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ABSTRACT

Producing accurate and reliable wind forecasts can be very helpful during offshore navigation, both for on
board safety and for taking tactical decisions during sailing yacht races. In this work different models
based on artificial neural networks are used for short-term wind forecasts. A time-series approach is used,
and the forecast is based on past values of wind velocity. The wind velocities measured at previous
instants are input of the proposed algorithm, which predicts the velocities for future instants. The
peculiarity of this method is that no other physical values are needed to obtain the forecast. A computer
program was implemented and tested on different time series: daily-averages, ten-minutes and three-
second measurements. Using daily-averaged data, the algorithm was able to accurately forecast when the
wind was going to increase or decrease for the following day. Ten-minute data allowed forecasting up to 4
steps ahead with good accuracy, while three-second data allowed accurately forecast up to 20 steps
ahead, subjected to an adequate training of the network. Also, updating the network with real-time velocity
measurements, an iterative algorithm was achieved allowing a continuous forecast.

1. INTRODUCTION

The decisions that are taken during navigation are highly influenced by currently experienced
and anticipated weather and sea conditions. In some cases, the main factor influencing those
decisions is the wind. A key example is given by sailing competitions, where anticipating a gust
can determine or influence the decision for making a sudden tack, and the strategy during a
competition is based on the anticipated changes in wind direction and speed. Even for non-
competitive sailing, wind is the most influencing factor on routing and can be extremely
important when facing extreme weather conditions that may require emergency procedures. In
recent years a large number of studies on wind forecasting have been carried out, most of them
driven by the growing interest in renewable energy and, in particular, wind energy production
(see for inst. Masson, 2000; Kavasseri and Seetharaman, 2009; Foley et al, 2012). The aim of
those studies was mainly to forecast the level of production of energy based on historically
recorded values for wind speed. Studies aiming at forecasting the wind speed instead of the
actual energy production, can be divided into those based on several velocity measurements
taken at a single location, and those based on a spatial velocity distribution. The latter uses
physical considerations about the coherent structures within the atmospheric boundary layer.
Conversely, the former studies do not take into account any physical consideration about the
nature of the flow field. Some of these methods were based on least squares optimisation of
polynomial functions (Zhang et al, 2011), on non-linear methods based on Kalman filters (Louka
et al, 2008) and on artificial neural networks (More and Deo, 2003; Khatib and Al-Sadi, 2011).
Artificial neural networks (ANN) have been successfully used to attack a wide range of
problems — such as speech recognition (Morgan et al, 1995), image classification (Lawrence et
al, 1997), function approximation (Poggio and Girosi, 1990) and financial forecasting (Kaastra
and Boyd, 1996). The present study uses ANN to predict the future wind velocity based on
several successive sets of velocity measurements taken at a single location. Differently from
earlier studies (e. g. More and Deo, 2003), where temperatures, humidity and pressures were
also input to the model, our model uses only the recent past velocities which can be easily
recorded on-board of a sailing yacht. Its simplicity allows the ANN model to run in real time,
progressively adapting itself to the wind data that is also being measured in real time. ANN are
mathematical structures that can emulate the process of learning from previous experience. For
instance, expert sailors are able to recognise situations that have already occurred in the past
and can predict similar evolutions of the current weather scenario. This human approach can be



emulated using ANN. By using a time series approach, the future wind velocities are obtained
as function of past and current values of measured wind speed data. This function is not chosen
a priori, but it is approximated by the ANN with an algorithm that allows the network to gradually
adapt itself to the character of past data. In this study we present several numerical models
based on daily averages, and on ten and one minute wind velocity predictions. The use of the
three different time scales for the measured wind speed allows for the investigation of different
potential applications, depending on the quality and the scope of the information available and
on the forecasts that are needed in order to support decisions made during navigation.

1.1 Artificial Neural Networks

ANN are inspired by the functioning of the biological neural networks in the brains of humans
and animals. Brains work as highly-complex, non-linear parallel computers, that also have the
ability to adapt their own processing structures according to particular input in order to perform
specific computations. The constitutive unit of a neural network is a neuron, which is a singular
processing unit that takes several inputs originating from other neurons, and produces an output
that is then transmitted to other neurons. The mathematical representation of the structure of a
neuron is shown in Figure 1. A neuron itself can be broken down into the following components:

* A set of connecting links, called synapses, where the i-th synapses is characterized by
a weight w; (synaptic weights);

* An adder within the neuron that sums each i-th synapse with weight w;;

* An activation function, which transforms the sum computed by the adder into the neuron
output y. If the activation function is linear, a neuron results in a linear combination of
the input values, while non-linear activation functions allow for the modelling of non-
linear problems.

Therefore, a neuron can mathematically be described by Equation (1):

y=9) {= Zwixi €]

i=1

I:> 1¢9) I:> y

Figure 1. Structure of a generic neuron.

Neurons are assembled together into an integrated structure that depends on the kind of
problem that the network has to solve. A structure that has been successfully used in function
approximation is the so-called feed-forward multi-layer perceptron. Figure 2 shows a simplified
example of a multi-layer feed-forward structure. In a multi-layer structure, neurons are
organised in layers, where each neuron does not receive input from any other neuron in the
same layer. Indeed, a neuron has a single output, while a layer receives the input from a set of
neurons. In a feed-forward structure, the information follows only one direction, i.e. the output of
the backward layer is input for the following layer. A first layer, namely the input layer, receives
the input vector (x,x,,...,x,) from the environment and transmits it to the adjacent layer,
namely the first hidden layer. The following layers are called hidden layers, successively
numbered until the last layer is reached, namely the output layer. The ANN illustrated in Figure
2 has an input layer of u neurons, two hidden layers of four and three neurons each, and an
output layer of r neurons. It is common practice to use input layers that do not transform the



input vector, which is transmitted to the first hidden layer without being processed by nonlinear
functions. Conversely, the output layer combines the results from the last hidden layer and its
neurons have identity activation function.

The key feature of an ANN, which makes it widely used in several applications, is in its ability to
learn and to adapt itself in order to produce the desired output for given inputs. The learning
process involves the continuous modification of the synaptic weights and it is based on the
principle of iterative error-correction. The synaptic weights of the various neurons are initialized
to random values, then a training set of input and output data is presented to the network. For
each input vector (x, x5, ..., x,,), the initially generated output vector (y,,y,, ..., ¥,) is compared
with the known true output vector (yi™¢, yi™e, .., yt™€). The synaptic weights of the output
layer are then modified by adding a factor that is proportional to the current assessed error and
to a learning rate, and those corrections are extended to all of the weights in the network
through a back-propagation process. This operation is iterated until successive changes in the
synaptic weights are smaller than a given value, or when the errors begin to increase. In
particular, when for given number (‘validation check’) of consecutive adjustments of the synaptic
weights, the error consistently increases, then the training process is interrupted (‘validation
stop’). In fact, when over-trained, an ANN includes the numeric noise in the model and its
performance decreases. An excessive number of neurons and layers make the learning
process more computational demanding and may lead to over training the data (Principe et al,
1999). For further details on training algorithms and validation processes see Haykin (1999).

Hidden layers

Input layer Output layer

Figure 2: Schematic diagram of a multi-layer feed-forward perceptron.
2 METHOD

In this study past measured and recorded values of speed are used to forecast a time series of
future wind velocity and this was undertaken using the scientific software package Matlab. The
neural network approach extends the idea of time series linear forecasts. Let s = s(t) be the
specific wind speed measured at time t € [0,T] and consider a sampling of s(t) at times
0<t; <t,<--<T with increment dt. At any instant t,, given s(t;_,), s(tx—ns1), -, S(tr), we
forecast values of s(ty1),S(tksz)s ovor S(Exqm)-

We write s, = s(t,) and we assume that there exists a function f that satisfies Eq. (2).

Ste+1 = f (Sk—n Sk—nt1s > Sk) (2)
Two different strategies can be used in order to obtain a forecast of the further values

immediately ahead in the series. The first strategy is to find a different function g in order to
predict the further values from the same input vector. For instance:

Sk+2 = 9 (Sk-n» Sk=n+1» =+ Sk) 3)



The second possible strategy is to use the same function f with an input vector shifted ahead of
p steps, where p — 1 steps are computed from the previous iterations. For example, computed
s+1 With Eq. (2), the second step ahead can be computed using Eq. (4):

Sk+2 = [ (Sk—ns1s Sk—n+2s =++» Sk41) €))
2.1 Linear versus non-linear time series forecasts

For time series forecasting, it is common practice to assume a linear function for f in Eq. (2).
Therefore the expression for. f becomes:

Sg+1 = oSk T A1Sg—q + =+ ApSpp ®)

It can be shown that, if the function sy, is linear combination of n trigonometric functions, then it
is possible to obtain an exact forecast as linear combination of 2n previous values. When a
small disturbance is added to the signal, the function f can only be approximated by means of a
least square method. Alternatively, an ANN can be trained, assuming copious amount of
suitable data, to model the function f. In this condition, the non-linearity of the activation
function may allow the ANN to perform significantly better than the linear model where the
coefficients are found using a LSM over more than a period of the lower frequency. For
example, we can consider the discrete function s(t,) as given by Eq. (6):

s(ty) = sin(mty) + %cos(Sntk) + écos(ZOrrtk) + n(ty) (6)

where n(t,) represents a noise component. In particular, at every instant t,, s is disturbed by a
Gaussian variable n(t,) with a zero mean and a standard deviation 0.01. Figures 3(a) and 3(b)
show a forecast on this discrete function made with a linear model and with the ANN,
respectively. The ANN that was used in Figure 3(b) is a multi-layer perceptron with two hidden
layers of five neurons each, and having hyperbolic tangent activation functions. Increasing the
size of the input vector and the number of neurons on each layer leads to a better forecast but,
also, to a slower convergence of the synaptic weights. For example, for the ANN used in Figure
3(b), it was found that more than five neurons per hidden layer led to only marginal
improvements in the performance but to a significantly longer training time. If the function s(t,)
did not have a noise component, then a linear model would allow for the exact forecast using six
input data values. In fact, s(t,) is made of the superposition of three trigonometric functions.
However, when a noise component is added, the performance of the linear model decays and
the ANN approach allows better performance than the linear model. This also occurs when an
insufficient number of input values is used. Therefore, in this example, the input vector was
made of five consecutive values of the discrete function s(t). The ANN was subsequently
trained with 335 values. Figure 3 shows that the ANN provides a reliable forecast for a span that
is approximately ten times longer than the linear model does.
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Figure 3. Forecasts with a linear model (a) and with ANN (b)

2.2 Training

When the network is trained, a large set of input vectors is processed and the computed outputs
are compared with known data. The size of the training set depends on the problem, though it
ranges between hundreds to millions of vectors. For every processed vector, the synaptic
weights are updated. Therefore, the training is computationally demanding and the
computational time increases with the size of the training set and of the input vector.

As stated above, there is an optimum size of the training set. When not enough data is
available, then it is possible to update the training as data becomes available. In Section 3.3, we
present an example of a network that is re-trained at regular intervals.

2.3 Correlation indices

The Pearson’s correlation coefficient (Eq. 7) was used to determine the correlation between the
measured and the forecast values. In particular, the computed vectors of one, two, etc.
(Sk+1Sk+2,€tc.) steps ahead were compared with the vectors made of the true values
(Skr1748, 8141574, etc.), where bold is used to identify vectors.

_ cov(Sgyp) Sk %)
R, = . Q)
o-sk+i ask+i
where oy, ., and o, ., are the standard deviations of s,,; and skt . respectively; and
R e [-1,1].

Additionally the percentage of uncertainty of the forecast, U, was computed at a 95%
confidence level. The differences between the computed values and the measured values for



each temporal step were considered. From this it was then determined the maximum of these
differences for the best 95% of them. Thus, the error is smaller than U for 95% of the forecast
values. The uncertainty used in the following sections is presented as percentage of the mean
values of the whole sets of data.

3. RESULTS

We present three different examples of the general ANN model that was discussed in Section 2.
As shown by the previous exercise, an adequately structured and trained ANN can forecast a
time series with a random component, using a small number of previous points as input. We
used three different wind speed signals measured experimentally. Being these signals non-
analytical, the optimum number of neurons and layers, and the size of the input vector, cannot
be determined a priori. Therefore, for each of the three wind signals, these were chosen in order
to minimise the forecast uncertainty.

In Section 3.1 we use daily averaged wind speeds, and we show an example of a one-step-
ahead prediction solving Eq. (2); in Sections 3.2 we use wind speed measurements every 10
minutes and we show how Eq. (3) can be used to forecast up to five steps ahead (i.e. up to 50
minute forecast) with low uncertainty; in Section 3.3 we use the three spatial wind-velocity
components, averaged over a minute, for producing a continuous forecast with the method
showed by Eq. (4). In this last example, the network was also re-trained every 1.5 minutes.

3.1 Daily data

A set of data from the New Zealand National Climate Database (NIWA, 2012) was employed,
which consists of daily averaged wind speed registered in Auckland from 1/1/1990 to
31/12/2008 for a total of 6941 values. Figure 4 shows that the signal is highly oscillating, and
presenting opposite trends almost every day. Different networks were trained in order to identify
the optimal structure to forecast the wind speed for the next day. It is known that a single layer
perceptron can only model linearly separable problems (Haykin 1999). This postulate was
tested using a one hidden layer feed-forward structure with a range of neurons of up to 30. It
was found that the converged solutions showed a high dependence on the initial values of the
synaptic weights. Also, on increasing the number of neurons no significant trends were
observed, possibly this being negligible compared to the noise due to the initialisation process.
The network performance increased when two hidden layers were used, in agreement with the
theory (Haykin 1999). Increasing both the number of neurons per layer and the size of the input
vector led the average error to decrease until optimum values were reached, then a further
increase in neurons led the performance to decrease again. In particular, the best performance
was achieved with two hidden layers with 18 and 10 neurons, respectively. The input vector was
made of seven consecutive daily-averaged wind speeds and the single output vector was the
predicted wind speed for the eighth day. Either an excessive number of neurons and a too large
size of the input vector led the performance to decrease because the number of parameters that
are required to be optimised increases and the training becomes inefficient.

The log-sigmoid function and a hyperbolic tangent activation functions were used for the first
and second layers, respectively. Having two different non-linear activation functions increases
the learnability when dealing with highly non-linear models (Haykin, 1999). The first 75% of the
data set was used to train the network (6841 samples), and the ANN was then tested against
the remaining 25% of the data set (1841 samples). The training was based on the Levenberg-
Marquardt back-propagation algorithm, which is known to be efficient for networks with less
than 100 neurons (Hagan and Menjai, 1994). The selected convergence criterion was a
maximum weight gradient of 107> or six consecutive failed validation checks. The latter
condition was achieved before the gradient convergence.

Figure 4 shows an example of 100 days, not included in the training set, and hence new for the
network, where the model forecast is compared with the measured data. For each day, the
average wind speed is forecast using the values measured in the previous seven days. The
model is able to correctly predict whether the wind will increase or decrease for the following
day. The sign of the velocity gradient is correctly predicted 96% of the time. Conversely, the
absolute value of the prediction is computed with a large uncertainty, U = 45%, and a poor
correlation factor, R = 0.6.
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Figure 4 Forecast and measured daily-average wind speeds.
3.2 Ten minute data

Different data sets available from NIWA (2012) consists of wind speeds registered at six
different stations in New Zealand over a period of one year (2010) at intervals of ten minutes. A
total of 6940 instantaneous wind speed values were available from each station. While daily-
averaged wind speeds (Figure 4) fluctuated around an almost constant value, the running
average of the ten-minute measurements, shown in Figure 5, is affected by low frequency
fluctuations. In order to take into account this additional complexity, the structure of the ANN
was adjusted. In particular, the number of neurons in the second hidden layer was increased
from 10 to 15, and the input vector size was increased from seven to eight data points. The
same activation functions, training algorithm and the convergence criterion as selected in
Section 3.1 were used.

Different input vectors were tested employing sets of data from all the six stations
independently, and similar results were achieved. The results achieved for one of these are
presented below as an example.

We are interested in predicting several time steps ahead. Therefore, the output vector was
increased from one to five consecutive values (i.e. forecasting for up to the next 50 minutes).
Figures 5(a) and 5(b) show the forecast values s;.; = f(sk_7,...,S;) and sx42 = g(Sk—7,-++,5),
corresponding to one and two steps ahead, and for 10 and 20 minutes ahead, respectively. For
10 minutes ahead, the ANN is able to correctly predict the sign of the wind velocity change (i.e.
increasing or decreasing) in 98,5% of the cases, and the amplitude of the change is computed
with an uncertainty U = 5%. For more than 10 minutes ahead, the uncertainty of the ANN
increases almost linearly. In particular, Table 1 shows R and U values for the 10, 20, 30, 40 and
50 minutes ahead forecasts.
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Figure 5: Measured and forecast wind speeds for one (a) and two (b) steps ahead.

Table 1: R and U for one to five steps ahead.

10 min 20 min 30 min 40min 50min
R 0.91 0.88 0.87 0.81 0.78
U 5% 7% 11% 15% 20%

3.3 Three-seconds data

Wind data from a station installed on the Newcastle University research vessel allowed a higher
frequency analysis than discussed in Sections 3.1-2. The velocity components along the three
spatial directions were measured every three seconds for up to a total of 1200 samples. We are
interested only in wind variation with frequencies up to 0.01 Hz. In fact, in order to be able to
react to a wind oscillation with a change of the vessel course, the wind oscillation should have a
period of longer than at least one minute.

Because an ANN can learn from a smoother time series more easily than it can from a highly-
oscillating time series (Haykin, 1999), it is convenient to effectively smooth the input data up to
the frequencies of interest. Therefore, we used moving averages over 20 values, corresponding
to an average over one minute and 0.017 Hz.

The same number of hidden layers and neurons, activation functions, and training algorithm as
in Sections 3.2 were used. The signal, which is smoother than the previous ones, allowed for
using input vectors of up to 60 values (20 measurements per velocity component) without
increasing the error. This leads to more connections (i.e. synaptic weights) due to the larger
sizes of the input and output vectors.

This ANN showed a better performance (R = 0.96) than did the models presented in Sections
3.1-2. This is due to the additional velocity components being used as input, which thus provide
more coherent information to the ANN, and also to the smoother trend of the signal. However,
the resulting larger number of synaptic weights led the training process to be interrupted by a
validation stop. Therefore, the number of validation checks was increased from six to ten,
allowing the training to stop because the minimum gradient was reached. This change resulted
in enhancing the performance to yield R = 0.98 for one step ahead. The training was performed
on the first 75% of the 1200 samples, resulting in 900 samples equivalent to 45 minutes. We
investigated the possibility of starting with a shorter training and being able to increase it in real
time. The first forecast was based on only five minutes of training. Then, after every 90
seconds, the training was updated with a training set extended with the last 30 measurements.
This approach was tested until the whole 45 available minutes were used for the training and
this showed an increasing performance during the operations. In particular, after 20 minutes of
training, a correlation coefficient R = 0.98, with an uncertainty U = 1.5%, was achieved. In this
case where the output is a vector with the next three velocity components, the uncertainty was



computed considering the three velocity components independently. This level of performance
did not increase further extending the training up to 45 minutes.

This network was also used in an iterative way to produce forecasts for the following minutes,
according to Eq. (4). Using the network iteratively to forecast a long sequence of future values,
it was found that error propagation will lead to either a flat or a highly oscillating forecast.
However, the longer the training, the slower the error propagates. Thus, after adequate training,
it is possible to have a reliable forecast for several steps ahead.

Figure 6 shows the number of future values that are iteratively forecast with an error which is
smaller than 20%. The graph shows a general growing trend: given 16.5 minutes of training, the
ANN can make a forecast with an error smaller than 20% for the more than one minute ahead,
and given 30 minutes of training or more, about 1.5 minutes ahead is forecast.
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Figure 6. Forecast range with error lower than 20% versus training length.

Figures 7-8 show the forecasts performed by the ANN for training periods of three and 33.5
minutes, respectively. In Figure 7, after three iterations, corresponding to a forecast for nine
seconds ahead, the error was equal to 20% of the wind speed. This poor performance was
significantly improved using a longer training periods in Figure 8, which shows that the ANN is
able to forecast values for up to 1.5 minutes ahead.
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Figure 7. Measured and iterative forecast wind speeds after three minute training.
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4. CONCLUSIONS

Reliable wind forecasts can enhance safety for navigation and performance during sailing yacht
races. In this study we have presented ANN-based models for wind forecasts obtained at
different time intervals, and that use the knowledge acquired from past measured wind speed
values to forecast the near future wind speed. Simulations were carried out using daily
averages, ten minute and three second measurements. For each of these sets of inputs,
different feed-forward multi-layer networks were used. In fact, from daily averages down to three
second measurements, the time histories showed smoother trends. This led to the use of a
longer input vectors, in which input data stream length was optimised based on maximum
learnability of the network. The use of longer input vectors requires more complex ANN
structures, increasing the number of neurons in the hidden layers.

Given daily wind speed averages, the ANN was able to predict with high accuracy (96% of the
times) the trend for the next day, while however the absolute wind speed was poorly predicted.
Decreasing the sampling periods to ten minutes and three seconds, the ANN was able to
predict, with high accuracy, up to 20 minutes ahead (two steps ahead: R = 0.88,U = 7%) and
1.5 minute ahead (30 steps ahead: R = 0.8,U = 15%), respectively.

Also, it was investigated the possibility to reduce the initial ANN training to only five minutes and
then to use a real time training, where the training is updated every 1.5 minutes with the most
recent measurements. The performance of the ANN was found to increase until when the
training was longer than 22.5 minutes and then remain almost constant, able to predict up to 1.5
minute ahead.
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