢.0061 0.60480 0074 0.58470 0444 0.6016¢ 9091 0.59680.0122 0.0000 0.42000 007 0.4564¢ 198
44025 0.9119¢ 1159 0.9413.0009 0.9419¢ 0009 0.93180,0184 0.93690.0020 0.9387.0035 0.0000 0.76680.0008 0.7690¢,0073
44027 0.3557¢.0006 0.35540,.0009 0.3569.0011 0.3565¢.0025 0.3589.0029 0.35980.0027 0.0000 0.38880 0033 0.37110.0164
44065  0.8881¢.0007 0.88900.0028 0.8891¢,0023 0.88700.0023 0.88680.0025 0.88690.0024 0.0000 0.61400,0053 0.63160,0106
44066 0.8788¢.0014 0.8764.0030 0.87610.0036 0.8593¢.0114 0.86410.0126 0.8659.0089 0.0000 0.69330.0026 0.7016¢,0153
44005  4.50621 5749 3.8340, 7367 4.5098 2862 4.3951; 0163 4.5183.9597 4.80001 6530 31.6402 16.6118¢.2639 18.8541 6851
44008  4.232253110 3.9289 2075 4.43853 gogs 489.127255647203  5.71183.0031 7.1985; 8524 9.2131 5.66181 0389 6.20850.3300
44011 12.83970 1075 14.52543 4155 13.76033 4504 17.1146 1567 17.65007 432 18.346615 3465 37.5022 10.61812,030> 15.31561 5000
MaxSE (1) 44020 67.8355132.0003 4.32120. 0786 4.3301¢,0906 6.92249 3477 3.73890.1769 3.73660.2224 3.3333 4.62480 0243 4.62299 1058
44025  53.7501256 3741 0.6409 2221 0.67740.4113 4.635516.0142 0.5840, 9962 0.6379.3755 28.0251 8.59250 1543 8.9943¢ 2550
44027  19.3549 0728 19.1377¢.1745 19.2003¢ 1412 15.2201¢,0638 14.9912¢ 3099 14.8523) 3427 25.5626 12.8562; 6673 15.77781.7239
44065  1.0901¢ 0285 1.12019.1149 1.1451g,0900 1.36450,0543 1.47170.0557 1.4855¢ 0546 15.8524 6.3021¢.2637 6.78710.8034
44066 6.9623¢.7734 7.79211.4113 7.69591 3778 6.3533¢.7701 7.09041 2825 6.9607 3. 2056 57.0214 33.10091 2021 34.82681.7679
44005  0.14750.0027 0.1469.0020 0.1515¢,0060 0.16790.00s5 0.17030.0077 0.1699.0087 0.4271 0.2439¢ 9006 0.2512¢,9072
44008  0.1841¢ 013 0.18529 0070 0.18560,0039 0.28830.0289 0.32210,0553 0311700371 0.5376 0.24310,0433 0.20480,0005
44011 0.282700010 0.28140 0930 0.2813),003 0.40540 0061 0.415300114 0.41400 0200 0.4082 0.25670,0531 0.28610,0419
MRE (1) 44020 0.2922 9030 0.2897,0031 0.29150,0931 0.43060 0144 0.42500 0173 0.4302,0215 0.4709 0.34740,0029 0.33840,0141
44025  0.1053p.0037 0.1015¢ 0007 0.1015¢ 907 0.12540,0069 0.12510 0068 0.1261.0064 0.4251 0.18660 0051 0.1833¢,g048
44027 0.3894¢.0007 0.3883¢.0010 0.3884.0021 0.4761¢,0068 0.47210.0114 0.4744¢ 0147 0.5332 0.45120 0813 0.4187,0331
44065  0.1255¢.0004 0.12500 0015 0.12519.0012 0.1514¢,0048 0.15060.0072 0.14760.0096 0.3729 0.23470.0099 0.29650,0485
44066  0.1485¢ 9012 0.14925.0019 0.1496¢ 015 0.1981¢,0073 0.21910,0149 0.20720.0133 0.4373 0.22660,0083 0.2199¢.0089

The best result is highlighted in bold; the second one best result is shown in italics.

Furthermore, it is worth of mention that our approach is not
only better in terms of performance but also in terms of com-
plexity. Table 12 compares the number of connections for each
of the buoys of both coastal areas. The number of connections
is expressed as their mean and Standard Deviation (Meansp).
Nonetheless, BRITS and SAITS have the same number of connec-
tions regardless of the run. As can be observed, EANN models
have a maximum of 27.40 connections on average, whereas the
minimum number of connections for BRITS and SAITS models is
196 and 1319960, respectively. In addition, our approach does not
require the use of a GPU, whereas BRITS or SAITS do, leading to
heavier structures.

6. Conclusions

This paper presents a novel technique for the massive recovery
of missing Significant Wave Height (SWH) time series data. The
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existence of missing data precludes the use of Machine Learn-
ing (ML) techniques for the estimation of future values, as they
require a training set for building the models. Specifically, the
proposed approach includes two phases for recovering missing
data in a set of buoys. The first phase provides an intermediate
recovery of each buoy, which will be used in the second phase
to carry out the final reconstruction of the other buoys belonging
to the same coastal zone but not for themselves. In this sense,
three different Transfer Function (TF) models are presented for
the first phase: regression-based, correlation-based and distance-
based. From these three TFs, the distance-based TF stands out for
achieving the best results, demonstrating that weighting by dis-
tance between the buoys of the same zone is capable of capturing
the complex dynamics of the time series to be intermediately
recovered. Once all buoys have been intermediately recovered,
the final recovery is performed using correlated buoys as input.
ML techniques can be applied for this second phase, as all input



D. Guijo-Rubio, A.M. Durdn-Rosal, A.M. Gémez-Orellana et al.

Table 12

Applied Soft Computing 146 (2023) 110647

Comparison between the models of the second phase of the approach optimised by MSE and SERA, respectively, in terms of the number of connections and for each
of the buoys of both coastal zones. The number of connections of the stochastic models is expressed as their mean and Standard Deviation (SD): Meansp.

Optimised by MSE

Optimised by SERA

Buoys BRITS SAITS
PU su PU+SU PU su PU+SU
46061 6.97110 11.90054 11.23043 10.23575 14.87043 1023000 284 1321514
46076 8.304 70 12.43; 10 12.67112 12.300.07 16.071.36 1117, 5 388 1323072
Gulf of Alaska 46078 3.33076 9.30151 8.87¢57 9.070.37 13.009 .00 8.93037 196 1319960
46082 5.40, 1 12.231 10 12.130 11507 64 16.671 03 1173111 388 1323072
46085 6.800 50 11.57; 14 10.83; 57 10.67061 1513065 970, 60 284 1321514
Buoys Optimised by MSE Optimised by SERA BRITS SAITS
PU su PU+SU PU su PU+SU
44005 6.77189 2733366 10.93,5 15.90 16 20.30,.09 19.43 .05 796 1327770
44008 5.57, 43 15.03; 0o 13.8755 16.075 15 21.80; 15 19.90, 70 964 1329344
44011 8.63;2 19.60; 61 10571 57 11.40; 04 16.731.08 14.13131 388 1323072
44020 10.671 55 16.971 g3 14.83,7 13.831.4 19.83166 27.401 5 644 1326200
Northeast Coast 44025 7.301 70 24374 16.571 5 12.271 3 17.771 3 16.031 85 508 1324634
44027 7377 10.970.05 16.60;76 16.33; 15 23.831 15 15.13; 43 388 1323072
44065 6.33,5 11.470 75 10.600.6 1043965 14.830.70 13.63061 284 1321514
44066 8.631.90 13.90, 5 117750 15.831.60 20.90; 7 19.07;.3 796 1327770

The lowest number of connections is highlighted in bold; the second one lowest is shown in italics.

buoys have available values at the same time instants, either
originally collected or intermediately recovered. To tackle this
second phase, Evolutionary Artificial Neural Networks (EANNSs)
have been proposed using Product Units (PUs), Sigmoid Units
(SUs) and hybrid networks combining PU with SUs (PU+SUs) as
basis functions for the neurons in the hidden layer. Moreover,
a comprehensive comparison of ML techniques has been carried
out by means of 7 state-of-the-art techniques: Multilayer Percep-
tron, Support Vector Machines or Random Forest, among others.
These techniques have been trained using two different metrics,
each promoting a different strategy. On the one hand, the Mean
Squared Error (MSE) tends to follow the general trend of the
SWH time series. However, extreme values of SWH time series
are underestimated. On the other hand, a novel metric known as
Squared Error-Relevance Area (SERA) has also been used, which
aims to balance between common values (around the mean)
and extreme values (which can even be considered outliers). The
proposed approach has been applied to two coastal areas of the
United States of America: the Gulf of Alaska and the Northeast
Coast, where 6 and 9 buoys have been considered, respectively.
With respect to the results obtained, EANNs demonstrated their
superiority over the state-of-the-art techniques, with PU and
PU+SU being the top performers. Moreover, the results demon-
strate that both metrics are excellent in achieving the objectives
they have been designed for. The end user will be able to decide
which metric is the most appropriate depending on the specific
situation to be solved.

Ultimately, this proposal can be extended in four directions
as future lines of work. Firstly, the proposed methodology can
be applied to a wide variety of areas where data is collected
by sensors or devices located geographically close. For example,
this approach could be immediately applied to wind or solar
energy farms in the green energies field or even to fog and rainfall
detection systems at airports in the atmospheric area. Secondly,
the use of exogenous variables to the SWH time series, either
collected from the buoys themselves or mathematical reanalysis
models, could improve the results. Thirdly, to carefully study
whether the SERA and MSE metrics are opposing, i.e. optimising
one implies a decrease in performance in the other metric. If
so, a multi-objective algorithm may be an excellent approach to
enhance the proposed methodology. Finally, we believe that the
main limitation of the proposed methodology concerns the evalu-
ation of EANNS, as it is the most computationally expensive step.
Therefore, we propose to reduce the computational complexity of
our approach by parallelising such evaluation.
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