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Abstract. With the increasing adoption of electric devices and renew-
able energy generation, electric load forecasting, especially short-term
load forecasting (STLF), has recently attracted more attention. Accu-
rate short-term load forecasting is of significant importance for the safe
and efficient operation of power grids. Deep learning-based models have
achieved impressive success on several applications, including short-term
load forecasting. Yet, most deep learning models do require a large
amount of training data. However, in the real world, it may be very
difficult or even impossible to collect enough data to train a reliable
machine learning model. This makes is hard to adopt deep models for
several real-world scenarios. Thus, it will be very helpful if deep learning
models can be learned to tackle tasks with limited amount of training
data and unseen tasks. In this work, we propose to use the meta-learning
framework to train a long short-term memory-based model for short-term
residential load forecasting. Specifically, by minimizing the task-level loss
(loss over several tasks), the model is trained to perform well on different
tasks. We also use domain randomization techniques to further augment
the training tasks, which may further improve the generalization ability
of the proposed model. Our model is evaluated on real-world data sets
and compared against some classic forecasting models.

Keywords: Electric load forecasting, meta learning

1 Introduction

Electric load forecasting aims to forecast the future load consumption based
on a set of historical records as well as other external factors [1]. It has been
shown that accurate electric load forecasting is of significant importance for the
efficient operation of modern power grids. The forecasting accuracy can help
significantly reduce the total operation cost [2,3]. As shown [4] in 1% increase
of forecasting error would cause a £10 million increase in operating cost per
year for the UK power systems. Depending on the forecasting horizon, electric
load forecasting ranges from short-term forecasting (minutes or hours ahead) to
long-term forecasting (years ahead) [5]. Short-term forecasting, main focus of
this work, is mainly used to support real-time energy dispatch.
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Electric load forecasting could be very challenging due to multiple uncertain
factors. Specifically, there are uncertain factors for both the energy demand side
and the energy generation side. For example, in recent years, different types
of electrical appliances are integrated into the power grids [2], such as electric
vehicles [6-12]. With the high penetration increase of electric vehicles, there
will be a corresponding charging consumption. This electric consumption will
be highly affected by human behaviors. On the other side the renewable energy
generation has also been increasing very quickly in recent years. As shown in [13],
the renewable energy generation has been increasing almost exponentially in the
past ten years. Due to these reasons, a single residential unit may be more
challenging than an industrial building. This can be more challenging when only
limited data is available. In our work, we mainly focus on tackling the electric
load forecasting for single houses.

Electric load forecasting has been an important research topic for the past few
years. In general, the electric load forecasting algorithms can be generally catego-
rized into two groups: statistical [14-16] and machine learning methods [17-20, 5,
21, 22]. The benefit of autoregressive integrated moving average (ARIMA) model
was showcased in [15, 16]. Different types of machine learning-based methods
have also been utilized for electric load forecasting including support vector re-
gression (SVR) [18, 19], general additive models [21], neural networks (NNs) [23,
24], and random forest [25, 26].

Most of the current works assume that we have a large amount of training
data and stable data distribution [27]. In the real world, we may need to deal with
a new house with a limited amount of data or even no labeling data. However,
most of the current machine learning-based models would require a large amount
of data to learn a reliable forecasting model. Without enough data, there will be
a significant performance degradation for the model performance. Thus it will
be very beneficial if we can learn a robust forecasting model that is robust to the
changes of forecasting tasks. In this work, we propose to use meta-learning [28—
32] to deal with this challenge. Specifically, we mains to use meta learning and
data augmentation to learn a good model initialization based on which the model
can adapt fast on a new task.

The remainder of this paper is organized as follows. The technical background
of this paper is presented in Section II. The short-term load forecasting method
is presented in Section III. Real-world data sets based evaluation results are
presented in Section IV. Finally, the conclusion and future work are presented
in Section V.

2 Background

2.1 Meta Learning

Deep learning models have achieved impressive success for different types of ap-
plications in recent years. However, most of these applications would require a
huge amount of training data which can be very challenging in real world. Meta-
learning [33,34], also known as learning to learn, aims to empower the model
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Fig. 1. Meta Learning Concept

to learn fast with a limited amount of data. This can be very helpful for ma-
chine learning models, especially for deep learning based models which usually
would require a large amount of training data. As shown in Figure 1, differ-
ent from other classic learning paradigms, meta learning focuses on improving
the task level generalization. After finishing the learning on multiple tasks, the
meta learner can perform better, i.e., perform better after experiencing the same
number of samples from the new task.

Different from traditional machine learning paradigms, the meta-learner is
trained on a distribution of similar tasks, with the goal of learning a strategy
can generalize to related but unseen tasks from a similar task distribution. De-
pending on how the the meta learner is trained, there mainly three types of meta
learning method, i.e., metric based methods [35], [36], [37], optimization based
methods [28], and context based methods [38]. Optimization based method aims
to learn a good initialization which can enable the meta learner to perform fast
adaptation once presented with a new task.

2.2 Time Series Forecasting

The short-term load forecasting can be treated as a time series problem. Time
series forecasting aims to predict the future values of time series data given the
observed history. Different types of features have shown to be effective for electric
load forecasting. In our work, we aims to utilize the three types of features includ-
ing lagged electric load, lagged temperature information, and weekday/weekend
information for the one hour ahead electric load forecasting. One-hour ahead
electric load forecasting can be very helpful for the real-time energy dispatching.
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2.3 LSTM based Load Forecasting

Neural networks (NN), especially deep neural networks have shown impres-
sive breakthroughs for different applications due to their strong representation
power [39], [40]. Typical neural networks include feed forward neural networks,
convolutional neural networks, and recurrent neural networks (RNNs). Feed for-
ward neural neural network is the most basic type of NNs which consists of an
input layer, one or more fully connected hidden layers, and a final output layer.
Each hidden layer consists of several neurons realizing the non-linear transfor-
mation of outputs from previous layer.

Different from feed forward neural networks, RRNs are sequence based mod-
els and the information from previous timesteps can be used for the current
timestep. This makes RNNs very suitable to model temporal correlated data
and deal with time series problems. RNNs are mainly trained with backpropa-
gation through time. However, there could be gradient vanishing and gradient
exploding problems when training long-range dependencies with vanilla RNNs
models [41]. The comparison of RNN unit and LSTM unit is presented in Figure
2 3. As shown in this Figure, we can see that there are multiple additional cells
for LSTM. Due to its excellent ability on sequential modelling, in this paper,
LSTM based model is adopted for short-term residential load forecasting.

3 Methodology

Most of the current forecasting method would train a forecasting based on a fixed
historical data sets. This may limit the generalization ability for In this paper,
we propose to utilize meta learning to improve the model generalization for the

3 Figure is from [42]
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Algorithm 1 Model-Agnostic Meta-Learning

Require: p(7T): distribution over tasks
Require: «, 3: step size hyperparameters
I: randomly initialize #
2: while not done do
3 Sample batch of tasks T; ~ p(T)
4:  for all 7; do
5 Evaluate VgL, ( fg) with respect to /' examples

6: Compute adapted parameters with gradient de-
scent: 0] = 6 — aVyLr,(fo)
7:  end for

8  Update fl ¢ 0 — Vo Yr. ) £7:(for)
9: end while

Fig. 3. Overview for the model agnostic meta learning

electric load forecasting. Figure 4 presents an overview for the main objective of
this paper. Our primal objective is to learning a good model initialization that
can perform well on load forecasting for a new house.

Training Stage Testing Stage
Model Initialization

Fig. 4. Application of meta learning for single house load forecasting

3.1 Model Agnostic Meta Learning

MAML is one of gradient based meta learning method and has shown to be
effective for different types of applications such as traffic light control [43], image
classification [44], and nature language processing [45]. MAML aims to learn a
good model initialization based on multiple sampled tasks. As shown in Figure 3,
there are mainly two loops of optimization. In the first loop, a large amount of
tasks will be sampled and we will then learn a model for each sampled tasks
based on the limited amount of data of that specific task. In the second loop,
the model initialization 6* will be learned based on optimizing the meta loss.
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3.2 MAML based Electric Load Forecasting

In this work, we propose to use a MAML based forecasting framework to learn
a robust forecasting model which will be able to deal with different forecasting
tasks, i.e., forecasting for different houses including unseen houses. Figure 5
shows the overview of the two-stage forecasting framework. Specifically, in the
first stage we will pretrain a base model 6y over multiple (V) houses. In this stage,
we assume that we have a large amount of the training data for these houses.
In this paper, the base model is based on LSTM. It is worth noting that the
proposed framework could also be applied for other base forecasting models. The
second stage is normal MAML training but with the learned model parameters
as initialization 6 rather than random initialization. 8y will be updated through
training iterations.

Stage 1 Learn one forecasting model 6 over
multiple houses {House 1,..., House N}

Learn one model initialization 6* based
Stage 2 on MAML

Fig. 5. Overview of the two stage forecasting method

4 Experiment Results

4.1 Dataset

In this paper, the electric load data sets from OpenEl are used to evaluate
the effectiveness of proposed forecasting algorithms. In this paper, three types
of features including lagged electric load (electricity consumed in the last four
hours), lagged temperature information (temperature in the last four hours), and
weekday /weekend information (1 for weekday and 0 for the weekend) are used
for short-term electric load forecasting. To accelerate the training process, the
feature normalization is implemented for all features. The used data set include
one-year (2014) hourly load consumption data (8760 data points) for 72 houses
in New York. We focus on the load consumption in winter times, particularly in
the load consumption of December month.
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4.2 Baselines and Evaluation Metrics

In this paper, mean average percentage error (MAPE) as shown in Eq. 1 and
mean absolute error (MAE) as shown in Eq. 2 are used to evaluate the effec-
tiveness of the proposed algorithms. As shown in these two equations, ¥/ is the
predicted load consumption and y; is the real value for load consumption at time

slot 1.
N lyi—vil
MAPE = 721':1]\/_ v (1)
N o —
MAE = 72:1%’ il (2)

For benchmark results, four other frequently used forecasting methods are
used as baseline models:

Linear Regression

— SVR

Feed-froward Neural Network (NN)
LSTM

We compare the results of the baselines and proposed model for experiments
described in Section 4.5 and Section 4.6.

4.3 Experiment Setup

As mentioned in section 4.1, the OpenEI dataset contains load consumption for
72 houses, in our experiment we pick 10 houses and treat each household as
a class. The December load consumption of three randomly picked classes are
shown in Fig. 6, as observed, the load consumption can vary a lot among different
households. December load consumption of all 10 houses are combined, we train
the models on December load consumption of other households (training classes)
to predict the load for a particular household (test class).

4.4 Hyper Parameters

All baseline models are tuned with parameters with the best performance for
the data set. Especially: For SVR, we choose RBF kernel, C' = 1e3, e=0.1, y=
0.1; For NN, we choose a 20 layer Multi-Layer Perceptron (MLP) with Rectified
Linear Unit (ReLU) as the activation function, &=0.001, 1000 maximum itera-
tions; For LSTM, we build the LSTM model with an LSTM layer of 64 nodes, a
dense layer with 128 nodes and use Adam as the optimizer. The data is broken
into batches of 128 and we train the model for 1000 epochs. For MAML, the
inner step size is 0.002, the outer step size is 0.005, the sample size is 20 for
Section 4.5 and Section 4.6 and has selected values for Section4.7.
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Fig. 6. December Load Consumption of three houses

Table 1. MAPE (%) for short-term load forecasting on five houses

Method|House 1|House 2|House 3{House 4|House 5
Linear | 56.07 | 60.12 | 57.89 | 65.12 | 95.54
SVR 55.47 | 58.86 | 56.91 | 58.75 | 94.09
NN 53.52 | 60.28 | 59.97 | 64.95 | 95.47
LSTM | 46.77 | 50.97 | 47.62 | 51.55 | 81.22
MAML | 24.94 | 23.10 | 24.17 | 19.09 | 27.65

4.5 Evaluations on five houses

We evaluate the performance of the baseline and meta-learning models and re-
ported the results on five houses. When training meta-learning model, we sample
batch of tasks of 20 shots from training data then fine-tune and evaluate on test
data. Table 1 and Table 2 respectively show the average forecasting MAPE(%)
and MAE of different models on the five houses. As shown in the tables, the
baseline models all have fairly large MAPE and MAE in general and perform
particularly bad on House 5, while the meta-learning model has consistent per-
formance across houses and shows on average a 55.9% improvement for MAPE
and a 59.21% improvement for MAE over the best baseline model (LSTM).
These results show that the model trained by meta-learning method generalize
well to unseen data distributions while baseline models can fail badly when the
test and training data has different distributions (House 5 as an example).
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Table 2. MAE for short-term load forecasting on five houses

Method|House 1|House 2{House 3|House 4|House 5
Linear 15.13 15.39 17.01 18.12 15.61
SVR 15.11 | 15.26 | 16.77 | 16.57 | 15.55
NN 14.11 15.32 17.63 17.95 15.48
LSTM 12.60 13.21 14.23 14.55 13.44
MAML | 5.95 5.66 6.75 5.37 3.97

Table 3. MAPE (%) for short-term load forecasting on five houses with noisy data

Method|House 1|House 2|House 3{House 4|House 5
Linear | 48.15 | 52.04 | 51.61 | 52.64 | 83.34
SVR 45.18 | 50.18 | 48.94 | 46.03 | 81.63
NN 48.45 | 52.27 | 51.83 | 51.54 | 83.74
LSTM | 42.00 | 48.63 | 45.88 | 44.82 | 79.76
MAML | 23.93 | 23.18 | 23.76 | 19.14 | 26.64

4.6 Evaluations on five houses with noisy data

To further showcase the robustness of the proposed method, we compare its per-
formance with other baselines on noisy data. Specifically, we add Gaussian noise
of mean 0 and standard deviation 0.5 to all data.Table 3 and Table 4 respectively
show the average forecasting MAPE(%) and MAE of different models on the five
houses with noisy data. As shown in the tables, MAML still consistently has the
best performance across houses and shows on average a 53.96% improvement
for MAPE and a 56.07% improvement for MAE over the best baseline model
(LSTM). Compared to Table 1 and Table 2, the performance of baseline models
has improved because the Gaussian noise reduced the effect of training datas’
distribution on the testing data, thus improved the model’s ability to generalize
to new data.

4.7 MAML training with different number of shots

To evaluate how MAML performs when the number of selected samples (shots)
in training step varies, we train MAML with different number of shots, more
specifically 1-shot, 5-shot, 10-shot, 20-shot, 30-shot and 50-shot, and report the
results in Table 5 and Table 6. As shown in the results, the performance remains
steady across 1/5/10/20/30/50-shot training for all houses.

5 Conclusion

Accurate electric load forecasting is of significant importance for the safe and
economic operation of power grids. Most current machine learning-based fore-
casting models assume that we have enough training data and that new data
would follow similar distribution as training data. However, these assumptions
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Table 4. MAE for short-term load forecasting on five houses with noisy data

Method|House 1|House 2{House 3|House 4|House 5
Linear 12.83 13.19 15.20 14.97 13.53
SVR 12.05 12.91 14.42 13.35 13.26
NN 12.81 13.21 15.20 14.70 13.60
LSTM 11.27 12.46 13.50 13.01 13.01
MAML| 5.90 5.63 6.63 5.40 4.10

Table 5. MAPE (%) for short-term load forecasting on five houses with
1/5/10/20/30/50-shot MAML training

House |1-shot|5-shot|10-shot|20-shot|30-shot|50-shot
House 1{22.85|22.98 | 23.04 | 22.71 | 22.64 | 23.19
House 2{21.84|21.94 | 22.51 | 23.08 | 22.73 | 23.24
House 3|22.14 | 22.68 | 23.22 | 23.11 | 24.23 | 23.31
House 4|17.83|18.74| 18.49 | 17.81 | 19.13 | 18.70
House 5| 26.04 | 25.78 | 26.43 | 25.81 | 26.84 | 26.06

Table 6. MAE for short-term load forecasting on five houses with short-term load
forecasting on five houses with 1/5/10/20/30/50-shot MAML training

House |1-shot|5-shot|10-shot|20-shot|30-shot|50-shot
House 1| 5.64 | 5.67 | 5.60 5.67 5.69 5.78
House 2| 5.29 | 5.36 | 5.40 5.37 5.46 5.50
House 3| 6.22 | 6.26 | 6.37 6.38 6.50 6.44
House 4| 5.10 | 5.23 | 5.23 5.04 5.30 5.29
House 5| 3.90 | 4.00 | 3.88 3.89 3.96 3.98

may not be true for real-world applications. Thus it will be very beneficial if we
can train a model with existing data that is robust and adapts quickly to new
incoming data. In this work, we propose to use the meta-learning framework to
learn a robust machine learning model for residential load forecasting and ran
prototyping experiments to evaluate its performance. Experiment results are im-
plemented on real-world data sets to showcase the effectiveness of the proposed
method. For future work, we plan to further improve the proposed framework
and design more comprehensive experiments for evaluation.
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