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Abstract: From the perspective of energy providers, accurate short-term load forecasting plays a
significant role in the energy generation plan, efficient energy distribution process and electricity
price strategy optimisation. However, it is hard to achieve a satisfactory result because the historical
data is irregular, non-smooth, non-linear and noisy. To handle these challenges, in this work, we
introduce a novel model based on the Transformer network to provide an accurate day-ahead load
forecasting service. Our model contains a similar day selection approach involving the LightGBM
and k-means algorithms. Compared to the traditional RNN-based model, our proposed model
can avoid falling into the local minimum and outperforming the global search. To evaluate the
performance of our proposed model, we set up a series of simulation experiments based on the
energy consumption data in Australia. The performance of our model has an average MAPE (mean
absolute percentage error) of 1.13, where RNN is 4.18, and LSTM is 1.93.

Keywords: short-term load forecasting; attention mechanism; deep learning; LightGBM; recurrent
neural network

1. Introduction

With the advancement of the smart grid and the growing demand for economically
efficient electricity scheduling, short term load forecasting (STLF) has attracted more
attention in both industry and academia. From the perspective of energy providers, the
accuracy of short-term load forecasting (STLF) plays a significant role in energy generation
planning, efficient energy distribution processing and electricity price strategy optimisation.
The concept of load forecasting was proposed by [1] in 1966. In [1], the relationship
between the summer weather and peak load of utility systems was discussed by examining
historical data.

According to the prediction horizon and purpose, load forecasting problems can be
categorised into four types: very short-term load forecasting, short-term load forecasting,
medium-term load forecasting, long-term load forecasting. The very short-term load
forecasting refers to prediction time ranging from a few minutes to hours, aiming to help
utility make decisions in real-time operation. Short-term load forecasting refers to load
prediction one day ahead or one week ahead, aiming to increase energy schedule efficiency.
Medium-term load forecasting represents the prediction approach with a time horizon
range from one month to one year. According to [2], the goal of the medium terms load
forecasting is make an effective operational plan. Long-term load forecasting is usually used
for considering future financial plans and energy infrastructure dilation. The forecasting
time range of long-term load prediction is more than one year. In this paper, we mainly put
focus on short term load forecasting. To emphasise the importance of forecasting model
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accuracy, In [3], the author proposed that more than 10,000 MW energy will be saved if the
mean absolute percentage error decrease 1%. However, a series of external time-variant
factors can affect the power demand, such as weather, seasonal characteristics, temperature,
etc. These factors make the problem more complex and arduous.

In the past decades, time-series forecasting has become an active issue and prompted
a significant amount of research. The mainstream approaches of STLF can be classified into
traditional statistical techniques and artificial-based approaches. Conventional statistical
methods often involve double seasonal Holt-Winters exponential smoothing [4], linear re-
gression, auto-regressive integrated moving average [5] etc. However, these approaches do
not always work satisfactorily as these models adopt linear functions to process the relation-
ship between the actual and forecasted data. However, the STLF issue can be concluded as
a nonlinear, non-stationary time series forecasting problem. The artificial-based approaches
are nonlinear forecasting models that employ nonlinear functions to predict load demand.
Compared to the traditional linear model, nonlinear models are more suitable to solve
complex load forecasting issues. The artificial-based approaches can be categorised into
support vector machine (SVM) [6], fuzzy logistic methods [7], artificial neural network [8]
etc. The artificial neural network mechanism produces reasonable results by mimicking
the human brain to learn from past patterns and experiences. Compared with traditional
statistical approaches, the artificial neural network method is a data-driven approach that
has outstanding learning ability and adaptive function. This characteristic is very suitable
for the time series forecasting problem. Recurrent neural network is a typical deep learning
approaches which can capture sequence information in the time-series data and sharing
parameters across different time lengths.

Nevertheless, the accuracy of recurrent neural network models is affected by the
vanishing gradient and exploding issues, common challenges in various neural network
models. To mitigate the impact of these two features, special architecture of the recurrent
neural network, named long short term memory (LSTM), has been proposed. Compared
to the standard recurrent neural network, there are two transfer states in LSTM. It only
remembers the essential information, which leads to outstanding performance over long
sequences of input.

Due to these features and challenges, it is essential to develop a more effective model.
Our contributions are shown below. We implement a short term load forecasting model
based on the transformer algorithm. Meanwhile, We proposed a novel similar day selection
approach that combines LightGBM and K-means algorithm to calculate the importance
of each feature and select the similar days from historical time series data. To validate
the performance of our proposed model, we adopt the New South Wales load forecasting
as a case study and implement our proposed model. The experiment result proves that,
compared to other existing state-of-the-art approaches, our model shows outstanding
performance.

The remainder of this paper is organised as follows. Section 2 briefly introduced
the mainstream approaches for the short term load forecasting problem. Section 3 con-
tains the introduction of the proposed STLF problem and the details of our proposed
model. In Section 4, we compare our proposed model’s forecasting performance with
other mainstream approaches through various evaluation metrics and provide a compre-
hensive experiment analyse. Section 5 elaborates the conclusion and analyse the future
development directions.

2. Literature Review

In the past few decades, various prediction models have been proposed to tackle the
challenge of STLF and satisfy the accuracy requirement. Based on the model’s mechanism,
the mainstream approaches of STLF can be classified into statistical models and machine
learning models. The following sections will briefly introduce each method'’s features and
discuss their merits and demerits.
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Compared to other complex forecasting approaches, regression models are straight-
forward and easy to interpret. Based on the above reasons, numerous attempts have been
made to develop the regression-based model. In [9], a multiple regression model was
applied to solve the STLF problem in a trim scale level (a campus in London). The author
developed a multiple regression model and a genetic model separately. Both of them
have five essential independent factors (ambient temperature, solar radiation, relative
humidity, wind speed and weekday index). The experiment result showed that the genetic
programming model performs better than the multiple regression model concerning the
total absolute error. Nevertheless, the stability and generalisation ability of this model still
needs to be improved. In [10], the author employed the fuzzy linear regression model,
which outperforms linear based forecast models. In [10], the experiment result revealed
that the model performs outstandingly, with an average maximum percentage error is 3.5%.
In [4], a model based on the Holt-Winters exponential smoothing methods was proposed
to analyse the seasonal time series data. However, this approach is only applicable for
the time series issue that exhibits seasonal behaviour. The authors in [11] presented an
investigation based on the multiple linear regression method to solve the STLF issue. The
author summarised that the multiple linear regression method for STLF is easy to develop,
with the accuracy of historical data being a limitation of this model. The author also pointed
out that the model’s accuracy depends on the fitting degree between the regression function
and experiment data. Ref. [11] introduced a Multi parameter regression method to forecast
the load data of the coming hours. The author indicated that the load demand trend
depended on a few parameters. In conclusion, the regression-based model’s advantages
are simple computation principle and structure, outstanding performance on extrapolation,
and satisfying performance for a situation that has not occurred before. However, the
general drawbacks of the regression-based model are that historical data is large, the model
cannot describe each factor in detail, and the model is difficult to initialise.

The work in [12] introduced and tested the performance of several fuzzy time series
(FTS) algorithms for the STLF problem. The author concluded that the mathematical and
statistic knowledge requirement of the FTS algorithm is more accessible to fulfil than other
mainstream prediction approaches. Furthermore, [12] pointed out that FTS shows an
outstanding forecasting ability in very short-term load forecasting problems. The author
assumed this might be caused by various seasonal factors, such as peak demands, unusual
demands, etc. From a practical application perspective, the standard fuzzy logic-based
model cannot fulfil the accuracy requirement of STLF. Compared to the classic fuzzy
models, which employed heuristics defined membership functions, ref. [13] proposed a
novel hybrid bio-inspired algorithm based on particle swarm optimisation algorithm and
fuzzy inference method to enhance the model’s forecasting capability. Adika [13] discussed
the limitations of the traditional conventional fizzy logic system in the complex problem.
The results showed that the proposed hybrid model achieved higher accuracy than the
classic fuzzy inference model.

In terms of the machine learning approach. Support vector machine is an algorithm
that assigns labels to experiment objects through learning by sample [14]. Since the
algorithm has advantages such as strong generalisation ability, global optimisation and
fast computation speed, numerous attempts have been made to develop a support vector
machine-based model [6,15,16]. In [6], the author stated that the SVM algorithm can
reflect the non-linear relationship between influence factors and electricity load sequence.
The experiment results prove that the SVM algorithm performs better when the problem
is small-scale, sample and nonlinear. In [15], the author stated that compared to the
backpropagation neural network, SVM performed better in prediction speed and accuracy.
A comprehensive analysis and comparison of the forecasting ability of SVM and Auto-
Regressive Integrated Moving Average(ARIMA) were presented in [16]. The experiment
results proved that SVM achieves better performance for nonlinear patterns. However,
the author also indicated that the ARIMA based approach is more appropriate for dealing
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with the approximation of linear type of load. In conclusion, most SVM-based models have
poor performance when dealing with fuzzy phenomena.

The neural network-based approach has become the desired predictive approach and
reveals a predominance performance compared to other mainstream approaches. In [17],
the artificial neural network was first time used for the STLE. A back-propagation neu-
ral network-based model focusing on a complicated STLF problem with dynamic and
non-linear factors was introduced in [17]. The author reduced the model’s training time
by combining back-propagation with a rough set and filtering noise data. The results
showed the superiority of the proposed model. Furthermore, [18] provided a compre-
hensive analysis of the relationship between weather conditions and load demand. The
author in [18] proposed a prediction model based on a back-propagation neural network.
A shallow neural network-based model was proposed in [12]. The author employed an
artificial neural network approach to obtain the relationship between past and future data.
Ref. [19] developed a feed-forward neural network for forecasting weather-sensitive loads.
Compared to the traditional artificial neural network, the proposed model in this study is
not fully connected. On the other hand, the model can receive a series of related factors:
load time series, weather information and day type information. The proposed model
displayed better prediction capability than the auto-regressive integrated moving average
model on the same task with this extra information. However, in recent years, numerous
attempts have been made to develop a modified feed-forward neural network-based STLF
model. A deep residual network-based model was introduced in [20]. The author increased
the model’s generalisation capability by adopting a two-stage ensemble strategy. The per-
formance of the proposed model was validated by implementing it in various public data
sets. The results showed that the proposed model significantly enhanced the prediction
accuracy index compared to traditional regression models. With the north American utility
dataset, the model’s MAPE can achieve 1.69.

Convolutional neural networks (CNN) were initially designed for data restructured
in a grid-like topology. In most cases, the form of input data for CNN is two-or three-
dimensional. However, one-dimensional data, such as time series load sequence, is also
suitable for CNN. Furthermore, the CNN-based model excels in tackling the real-time
problem because its properties of local connectivity and parameter sharing can reduce
training time and increase training efficiency. The CNN has been widely applied to various
application scenarios, such as computer vision tasks, voice recognition, audio generation,
etc. However, only a few attempts have been made to develop a CNN -based model
to solve the STLF problem. The work [21] presented a temporal convolutional network
(TCN)-based deep learning model on solving the STLF problem. TCN is a particular
architecture of CNN that combines the advantages of convolutional neural networks and
recurrent neural networks. A comprehensive experiment was conducted in [21], the results
of which prove that the proposed TCN based model outperforms the standard recurrent
network-based model in prediction accuracy on the same task. Ref. [22] proposed a CNN-
based model for the STLF problem at a single-building level. A comprehensive comparison
of prediction accuracy among CNN, long short-term memory, ANN and SVM are provided
in [22]. The experiment results showed that the RMSE of CNN based model is 0.677 which
is close to LSTM based model.

In the past decades, due to the recurrent neural network being capable of exploiting
the dependencies in the load data sequence, a significant number of attempts have been
made to adapt it to achieve higher forecasting accuracy. The authors in [23] developed
a prediction model based on the elmann recurrent neural network. In [23], the author
implemented the model in a simulation environment and compared the prediction results
between the weather-sensitive model and the non-weather-sensitive model. The author
indicated that the proposed model is suitable for multi-input data. Another study The
work in [24] also adopted the Elman recurrent neural network-based model to predict a
suburban electricity load demand. In [24], the author included some extra factors, such
as temperature, humidity and day type information, to increase the model’s prediction
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capability. Besides these relative factors, the author proposed a new index named ad hoc.
The proposed new index can reflect the influence of the air-conditioner usage profile to
load demand. In [25], a framework was designed for individual-level residential building
load forecasting based on the LSTM algorithm. The framework was validated on a public
access data-set, including actual resident load data, and showed outstanding performance.
However, in [25], the prediction object is the individual level. The authors in [26] developed
an LSTM based model designed for the area load prediction. The experiment revealed that
the LSTM-based model outperforms other traditional prediction approaches when dealing
with complex univariate sequence data. The authors in [27] made an exhaustive comparison
of electricity load prediction accuracy between gradient boosting tree-based model, support
vector regression-based model and LSTM based model. The MAPE of the proposed model
is 8.935%, where support vector regression and gradient boosting tree are 10.391% and
9.512%, respectively. Ref. [28] stated that multivariate input data is capable of enhancing
the LSTM model’s prediction capability. In [28], a genetic algorithm was adopted to obtain
suitable time lags and the number of layers for the proposed LSTM-RNN-based model. The
results proved the author’s perspective and shows that the LSTM-RNN-based model has
the highest accuracy compared to other contemporary machine learning approaches. [29]
employed gated recurrent unit neural networks. The author preprocessed the load data
to avoid interference caused by the customer use characteristic. The experiment result
shows that the average MAPE of the proposed model is no more than 11%, and the author
indicated that the proposed model has faster convergence compared to LSTM. Compared
to the standard RNN-based model, the LSTM-based model can reduce the effect of gradient
disappearance. However, both of them were unable to generate output with arbitrary
length and hard to parallelise on GPUs [30].

Furthermore, some studies also focus on the hybrid-based model, which aims to
combine both sub-model advantages. A novel hybrid model was presented in [31], named
parallel CNN_RNN. In [31], CNN is employed to extract features of the input data, with
RNN in charge of modelling the implicit dynamics data. The forecasting time horizon of
the proposed model is day-ahead, and the results showed that the average MAPE was 1.405.
The work in [32] adopted a similar approach, employing CNN to extract the trend and
LSTM to obtain the relationship among time steps. The results revealed that the average
MAPE was 0.0396, which outperforms other baseline models. Furthermore, [32] stated
that the proposed model was more stable as compared to other standard deep learning
approaches. With the LSTM-based model being widely implemented to resolve short-term
load forecasting problems, a novel approach named sequence to sequence (seq2seq) gained
research attention. This architecture’s original intention was to solve RNN’s limitation of
generating output sequences with arbitrary length. In [33], an LSTM-based seq2seq model
was proposed to forecast the electrical load, and the results proved the proposed model’s
superiority as compared to the standard LSTM model.

3. Materials and Methodology
3.1. Data Collection

In this experiment, the dataset we adopted contains the electrical consumption profile
in New South Wales from 1 January 2006 to 31 December 2010, which was obtained from
the Australian Energy Market Operator. During this period, the load demand data was
sampled every 30 min, which means 48 sampling points per day, 336 sampling points
per week and 87,648 sampling points in total. Furthermore, This dataset also covers
related factors, such as temperature, humidity and electricity price. The training set
in our experiment includes 78,883 observations which represents the time period from
1 January 2006 T00:00 to 4 July 2010 T11:00. The test set contains 8765 observations from
the period 4 July 2010 T11:30 to 31 December 2010 T23:30.

The following figures show the electricity consumption variation pattern from the
perspective of different time scales. As we can see, day type is one of the key factors which
affected the load demand. Figure 1 shows the variation of load demand within the time
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range of one week. The first point in Figure 1 represents the average value of load demand
on each Monday midnight from 2006 to 2010. From the perspective of average value, the

peak of load demands on the weekday are always higher than the weekend.
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Figure 1. Load demand variation in one week.

As mentioned before, the most relative factor affecting electricity consumption is
weather. Figures 2 and 3 represent the variation trend of humidity and temperature
separately. In accordance with the analyse of the electricity usage data, we observed that
season also affects the relationship between temperature and load demand. For instance,
in winter, the load demand increases when the temperature decreases. However, this
relationship is exactly the opposite in the summer. The reason for this phenomenon may
be caused by the usages of air-conditional and residents’ behaviour profile.

3.2. Problem Description and Model Overview

This section will present the details of the problem and briefly introduce our proposed
forecasting model. The STLF task can be treated as a supervised machine learning problem.
The input of our model is time-series data which consists of M days electricity load data

points. With these input data points, the model needs to implement a multi-step ahead
prediction. The format of the given datais T),_j, .

.., Ty—2,Ty—1, Ty, and the output’s format
is Tyy1,e v s Tiyie

Our forecasting system consists of two main components: Similar day selection and
transformer-based forecasting model. As we mentioned before, to avoid slow convergence
speed and poor prediction accuracy, we adopt similar day load data as the input data.
We select similar days by clustering the entire historical data based on the feature data.
K-means is one of the best-known clustering algorithms and has been used in a variety
of studies. However, sometimes the performance of k-means will be affected by some
unimportant factors. So we need to assign a unique weight value for each feature to avoid

the dimensionality curse. In this case, we employed LightGBM to obtain the importance of

an individual feature. The proposed forecasting model follows the original transformer
architecture, which consists of encoder and decoder layers. Figure 4 illustrates the archi-
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3.3. Similar Day Selection

To enhance the model’s prediction capability, many previous studies adopted various
relative factors, such as temperature, humidity, etc, to train the forecasting model. However,
these exogenous features may also bring about a series of issues, such as slow convergence
speed, forecasting accuracy decreased etc. To reduce the effect of the exogenous factors, we
select the similar day’s load data as input instead of the previous day. Similar day selection
approach is conventionally done by aggregating the data based on the extra relative factors
and placing similar observations into the same cluster.

Traditional cluster algorithm calculates the distance between neighbours by measuring
all factors equally. However, a series of irrelevant factors may affect the calculation result
and the performance of the clustering algorithm. To overcome this shortage, we need to
assign a weight to each factor, so the high relative feature is able to have more impact on
the distance result rather than other irrelevant features. We employed a novel boosting
decision tree algorithm named light gradient boosting machine (LightGBM) to calculate
the weight parameter and k-means cluster algorithm to deal with the similar day selection.

3.3.1. LightGBM

LightGBM is an efficient, low memory footprint and high-accuracy gradient boosting
framework proposed by [34] in 2017. LightGBM is a particular type of gradient boosting
decision tree widely used for tackling tasks such as regression, classification and ranking,
etc. The basic principle of gradient boosting decision tree is reducing the loss function by
adopting a one-time iterative variable to enhance the weak classifiers during each iteration.
In LightGBM, a boosted tree will be constructed, which is used to score each feature. The
more times one feature is used, the higher score it gets. These feature scores represent
the importance of the corresponding feature, and a higher score means that the feature is
more relevant. To calculate each feature’s importance, Light GBM employs three columns:
gain, cover and frequency. Gain refers to the total number of the feature’s splits. Cover
pertains to the number of samples relative to this feature. Frequency indicates the times
that the feature is used in the split process. In our experiment, we employed the gain-based
approach to evaluate the importance score of each factor.
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Feature

The decision tree in LightGBM is a binary tree structure that outputs qualified and not-
eligible. The leaf-wise strategy of the decision tree in LightGBM is ‘best first’, which means
the node with max delta loss will be chosen to grow. However, for small-scale size data,
this strategy may lead to the overfitting phenomenon. So, we set a parameter to restrict the
max depth of the decision tree.

To obtain the importance of an individual feature, we replace the individual feature
with random noise data and observe the final prediction result’s influence. With this
approach, we can analyse the contribution of each individual feature to the final result.
As mentioned before, the dataset includes various types of relative factors: temperature,
humidity, wind speed and day type, which can be used to input the LightGBM. The result
is shown in the below figure. Based on Figure 5, we can found that temperature is the most
relative factor to the electric load compare to other factors. Furthermore, the load demand
is also sensitive to the day type. However, wind speed only has a weak contribution to the
final prediction result. In the next section, these weight parameters will be treated as prior
knowledge for implementing the clustering algorithm.

Temperature

Day type

Humidity

Windspeed+

0.00

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Score

Figure 5. The relevance score of each factors.

3.3.2. k-Means

k-means is a popular clustering algorithm that was firstly proposed by [35] in 1967.
Compared to other clustering algorithms, the mechanism of k-means is uncomplicated
and simple to implement. The principle of the k-means algorithm involves clustering
the entire dataset into various clusters base on the distance. The goal of the k-means
algorithm is make the distance between each cluster centre as large as possible. The
formula in Equation (1) represents the cluster set. In Equation (1), Cy means the k;/ cluster.
Furthermore, the objective function of k-means algorithm is to minimise the square error
SE, which can be formulated as Equation (2), where ; represents the mean vector of
cluster C;. In Equation (2), d represents the sample in the cluster C;. Furthermore, 8 can
be formulated as Equation (3). The distance between the two samples can be calculated
through Equation (4).

C=[C1,C,Gs,...,C 1)
J
SE=Y_ Y. lld—Bil; @
t:1d€C,'
1
=— Y d 3
Bt G d;f 3)

Distance(d;, N;) = \/pl (dip — Ni )2+ ... pn(diy — Nip)? 4)
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The following pseudo-code Algorithm 1 shows the basic workflow of k-means algo-
rithm in our experiment. The output of the k-means algorithm is a repository that consists
of m clusters. Firstly, we need to confirm the number of clusters, maximum iteration times T.
Then, we need to confirm each cluster’s centre point. In this case, we assume the prediction
as the first cluster centre. After all of the cluster centres have been confirmed, we need to
re-traverse the entire dataset and assign each sample to the corresponding cluster. Then,
the model will output the final cluster set. Equation (4) represents the distance calculation
formulation in our algorithm. The weight parameters we obtain in the last section will play
a critical role in this formula.

Algorithm 1: k-means clustering

input :Dataset: D = dq,dp, ds, ..., dy,cluster number: K, maximum iteration
Tyax, The weight parameter set:P = p1, p2,..., P

output:Cluster set:C = c1,¢p,¢3...0p
Normalise the data set;
Select the forecasting day as the first cluster centre Ny;
distyuy = minvalue;
dist,,;,, = maxvalue;
Ntemp = null;
Etemp = null;
k=1;
forf=1tomdo
forg=1ton —kdo

Calculate the distance between N to dg : disty,;

if distkq > distay then

distyay = distkq;
Ntemp = dq}

end
end
Cq+1.add(thmp),‘
Ntemp = null;
dist gy = mingalue;

k++;
end
fort=1toT do

for! = 1ton do

fore =1tomdo
Calculate the distance between N_k to d_g: disty,
based on the weight parameter set P;
if dist_kq<dist_min then

E_temp = ¢;
distyin = distkq;
end
end
Ce.add(d));

Etemp = null;
dist,,;, = maxvalue;
end

end

return C;

In conclusion, The principle of similar day selection is to obtain the individual weights
for each feature and make a cluster for the dataset based on the attribute weights. Compared
to the standard k-means algorithm, our proposed hybrid approach is more effective.
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3.4. Forecasting Model
3.4.1. Attention Mechanism

In 2014, the Google research group proposed a novel RNN-based model named
Attention, which can extract information from the image through processing specific
regions at high resolution [36]. However, this model’s original intention was to tackle
computer vision issues, such as image classification and natural language processing
problems. A series of hybrid models combining the Attention mechanism and RNN-based
network show outstanding performance on the time series forecasting problem. In 2017,
the Google research lab presented a new simple model, named Transformer, which was
based solely on Attention mechanisms [37]. The detail of the attention mechanisms and
our proposed forecasting model will be introduced in the following sections.

The idea of the attention mechanism was inspired by the human visual attention
mechanism. For instance, when we perceive visually, instead of putting the focus on the
entire scene, we usually pay attention to a specific part based on our needs. If we found that
the part we want to observe always exists in this scene, we will learn it, and the next time
we face a similar scene, this part will attract our attention. The following figure illustrates
the essence of the Attention mechanism. “" We assume that our data source consists of
a series of elements that can be represented as “key, value”. In Figure 6, Query is a query
vector that is related to our target data. As we can see, the whole calculation process of
attention can be divided into three stages. First, we need to compute the similarity score
between the query vector and key vector according to Equation (5). After that, the score
will be converted to weights by Equation (6). In the meanwhile, we need to normalised
the weight set and sort it in probability distribution. According to [36], the sum of the
entire element weight set equals to one. To emphasise the importance of some specific
elements, [36] proposed employing (6) to make these selected elements more prominent.
Finally, we perform a weighted summation of all the coefficients to compute the attention
value, which can be formulated as Equation (7). As mentioned before, the core of the
attention mechanism is computing the relative weight between encoder and decoder.

o \ _ _ Queryvector - key;
Simi(Queryvector, key;) = TQueryvector| - [key;] (5)

o Simi; ‘
w; = Softmax(Simi;) = W for i=1,...,N (6)
N
Attentionscore(Query, Element(Key, Value)) = 2 w; - Value; (7)

i=1

3.4.2. Transformer-Based Model

The transformer model, which is the first transduction model based solely on attention
mechanisms, has better parallel capability than the LSTM algorithm. The core of the
transformer model is an encoder-decoder architecture, which is illustrated in the following
Figure 7. If we treat the whole model as a black box, in the load forecasting problem,
the input is the load data of the selected similar day, and the output is the prediction
load value of the target day. The black box is consists of the encoder part, decoder part
and connection layer. The encoder part of the transformer model includes six encoder
blocks, and the output of the last encoder will be treated as the input of each decoder.
The parameters among each of them are not shareable, although all encoder blocks have
the same architecture. In the transformer model, the encoder block is composed of a
self-attention layer and feed forward neural network.
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Figure 6. Attention mechanism.
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Figure 7. The architecture of the encoder and decoder in the transformer model.

When describing the principle of attention mechanism at the last section, we empha-
sised it is applied in the target’s element: Query and all elements from the source. In the
general case, the source and target are different. However, self-attention is a unique situa-
tion of standard attention mechanism in which the target is equal to the source. In other
words, in self-attention, the attention mechanism happens inside the source or target. Com-
pared to the standard attention mechanism, the computational process of self-attention is
similar, but the objects are different. The authors in [37] adopted a short-cut architecture
inspired by the residual network to avoid the degenerate problem in deep learning. Further-
more, ref. [37] proposed integrating the multi-headed mechanism to enhance self-attention
effectiveness. The multi-head mechanism can be treated as an ensemble of a series of
self-attention models. First we need to input the source data into these models, respectively.
Then, we get a series of corresponding resulting matrices. The next step is to concatenate
these matrices to produce a large resulting matrix. Finally, the resulting matrix will multiply
with the weight matrix to generate the final result. The output of the self-attention can be
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T-n+l  T-n+2

formulated as Equation (8). Then the output vector will be transformed to the next layer:
feedforward neural network.

QK"
Vi

As mentioned before, the feedforward neural network consists of two layers. The first
layer’s activation function is rectified linear unit, and the second layer’s activation function
is the linear function. Both of them are represented in Equations (9) and (10), respectively.

The decoder block has a similar architecture as the encoder block, which consists of a
series of identical layers. However, instead of two sub-layers in each encoder’s layer, three
sub-layers are present in the decoder’s layer. The additional layer, named encoder-decoder-
attention, responded to analyse the relationship between the current prediction value
and the encoded feature vector. As the decoder process in load prediction is a sequential
operation process, when the block decodes the 11 feature vector, the decoder should only
read the decoding result before nih(n —1,n —2...1). To tackle this challenge, [37] proposed
a new version of the multi-head mechanism, named masked multi-head attention. The
proposed approach is capable of occluding the unneeded feature vector. Figure 8 illustrates
the architecture of the encoder and decoder. Except for the basic architecture of the encoder
block and decoder block, this figure also shows the multi-head mechanism and short-cut
architecture.

Attention(Q, K, V) = softmax(

4 ®)

R(Attention(Q, K, V)) = max (0, Attention(Q, K, V)Wy + my) 9)
FeedNeural = R(Attention(Q, K, V))W, + my (10)

T — Encoder

Feed Forward layer Add &Normalization

Add&Normalization

Add&Normalization

am  Add&Normalization

Figure 8. The specific architecture of encoder and decoder.

However, self-attention is not capable of capturing the sequence from the time series
data, which means even if we mess up the sequence of data, the output result will not
change much. Since the sequence information plays a critical role in the time series forecast-
ing problem, not capturing the location information may affect the model’s performance.
To tackle this challenge, we adopt a positional encoding approach, named learnable po-
sition embedding. We adopt part of the covariates in our dataset, including year, month,
day of the month, day of the week, hour of the day, and time-series-ID, to implement the
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position embedding approach. The next step is to normalise this data to make the mean
and unit variance zero. The time-series-ID cannot be normalised, but the time-series-ID
dimension is the same with the position embedding matrix. As the next step, these data
will be summed through broadcasting, concatenated with other covariates and input to the
self-attention layer. Figure 9 illustrates the detail of positional encoding.

Embedding with

time signal

t1

2 t3

t

Positional
Encoding

sl

s2 s3

Embeddings

Figure 9. The specific architecture of positional encoding.

Figure 4 shows the entire architecture of the Transformer model. As we can see, First,
the input time series will be encoded based on the position. Then, it will be transferred to
encoder block and decoder block. Finally, the decoded feature vector will pass through
a fully connected layer, where an activation function is softmax to obtain the prediction
value. In other words, Transformer is a combination of a one-dimensional convolution
and attention mechanism. Transformer still follows the traditional deep learning routine.
However, it discards the recurrent neural network. The model has an outstanding per-
formance in the time series forecasting field compared to the conventional deep learning
model. Furthermore, it avoids the long-term dependency problem, which ubiquitous
in the RNN-based model. On the other hand, the Transformer model is suitable for the
current hardware environment because of its exceptional parallel ability. Nevertheless,
the transformer model cannot capture local features. Some studies pointed out that the
combination of RNN, CNN and transformer is an extraordinary and worthwhile research
direction. On the other hand, location information plays a significant role in the time series
forecasting model. We need to pay more attention to obtain a better approach than position
embedding.

3.5. Baseline Model
3.5.1. Recurrent Neural Network

As mentioned before, RNN is the most popular model when dealing with the time
series forecasting problem. Instead of only adopting the current time index’s hidden node,
RNN employs the hidden node at time index t — 1 as the current time slice’s input t. This
mechanism uses the information stored in the past time slice to compute the current time
slice content. The mathematics formula of RNN’s node and traditional deep neural network
node are presented as Equations (11) and (12). Another advantage of RNN is the length of
the input and output are flexible, while traditional CNN requires fixed-length input and
output. These features make the RNN model plays a significant role in the STLF field.

Yy = 0(Xn X Wy + Xp_1 X Wy +b) (11)

Yy = 0(xn X wyn +b) (12)
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3.5.2. Long Short-Term Memory

For traditional deep learning algorithms, particularly in RNN, the long-term depen-
dencies problem is a common issue caused by the feature lost in the long-term time slice.
The second baseline model we choose is LSTM, which is capable of memorising short-term
and long-term information. As mentioned before, the LSTM is a unique architecture of
RNN. Compared to the traditional RNN, the LSTM adds three gates and memory to control
the feature transforming and reduce the vanishing gradient. Similar to the RNN model, the
LSTM network is composed of a series of LSTM units in a chain structure. Each LSTM unit
consists of an LSTM cell and three gates that are responsible for input, output and forget.
The cell is the core of the LSTM model, capable of memorising values over arbitrary time
intervals. The cell state can be formulated as Equation (13).

Yn = fu X Yy_1+iy X én (13)

fao = A(Wp X [Yy —1,x,] + bp) (14)
in = AW; x [Yy —1,x,] +b;) (15)
Cy = tanh(We x [Yy — 1,%,] + bc) (16)

In Equation (13), f, represents the forget gate and Y;,_; is the features in Y;,_; selected
for computing Yj,. In general, we adopt Sigmoid as the activation function for the gate.
Equation (14) denotes the forget gate in the LSTM unit. In Equation (14), Wy is the weighted
matrix of forget gate and [Y,, — 1, x,| is the concatenated two vectors. Equation (15) rep-
resents the input gate, which can help the cell avoid memorising unneeded information.
Equation (16) indicates the update value of the unit state obtained from Y;,_; and hidden
node through a neural work that employs tanh as the activation function.

4. Experiment

In this section, we will evaluate the prediction performance of the proposed Transformer-
based model. The NSW electricity consumption data from 2006 to 2010, which contains
87,648 samples, will be employed in this model. The sampling frequency of this dataset
is half-hour. We use the Tensorflow [38] machine learning library to implement the pro-
posed model.

4.1. Evaluation Metrics

In this experiment, we adopt the mean absolute percentage error (MAPE) and root
mean square error (RMSE) as the evaluation criteria. MAPE is the sum of the individual
absolute errors divided by the demand. It is the most popular accuracy measurement
metric, which has been widely used in the energy field. When many errors occur during the
low-demand period, the value of MAPE will be significantly affected. These two metrics
can be formulated as Equations (17) and (18). RMSE is a typical indicator of the regression
model, which indicates how much error the model will produce in the prediction. The
smaller value of these two indicators means the model has better prediction performance.

1 & V() — P()
MAPE = - t; OB * 100‘ (17)
RMSE = |3 (y; — ;) 18)

i=1

4.2. Comparison of Various k-Values

As mentioned before, we adopted the k-means algorithm to cluster similar days in
one group. However, the number of cluster has a significant impact on the algorithm’s
performance. So, in the first experiment, we will confirm the idle value of k through
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evaluating the performance of the k-means algorithm under various k values. The range
of the k we assumed in the experiment is from 6 to 13. To prevent the result from being
influenced by some other relative factors, such as weather and day type, we chose four
weeks from different seasons in 2008 to make the day-ahead load prediction. The prediction
result variation trend is similar when k takes different values. we also calculated the value
of MAPE for each prediction case to evaluate its performance. The computation result is
shown in Figure 10. As we can see, the value of MAPE bottomed out when the k = 10. Based
on this result, we select the ten as the final cluster number in our following experiments.

4.0

3.5

N
wu

MAPE(%)
o

3.01
1.5
1.0
0.51
0-0 6 7 8 9 10 11 12 13

Cluster number

Figure 10. MAPE (%) for various cluster number.

4.3. Evaluation of the Effective of Future Weighted

In our proposed model, we employed LightGBM to assign individual weights to each
feature. The individual feature weight aims to reduce the exogenous factors’ influence and
avoid slow convergence speed. The technical specifics have been detailed in the above
section. To evaluate the effectiveness of the proposed similar day selection approach, we
set up a simulation experiment to compare the forecasting performance among k means—
transformer-based, LightGBM-k means-transformer-based, transformer-based and ground
truth. The following Figure 11 illustrates the different approaches’ electrical load prediction
result. The time range in this experiment is one day ahead, which contains 48 samples.
The advantage of the similar day selection approach is that it helps the forecasting model
avoid becoming trapped into an optimum local area and increases accuracy. Figure 11
illustrates that our proposed approach is closest to the ground-truth value, which proves
that the LightGBM model is capable of assigning the individual weight to each feature and
helps merge the similar days in one cluster effectively. These experiment results prove the
effectiveness of our proposed similar-day selection approach.
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Figure 11. Day-ahead prediction of various model (date 2 September 2010).

4.4. Forecasting Result

To evaluate our forecasting model’s performance, we conducted a series of simulations,
and the results are shown in the following figures and tables. Figure 12 presents the
seven models’ average RMSE value in the 2010 day-ahead load forecasting task, and
we see that the transformer based model outperforms other baseline models.Figure 13
illustrates the comparison of the day-ahead load prediction result between the proposed
model and ground truth. The x-axis in Figure 13 represents the time steps where the
y-axis depicts the electricity load. As is exhibited in the graph, the proposed model load
forecasting curve follows the ground truth better than the other two approaches. Although
these prediction models can forecast the trend of electricity load demand, these models’
forecasting values have a significant error during the peak load period. Furthermore, to
avoid the influence of date type and weather conditions, we randomly selected another
four days in 2010 from different seasons. Figure 14 demonstrate the our model’s one day
ahead load forecasting result using the dataset of NSW. Above all, in most times, we found
from these figures that the proposed model outperforms other approaches. On the other
hand, our proposed model’s forecasting performance on holiday’s load is outstanding
compared to the traditional model. That is because we employed LightGBM and k means
algorithm to cluster similar day. On the other hand, we adopt date type, temperature and
humidity as supplemental features, which can improve the forecasting performance at
different seasons. The following figures illustrate the performance of our proposed model.
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Figure 12. The average RMSE in 2010 load forecasting for seven models.
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Figure 13. Mainstream algorithms day-ahead prediction performance comparsion (date 12 September 2010).

To evaluate the performance of our proposed algorithm, we compared our proposed
model with various mainstream deep learning based approaches which include convolu-
tional neural networks (CNN), recurrent neural networks (RNN), long short-term memory
(LSTM) and hybrid approaches. Table 1 above shows the comparison of average MAPE
value among the proposed model and other mainstream approaches when dealing with
the same forecasting task.
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Figure 14. Day-ahead prediction of transformer-based model in different seasons.
Table 1. MAPE of three models in 2010.
Model Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec  Average
GRU 2.78 2.65 2.74 3.54 3.17 3.69 2.93 3.02 3.45 2.71 3.16 2.98 3.06
LST™M 1.81 1.93 2.02 1.65 1.78 1.76 1.86 1.63 1.69 1.79 2.15 1.91 1.93
RNN 4.65 3.89 4.28 3.94 4.58 433 3.85 3.62 4.76 3.90 413 4.28 4.18
TCN 1.97 227 2.02 1.92 1.76 212 2.06 1.82 1.95 2.04 1.94 1.89 1.98
CNN + LSTM 1.65 1.72 1.68 1.49 1.52 1.57 1.62 1.53 1.48 1.74 1.46 1.55 1.58
seq2seq-LSTM ~ 1.29 1.35 1.39 1.32 1.28 1.21 1.31 1.19 1.24 1.36 1.31 1.25 1.29
Transformer 1.23 1.46 1.15 0.93 1.09 1.13 1.26 1.12 1.07 1.18 0.96 1.02 1.13

From Table 1, we can obtain that RNN exhibits satisfactory predictive performance
due to its outstanding ability on modelling dynamics in sequential data. On the other
hand, compared to the RNN, LSTM performs better due to its strong ability on processing
time series data and overcomes the shortage of gradient disappearance and explosion in
RNNs.Moreover, the Hybrid methods demonstrate better forecasting ability than LSTM.
For instance, in [31], the CNN network is used to transform historical data and extract
features for the subsequent load prediction. However, we can obtain from the Table 1 and
Table 2 that our proposed approaches outperforms than all above approaches in both MAPE
and RMSE. The average MAPE value day-ahead forecasting can achieve is 1.13 %, while for
LSTM it is 1.93%, for RNN it is 4.18%. Comparing with the LSTM model, the MAPE value
was reduced by 41.4% and RMSE value was reduced by 24.3% . Even compare with the
CNN-LSTM, our proposed model also achieved 28.5% and 13.6% reduced on both MAPE
and RMSE. The experiment results showes that self-attention mechanism have favorably
ability on learning complex patterns and dynamics from time series data. Furthermore,
the experiment results also proves that the self-attention mechanism in transformer model
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have better performance on capturing complex dynamic patterns than linear attention
mechanism which adopted by seq2seq.

As we mentioned before, the electricity load can be affected by various factors such
as seasonal, temperature etc. So we can obtain from the table that the proposed model’s
performance fluctuates in different seasons. Figures 11 and 13 indicate that the high peak
load point is located during night time. The average load in summer is higher than the
other three seasons, which may caused by the usage of home appliances. As we can see,
our proposed model’s prediction curve is closest to the real load most time. The experiment
results prove that the similar day selection approach is essential and effective.In addition,
to confirm the validity and the statistical significance of our proposed model, we employ
Wilcoxon signed-rank test, in which the significance level of « is 0.05. Table 2 illustrate the
test result, which shows that our proposed model outperformed other baselines.

Table 2. Wilcoxon signed-rank test results for one day ahead forecasting results.

Compared Models p-Value
Our proposed model vs. RNN 0.0086
Our proposed model vs. LSTM 0.0145
Our proposed model vs. GRU 0.0001
Our proposed model vs. TCN 0.0197
Our proposed model vs. CNN + LSTM 0.0284
Our proposed model vs. seq2seq-LSTM 0.0336

5. Conclusions

Accurate STLF plays a significant role in plans for electricity generation and distri-
bution in the smart grid. This chapter introduces a novel model based on the transformer
network to provide an accurate day-ahead load forecasting result. Furthermore, our model
also combines a similar day selection approach, which involves LightGBM and k-means
algorithm. In our model, LightGBM is employed to calculate each supplemental feature’s
individual weight, and the k-means algorithm is applied to classify similar days in one
cluster. The demonstration results prove that the similar day selection approach can en-
hance the model’s forecasting performance effectiveness. On the other hand, Transformer
is applied to forecast the day-ahead load. To verify our model’s performance, we set up
a series of simulation experiments with average mean absolute percentage error (MAPE)
as the error criteria. The test data is the electricity consumption data in Australia in 2010,
which was provided by AEMO. The demonstrated result proved that our proposed model
outperforms other mainstream approaches with regard to forecasting accuracy. In our
proposed model, the MAPE is 1.13, while for RNN is 4.18, LSTM it is 1.93. Compare to
the traditional approaches, our proposed model is more reliable owing to its outstanding
performance on holiday load prediction.

The proposed model’s prediction performance during the peak period is still unsatis-
factory and needs to be improved. Based on the comparative research and the transformer’s
characteristic, in the next step, we will focus on developing a hybrid forecasting model that
combines the CNN with the transformer. On the other hand, some studies point out that
utilising the day-ahead peak as the relevant feature can reduce forecasting errors during
the peak period. In the future, we should try to add more relevant features to our model.
Furthermore, we will attempt to employ some advanced signal processing techniques to
enhance the effectiveness of feature extraction.
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