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Abstract: Building energy consumption prediction plays an important role in improving the energy
utilization rate through helping building managers to make better decisions. However, as a result of
randomness and noisy disturbance, it is not an easy task to realize accurate prediction of the building
energy consumption. In order to obtain better building energy consumption prediction accuracy,
an extreme deep learning approach is presented in this paper. The proposed approach combines
stacked autoencoders (SAEs) with the extreme learning machine (ELM) to take advantage of their
respective characteristics. In this proposed approach, the SAE is used to extract the building energy
consumption features, while the ELM is utilized as a predictor to obtain accurate prediction results.
To determine the input variables of the extreme deep learning model, the partial autocorrelation
analysis method is adopted. Additionally, in order to examine the performances of the proposed
approach, itis compared with some popular machine learning methods, such as the backward
propagation neural network (BPNN), support vector regression (SVR), the generalized radial basis
function neural network (GRBFNN) and multiple linear regression (MLR). Experimental results
demonstrate that the proposed method has the best prediction performance in different cases of the
building energy consumption.

Keywords: building energy consumption; deep learning; stacked autoencoders; extreme
learning machine

1. Introduction

Nowadays, with economic growth and the population increasing, more and more energy is
consumed. As one aspect of the energy consumption, building energy consumption accounts for
a considerable proportion [1,2]. For example, in China, statistical data shows that building energy
consumption accounted for 28% of the total energy consumption in 2011, and that it will reach 35%
by 2020 [3]; in the United States, building energy consumption is close to 39% of the total energy
consumption [4].Therefore, it is necessary to propose some efficient strategies to promote the building
energy utilization rate. Building energy consumption prediction can help building managers to make
better decisions so as to reasonably control all kinds of equipment. Hence, this is an efficient and
helpful way to reduce the consumption of building energy and to improve the energy utilization rate.

A great number of prediction methods have been proposed in the past several decades for building
energy consumption prediction. The majority of the case studies depend on the historical energy
consumption time series data to construct the prediction models [5]. Generally, the proposed methods
for building energy consumption prediction fall into two categories, which are statistical methods and
artificial intelligence methods.
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The statistical methods utilize the historical data to construct probabilistic models in order to
estimate and analyze the future energy consumption. In [6], principal component analysis (PCA) was
utilized to select the significant inputs of the energy consumption prediction model. In [7], linear
regression was applied to estimate electricity consumption in an institutional building, and moreover,
fuzzy modeling and neural networks were chosen as two comparative approaches to evaluate the
performance of the linear regression method. In [8], the autoregressive model with extra inputs (ARX)
was utilized to estimate the parameters of building components. In [9], Kimbara et al. developed
an autoregressive integrated moving average (ARIMA) model to implement online building energy
consumption prediction. In [10], the ARIMA with external inputs (ARIMAX) model was applied to
predict the power demand of the buildings. In [11], a regression-based method—conditional demand
analysis (CDA)—was used for predicting the building energy consumption.

Generally speaking, the artificial intelligence methods can obtain more accurate prediction
results in most real-world applications and have been widely applied to the prediction of building
energy consumption. In [12], clusterwise regression, a novel technique that integrates clustering
and regression simultaneously was proposed for forecasting building energy consumption. In [13],
a clustering method was proposed to find the similarity of pattern sequences for electricity prices and
demand prediction. In [14], a k-means method was presented for analyzing the pattern of electricity
consumption in buildings. Additionally, data mining techniques applied to electricity-related time
series forecasting were surveyed in [15]. In [16], a decision tree was used to understand the energy
consumption patterns and to forecast the energy consumption levels. In addition, in [17], a random
forest (RF) was used to help facility managers to improve the energy efficiency in buildings. In [18],
a support vector machine (SVM) was utilized to predict the energy consumption of low-energy
buildings with a relevant data selection method. Artificial neural networks (ANNs) play an important
role in the forecasting of building energy consumption, and different kinds of ANNs have been given
for this application. In [19], a short-term predictive ANN model for electricity demand was developed
for the bioclimatic building. In [20], the Levenberg-Marquardt and Output-Weight-Optimization
(OWO)-Newton algorithm-based ANN was utilized to forecast the residential building energy
consumption. In [21,22], the ANN combined with a fuzzy inference system was examined by the
building energy consumption prediction. In [23], two adaptive ANNs with accumulative training
and sliding window training were proposed for real-time online building energy prediction. In [24],
an ANN trained by the extreme learning machine (ELM) was proposed to estimate the building
energy consumption and was compared with the genetic algorithm (GA)-based ANN. Furthermore,
a hybrid method, the radial basis function neural network (RBFNN), combined with the particle swarm
optimization (PSO) algorithm was used to improve the building energy efficiency in [25]. Although
the statistical methods and the existing artificial intelligence methods can give satisfactory results, it is
still a challenging task to obtain accurate prediction results because of random characteristics that
can be affected by the weather, the working hours, the human distribution and the equipment in the
buildings. On the other hand, the deep learning techniques that have emerged in recent years provide
us with a powerful tool to achieve better modeling and prediction performance. The deep learning
algorithm uses deep architectures or multiple-layer architectures adopting the layerwise pre-training
method for parameter optimization to obtain great feature learning ability [26]. The inherent features
of data extracted from the lowest level to the highest level of the deep learning model are more
representative than for the traditional shallow neural network. Hence, the deep architectures have
greatly improved performance for the modeling, classification and visualization problems, and they
have found lots of applications. In [27], a single convolutional neural network architecture with a
multitask learning strategy was designed for natural language processing (NLP). In [28], the deep
autoencoder network was utilized to convert high-dimensional data to low-dimensional codes, and
experiments demonstrated that it works much better than PCA for dimensionality reduction. In [29],
a stacked autoencoder (SAE) was applied for organ identification in medical magnetic resonance
images. The deep learning approaches have also been applied to time series prediction problems.
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In [30], an ensemble deep learning approach was utilized for time series predictions of seven
small-batch data sets. In [31], a SAE-based deep neural network (DNN) was constructed to approximate
the Q-function in the reinforcement learning of traffic signal timing. In [32], a SAE was utilized to
realize the traffic-flow prediction on the basis of traffic-flow time series. Additionally, in [33], a deep
learning-based approach for time series forecasting with an application to electricity load was given.
In all these applications, the experimental results demonstrated that the deep learning approaches can
outperform the comparative methods.

Compared with the data sets in the research domains of image recognition, speech recognition,
and machine vision, for example, the data sets in the time series prediction applications [30-33] do
not have a large quantity of data. However, in these applications, the deep learning approaches,
including the SAE approach, still performed better than some traditional machine learning methods
because of the relatively deeper architectures and the improved or newly proposed learning strategies
in the deep learning approaches. In this paper, to enhance the prediction performance, we propose an
extreme deep learning approach to estimate building energy consumption. The proposed approach
combines the SAE with the ELM to make full use of their respective advantages. The SAE is used to
extract the building energy consumption features. Additionally, the ELM is utilized as a predictor to
obtain accurate prediction results. In the proposed extreme SAE approach, only the pre-training of the
SAE is needed, while the fine-tuning of the whole network is replaced by least-squares learning of
the parameters in the last fully connected layer. In addition, in order to determine reasonable input
variables for the extreme deep learning model, the partial autocorrelation analysis method is adopted in
this application. Finally, the proposed approach is compared with some popular methods, such as the
backward propagation neural network (BPNN), support vector regression (SVR), the generalized radial
basis function neural network (GRBFNN) and multiple linear regression (MLR). The experimental
results demonstrate that the proposed deep learning model has the best prediction ability for both the
30 and 60 min experiments.

The rest of this paper is organized as follows. In Section 2, the mechanisms of the autoencoder and
the SAE are reviewed, and the extreme deep learning model is presented. In Section 3, the prediction
model for building energy consumption is discussed in detail. Two experiments on the prediction of
the 30 and 60 min building energy consumption have been performed and the experimental results are
given in Section 4. Finally, the conclusions of this paper are drawn in Section 5.

2. Methodology

In this section, the structure and learning mechanism of the SAE is introduced first. Then, the
extreme deep architecture is shown, and the parameter learning algorithm is given.
To begin, we assume that there are N input-output training data pairs {(x(m), ym) }5:1’ where

x(m) — [x(m) (m) JC(M)]

1 Xy e, Xy T € R"is the input part with 1 input variables and y(") is the output part

with only one output variable.

2.1. The Stacked Autoencoder

The SAE uses multiple autoencoders as building blocks to construct a DNN [34]. Hence, before
the introduction of the SAE, the autoencoder is described first.

2.1.1. Autoencoder

The autoencoder is an unsupervised neural network and is composed of three layers which are
the input layer, the hidden layer, and the output layer [28]. It attempts to dig out a limited number of
representations to reconstruct its input, that is, the target output is equal to the input of the model.
The structure of one autoencoder with L hidden nodes is demonstrated in Figure 1.
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X o,(x) 0,(x)

Figure 1. The autoencoder.

In the autoencoder, there are two processes—the encoding process and the decoding process.
In the encoding process, an autoencoder attempts to dig out a hidden representation o (x), which can
be computed as

o (X) = f(wlx + b1) 1

where wy is an encoding matrix, by is an encoding bias vector, and f(+) is the activation function that
can be chosen as the sigmoid function or the tanh function.

Additionally, in the decoding process, a decoding matrix needs to be determined to decode the
hidden representation 1 (x) back into a reconstruction o (x). The decoded output can be computed as

02(x) = g(wa0oy (x) + by) 2

where w; and b; are respectively the decoding matrix and the decoding bias vector, and again, g(-) is
the activation function that can be chosen as the sigmoid function or the tanh function.

We always expect the error between the input x and the reconstruction 0, (x) to be as small as
possible. This can be achieved by minimizing the following loss function [35]:

N
Lxoa() = 5 L) —oalx )P ®)

In other words, the optimal parameter set of the autoencoder can be determined by solving the
following optimization problem:

Y = {wy,wy} = arg min L(x,07(x)) 4)
wy,w2
In the autoencoder, this optimization problem is often solved using one of the variants of the

back-propagation algorithm, such as the conjugate gradient method or the steepest descent method,
for example.

2.1.2. Sparse Autoencoder

The autoencoder will be invalid for dimension reduction and key feature extraction if the number
of hidden nodes is the same or greater than the number of input nodes, that is, L > n. To solve this
problem, sparsity constraints are imposed on the hidden layer to obtain the representative features
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and to learn useful structures from the input data [36-39]. This allows for sparse representations of
inputs and is useful for pre-training in many tasks.

The autoencoder with sparsity constraints is called the sparsity autoencoder. We minimize the
following loss function, which imposes a sparsity constraint on the reconstruction error to obtain the
optimal parameters of the sparsity autoencoder [36-39]:

L
SL = L(x,02(x)) +A Y _KL(p || p}) 5)
=1

where A is the penalty coefficient, p is a sparsity parameter that is typically a small value close to zero,
pi=(1/N)XN_ 01 (x(™)) is the average activation of the jth hidden node with respect to the training
set, and KL(p || 9;) is the Kullback-Leibler divergence, which is also called the relative entropy and is
defined as follows [36-39]:

A 1 —
KL(p || f7) = plog + (1~ p)logs—2 ©)
Pj Pj

If p = pj, KL(p || p;) will be zero. Additionally, if p; is close to 0 or 1, KL(p || p;) will be infinity.

2.1.3. The Structure of the Stacked Autoencoder

The SAE model as a novel deep learning model is a stack of multiple autoencoders [32,40].
Figure 2 demonstrates the structure of the SAE with k hidden layers. The final output of its last hidden
layer can be expressed as

or(x) = f (B +whf (- +wif (b] +wlx))) ?)

where w} and b! (I = 1,2,...,k) are respectively the encoding matrix and the encoding bias vector
of the Ith autoencoder. Additionally, the activation function f(-) can be chosen as the sigmoid or
tanh function.

Figure 2. The stacked autoencoders with k hidden layers and its layerwise training process.
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The parameter learning algorithm of the SAE is not mentioned in this subsection; it is introduced
in next subsection in detail.

2.2. Extreme Stacked Autoencoder and Its Training Algorithm

For predicting building energy consumption, we propose a deep learning approach, named
extreme SAE, which combines the SAE with the ELM. The structure of the proposed extreme SAE is
demonstrated in Figure 3. In this approach, the inputs are given to the SAE part, following which,
the fully connected layer is trained by the ELM. The SAE part is used to extract building energy
consumption features, while the ELM part is utilized as a predictor to obtain accurate prediction
results.

by

Figure 3. The structure of the extreme SAE with k hidden layers.

To design an extreme SAE that performs well, optimal parameters, including the parameters in
the SAE part and the parameters in the ELM part, should be determined first. In this study, we use
two steps to determine these parameters. In the first step, we pre-train the parameters in the SAE part.
Then, in the second step, we utilize the least-squares method to find the parameters in the ELM part.

2.2.1. Pre-Training of the Stacked Autoencoder Part

To obtain the optimal parameters of the SAE part, the gradient-based Back-propagation (BP)
optimization algorithm is typically used. However, its performance is unsatisfactory, mainly because
of the gradient divergence. In order to solve this issue, Hinton et al. have proposed a greedy layerwise
unsupervised learning algorithm that can train DNNs successfully [26]. The novel point of this
approach is that it pre-trains the SAE model layer by layer in a bottom-up way, as expressed below.

e  Step 1: Train the first layer as an autoencoder by minimizing Equation (3) using the training
samples as the input, and let v = 2.

e  Step 2: Train the vth layer by minimizing Equation (3) using ¢3! (x) as its input.

e Step 3: Let v = v + 1, and iterate Step 2 until v > k.
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e  Step 4: Output 0% (x) and use it as the input of the predictor.

Here, 09! (x) is the hidden representation of the (v — 1)th layer, and k is the desired number of

hidden layers.

2.2.2. Least-Squares Learning of the Extreme Learning Machine Part

In the ELM part, the least-squares method is adopted to optimize the output weighting vector B.
[ (m) .(m) (m) T

From Figure 3, the input data x(m) = Xy Xy e, xy ], m = 1,2,..., N corresponds to

a known hidden representation oy (x(m)) when all &, = {w’l,bl1 }, 1 =1,2,...,k are determined.
We always expect that each of the estimated results (") with respect to x(") can approximate the true
value y(") with no errors. This can be mathematically expressed as

Y g™ =y =0 ®)

where 7(") = g (x("))B.
Then, Equation (8) can be rewritten as

o(x)p=y )

where 0 (x) is the output matrix of the SAE as well as the input matrix of the ELM and can be
expressed as

oy (x) = lox(x), 0 (x?), -, o (xM)]T

f (b +wkf (- +wif (b} +wix®
f(bE+whf (- +wif (b +wix®@

= . (10)
f(b’{—i—w’l‘ (---—i—w% (b%—kw%x(N)))) Noon,

B=1[B1B2 - Bumx1 (11)

y=[" %,y (12)

According to the knowledge of matrix theory, as discussed in the studies on ELM [41-43],
the optimal vector B in Equation (9) can be derived as

B =or(x)'y (13)

where o (x)" is the Moore-Penrose generalized inverse of o (x).

We note that the traditional layerwise training of the SAE includes two steps, which are the
pre-training of the SAE and the fine-tuning of the whole network. Being different to the traditional
layerwise training, the extreme SAE approach utilizes the extreme learning of the output weighting
vector to replace the fine-tuning process of the whole network.

3. Energy Consumption Prediction Model

In this section, we construct an extreme SAE model for 30 and 60 min building energy consumption
prediction. First of all, the applied data set is shown. Then, the energy consumption prediction model
is described. Finally, the experimental settings are introduced.
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3.1. Applied Data Set

The applied building energy consumption data were download from the website: https://
trynthink.github.io/buildingsdatasets/. The data were collected every 15 min in one retail building
in Fremont, CA. After the preprocessing of the missing data in the initial data set by the mean
filter method, we obtained 34,939 samples in the building energy consumption time series. Then,
we aggregated the collected data into 30 and 60 min intervals each for 30 and 60 min predictions.
Consequently, the building energy consumption time series for the 30 min experiment had 17,469 data
points, and the time series for the 60 min experiment had 8734 data points. For better visualization,
we plotted the first 500 samples of the 30 and 60 min cases in Figure 4 rather than plotting the whole
time series of the two cases.
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(a) The first 500 data pairs for the 30—min experiment
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(b) The first 500 data pairs for the 60—min experiment

Figure 4. The first 500 samples of the 30 and 60 min experiments.

3.2. Energy Consumption Prediction Model

In this paper, we utilize n energy consumption data in the building energy consumption time series
before time p to predict the value at time p. In other words, we utilize y(p — p1),y(p — p2), ..., y(p —
pn) (p1 > p2 > - -+ > pn) to estimate the value of y(p). Thus, the model for the prediction of energy
consumption has the following form:

y(p) =8W(p—p1)y(p—p2) - y(p—pn)) (14)

where §(.) represents the prediction model that can be realized by the prediction algorithms.

To be more clear, we assume that the input variables of the prediction models are
x = (x1,%,...,%,)T, where x; = y(p—p1),x2 = y(p —p2),..-,xn = y(p — pn) and the output
variable is y = y(p).

To train and test the building energy consumption models, the input-output data pairs should
first be formed. Considering the input and output form of the above prediction model, we can obtain
the input-output data pairs as follows:

(x5 ) m =1,2,...,N = py (15)
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where x(") = [y(m),y(m + p1 — p2),...,y(m+ p1 — pu)]%, y"™ = y(m + p1), and N is the number of
samples in the building energy consumption time series.

The numbers of the input—output data pairs for training and testing are determined by the time
lag p1 in different experiments. We give the detailed discussion on this issue below.

3.3. Experimental Setting

As aforementioned, we utilize the extreme SAE to predict the 30 and 60 min building energy
consumption. Furthermore, in order to examine the proposed deep learning model’s performance, the
BPNN, SVR, the GRBFNN and MLR are chosen as the comparative methods. Below, these comparative
methods are introduced briefly.

The BPNN is a multilayer ANN that adopts the back propagation algorithm to train the weights
between neighboring layers [44]. This technique has some superior abilities, such as its nonlinear
mapping capability, self-learning and adaptive capability, and generalization ability. The BPNN has
found lots of applications in many research areas.

In our comparison, SVR is adopted. As one variant of the SVM, SVR still attempts to minimize
the generalization error bound so as to achieve generalized performance [45]. Furthermore, the kernel
function is utilized in the SVR to avoid the calculations in high-dimensional space. As a result, it can
perform well when the input features have high dimensionality.

The GRBENN is the generalized RBFNN. It utilizes k-fold cross-validation to determine the
optimal center and spread of the RBFNN [46]. MLR is the popular statistical method for regression
and prediction. It utilizes the ordinary least-squares method or generalized least-squares to minimize
the sum of squares of errors (SSE) for obtaining the optimal regression function [47,48].

To examine the effectiveness of the five prediction models, we adopt three performance
indices—the mean absolute error (MAE), the mean relative error (MRE), and the root-mean-square
error (RMSE), which can be computed respectively as

1 K
—— m) _,(m)
MAE ng‘l gm —y ‘ (16)
plm) _ ) (m)
1 & y ‘
MRE = — (17)
K mX:"l y(m)
K (g(m) — 4 (m))2
RMSE = \/Zm=1(y”1’< y™) a8)

where K is the number of samples for training or testing, and (") and y(™) are respectively the
predicted value and the target value.

In order to guarantee the performance of the prediction models, the input—output data pairs
are normalized. In this study, the following equation is used to normalize the input parts of the
input-output data pairs:

(m)

(m) _ .
2" =2 bl B (19)

whereq=1,2,--- ,n,m=12,--- ,N—p.

4. Experiments

In this section, the 30 and 60 min building energy consumption prediction experiments are
analyzed. For each experiment, we determine the optimal input variables for the models first, and then
make comprehensive assessments of the five prediction models.
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4.1. Thirty Minute Prediction of Building Energy Consumption

4.1.1. Determination of the Optimal Input Variables

In this study, the partial autocorrelation function (PACF) is adopted to determine the input
variables for building energy consumption prediction [49,50]. The PACF can obtain partial
autocorrelation between y(p — t) and y(p) [51,52]. The greater the partial correlation coefficient,
the greater the influence y(p — t) puts on y(p). The PACF of the building energy consumption time
series for the 30 min experiment with 150 lags is demonstrated in Figure 5.
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Figure 5. The partial autocorrelation function (PACF) of the 30 min experiment with 150 time lags.

To obtain the optimal input variables for predicting building energy consumption, we chose
the time series lags whose absolute value of the partial autocorrelations were greater than or equal
to 0.1. As shown in Figure 5, for the 30 min experiment, there were 22 lags meeting the above
condition. As a result, the determined optimal input variables with respect to y(p) are x; = y(p — 97),
X2 =y(p—96),x3 = y(p—95),xs = y(p—51),x5 = y(p —49),% = y(p —48),x7 = y(p —47),
xg = y(p—46),x0 = y(p—45),x0 = ylp—44),xu = ylp—43),x2 = ylp—42),
X3 = ]/(p - 40)/ X14 = y(P - 39),3(15 - y(P - 37)1x16 = y(P - 36)/7517 = (P - 32)/
x18 = y(p —31),x10 = y(p —19),x20 = y(p — 3), %21 = y(p — 2),and x» = y(p — 1).

4.1.2. Configuration of the Prediction Models

For an extreme SAE model that performs well, the number of hidden layers and the number of
hidden units in each hidden layer need to be determined.

In this study, we utilized the data pairs generated above to select the optimal structure of the
extreme SAE model for the 30 min experiment. Additionally, we assumed that the numbers of hidden
units in all hidden layers are equal, that is, iy = hy = --- = h = h, where k is the number of the
hidden layers.

In this paper, we chose k from 1 to 4 and the number of hidden units from
{50, 100, 150, 200, 250, 300, 350, 400}. In addition, the RMSE index was chosen as the criterion
to determine the optimal architectures of the extreme SAE for predicting the building energy
consumption.

By performing a grid search, we obtained different RMSEs for the 30 min experiment, and these
are shown in Table 1. Clearly, in this case, the extreme SAE with the smallest RMSE has 4 hidden layers
and 100 hidden units in each hidden layer.
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Table 1. Root-mean-square errors (RMSEs) of the 30 min experiment with various numbers of hidden

layers and hidden units.

k=1 k=2 k=3 k=14
h=50 234814 23.5453 23.4509 23.1802
h =100 229833 235639 23.3679 229015
h =150 243893 242911 24.3733 24.6273
h =200 239358 24.3908 24.5166 24.2795
h =250 23.3932 24.2846 23.8729 24.0003
h =300 24.0451 24.2820 24.4101 24.2295
h =350 239541 23.8668 23.4668 23.9033
h =400 23.3656 23.6728 23.5747 23.7575

The parameter configuration of the other four comparative approaches are listed in detail
as follows.

For the BPNN, the number of hidden layer nodes and the iteration number were respectively set
to be 300 and 15,000. In the hidden layer, the logsig activation function was used. Additionally, in the
training process, a gradient descent-based algorithm was adopted.

For SVR, the radial basis function was chosen as the kernel function and the penalty factor C was
set to be 50. Moreover, we did not use shrinking heuristics in the training process.

For the GRBENN, 5-fold cross-validation was adopted to determine the optimal center and spread
of the RBF function. In addition, the spread was chosen from 0.01 to 2 with a 0.1 step length.

For MLR, the ordinary least-squares method was adopted to minimize the SSE for obtaining the
optimal regression function.

4.1.3. Results

For the testing data, the prediction results of the five prediction models in the 30 min prediction
experiment are demonstrated in Figure 6. For better visualization, parts of the results (the values
between 400 and 500) in Figure 6 have been zoomed in and are plotted in Figure 7 to show finer details.
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Figure 6. Prediction results of the five models in the 30 min experiment.
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Figure 7. Parts of the zoomed-in prediction results: (a) backward propagation neural network (BPNN);
(b) support vector regression (SVR); (c) generalized radial basis function neural network (GRBFNN);
(d) multiple linear regression (MLR); and (e) extreme stacked autoencoder (SAE).

The residual errors of the five prediction models in this 30 min prediction experiment are
demonstrated in Figure 8. Similarly, to make for a clear comparison, parts of the results (the values
between 400 and 500) in Figure 8 have been zoomed in and are re-plotted in Figure 9.
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Figure 8. Residual errors of the five models in the 30 min prediction experiment.
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Figure 9. Parts of the zoomed-in residual errors.

To quantitatively analyze the performances of the five prediction models, we consider the MAE,
MRE and RMSE indices for both the training and the testing processes. For the 30 min prediction,
the MAEs, MREs and RMSEs of the five prediction models in the training and testing processes are
listed in Table 2.

Table 2. Comparison results of the five prediction models in the 30 min prediction experiment.

Performance Training Testing
Methods MAE MRE(%) RMSE MAE MRE (%) RMSE

Extreme SAE 15.0231 3.0082 23.3090 13.3865 29174 22.9015
BPNN 26.5890 4.9600 35.4052  21.3020 4.1792 30.8121
SVR 15.8168 3.1991 25.3225 16.3592 3.6917 27.0380
GRBFNN 11.7406 2.3532 17.7543  18.0785 3.8928 34.2312
MLR 31.3272 6.4854 40.6747  25.7448 5.4652 38.8463

4.2. Sixty Minute Prediction of Building Energy Consumption

4.2.1. Determination of the Optimal Input Variables

As aforementioned, the PACF was adopted to determine the input variables for building energy
consumption prediction. The PACF for the 60 min building energy consumption time series is
demonstrated in Figure 10.

We also chose the time series lags whose absolute values of the partial autocorrelations were
greater than or equal to 0.1 as the optimal input variables. From Figure 10, for the 60 min building
energy consumption prediction, there were 21 lags meeting the above condition. The determined
optimal input variables with respect to y(p) are x1 = y(p —72),x2 = y(p —49),x3 = y(p — 48),
Xy = y(p—47),x5 = y(p—26),x6 = y(p—25),x7 = y(p —24),x3 = y(p —23),x9 = y(p —22),
xio = ylp—21),xn = ylp—20),x2 = y(p —19),x13 = y(p—16),xu = y(p —12),
x15 = y(p —10),x16 = y(p — 8),x17 = y(p = 7),x1s = y(p — 6),x10 = y(p — 3), %20 = y(p — 2), and
X1 =y(p—1).
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Figure 10. The partial autocorrelation function (PACF) of the 60-min prediction experiment with 80

lags.

4.2.2. Configuration of the Prediction Models

In the same way as for the 30 min prediction experiment, by performing a grid search, we obtained
the values of the RMSEs for the 60 min building energy consumption prediction and list these in
Table 3. Clearly, in this case, the extreme SAE with the smallest RMSE has 2 hidden layers and 50

hidden units in each hidden layer.

Table 3. Root-mean-square errors (RMSEs) of the 60 min prediction experiment with various numbers

of hidden layers and hidden units.

k=1 k=2 k=3 k=14
h=50 59.4885 59.1812 59.8399 59.2147
h =100 633515 63.4566 63.5216 63.1455
h =150 623616 624175 62.9833 63.5690
h =200 64.6232 649396 654826 68.3591
h =250 639450 63.5129 64.6592 63.9566
h =300 656216 644153 64.1315 64.5682
h =350 662908 649708 66.1777 65.6557
h =400 663097 643294 66.2774 66.3823

In this case, the configurations of the BPNN, SVR, the GRBFNN and MLR are as follows. For the
BPNN, the number of hidden layer nodes and the iteration number were respectively set to be 200 and
17,000. In the hidden layer, the logsig activation function was used. For SVR, the radial basis function
was chosen as the kernel function and the penalty factor C was set to be 80. Again, we did not use
shrinking heuristics in the training process. The configurations of the GRBFNN and MLR in this case
were the same as those in the 30 min prediction experiment.

4.2.3. Results

For the testing data, the prediction results of the five prediction models in the 60 min prediction

experiment are demonstrated in Figure 11. Again, for better visualization, parts of the results
(the values between 200 and 300) in Figure 11 have been zoomed in and are plotted in Figure 12

to demonstrate finer details.
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Figure 12. Parts of the zoomed-in prediction results: (a) backward propagation neural network (BPNN);
(b) support vector regression (SVR); (c) generalized radial basis function neural network (GRBFNN);
(d) multiple linear regression (MLR); and (e) extreme stacked autoencoder (SAE).
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The residual errors of the five prediction models in the 60 min prediction experiment are
demonstrated in Figure 13. Once more, parts of the results (the values between 200 and 300) in
Figure 13 have been zoomed in and are re-plotted in Figure 14.

Similarly, in the 60 min prediction experiment, the MAEs, MREs and RMSE:s of the five prediction
models in the training and testing processes are listed in Table 4.
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Figure 13. Residual errors of the five models in the 60 min prediction experiment.
300
BPNN
——SWR
GRBFNN
200+ —— MLR H
ExtremeSAE
100 [
g
5 ‘
g oH- (R (S 4 [ Y A - : A
° \
73
[0 |
@ |
-100} \/
-200
-300 1 1 1 1 A/\4 | | | | |
200 210 220 230 240 250 260 270 280 290 300

samples

Figure 14. Parts of the zoomed-in residual errors.
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Table 4. Comparison results of the five prediction models in the 60 min prediction experiment.

Performance Training Testing
Methods MAE MRE (%) RMSE MAE MRE (%) RMSE

Extreme SAE 32.1336 3.2429 54.3246  33.7168 3.6420 59.1812
BPNN 65.0351 6.0898 85.4008  59.2456 6.3922 84.9968
SVR 34.3843 3.5179 58.6403  43.4038 5.1010 77.3101
GRBFNN 23.6996 2.3306 38.6174 38.6145 4.2105 80.7410
MLR 63.9774 6.6008 85.2207  56.0647 5.9556 89.9583

4.3. Comparisons and Discussion

Figures 6 and 11 demonstrate the prediction performances of the five models for the testing
data. From a global perspective, the proposed extreme SAE approach performs best, especially for
the abnormal testing data that are from 400 to 500 in the 30 min experiment and from 200 to 250 in
the 60 min experiment. These abnormal testing data reflect the uncertainties in the building energy
consumption; that is to say, the proposed extreme SAE approach has the greatest ability to deal with
the uncertain building energy consumption data. This judgement can also be observed and verified
more clearly from Figures 7 and 12.

Figures 8 and 13 show the residual errors of the five models for the testing data. From both figures,
we can observe that the residual errors of the extreme SAE usually lie in the smallest scale around zero
compared with the four comparative methods. This phenomenon also indicates that the proposed deep
learning approach has better prediction accuracy than the four comparative methods. The residual
errors for the abnormal testing data, as shown in Figures 9 and 14, reveal the performances of the five
models in more detail. Again, the extreme SAE performs best. We can also observe that MLR has the
poorest performance in both experiments. This also verifies that the artificial intelligence methods
always perform better than the statistical methods.

As shown in Tables 2 and 4, from the point of view of the testing performance, the proposed
deep learning approach has the smallest prediction error and the best accuracy for building energy
consumption prediction, and its accuracy is promising. For the testing data, in the 30 min prediction
experiment, the performance of the extreme SAE was at least 18.2%, 21.1% and 15.3% better according
to the three indices when compared with the other four methods, and, in the 60 min prediction
experiment, the values for the same indices were respectively 12.7%, 13.5% and 23.5% better when
compared with the four comparative models.

Although the GRBFNN has the best training indices, its performances for the testing data are
poor, and the over-fitting phenomenon in the training process of the GRBFNN is observed. Generally,
MLR has the poorest performances both for the training and testing data, followed by the BPNN.
SVR performs better than the GRBFNN, the BPNN and MLR, but performs worse than the proposed
extreme SAE approach. In summary, in both experiments, extreme SAE > SVR > GRBFNN > BPNN >
MLR, where > indicates “performs better than”. These facts again verify the better feature extraction
ability of the deep learning model in the prediction of building energy consumption.

5. Conclusions

Deep learning has shown its powerful learning and prediction abilities in the time series prediction
applications. This study aimed to utilize one popular deep learning approach—the SAE method—to
improve the predicted results of building energy consumptions. Theoretically, this study provided
a novel learning method by combining the SAE method and the ELM method. The main difference
between the proposed method and the traditional SAE method is that the proposed method does not
need the fine-tuning of the whole network by the iterative back-propagation algorithm, but directly
utilizes the ELM method to find the output weights without iterations. This can quicken the learning
speed and strengthen the generalization performance. For the application aspect, the proposed deep
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learning method was applied to the energy consumption prediction of a specific building, whose one
year energy consumption data were collected. The experimental and comparison results demonstrate
that the deep learning method outperforms several popular traditional machine learning methods.
The reason for this may be that the proposed deep learning method has deeper architecture and
improved learning strategies compared with the other comparative methods. In other words, although
the data set in this application does not have a large quantity of data, the deep learning method can
still extract better building energy consumption features and improve the prediction accuracy.

We are continuing to investigate other schemes to further improve the prediction accuracy.
By analyzing the collected building energy consumption data, we found that the building energy
consumption changes periodically. By considering its periodicity, achieving better performance may
be expected. Then, what is left to be investigated is how to simultaneously utilize both the data and
the prior knowledge of periodicity to construct the DNN. This will be one of our future research
directions.
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