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Abstract— Multivariate time series (MTS) forecasting is
considered as a challenging task due to complex and nonlin-
ear interdependencies between time steps and series. With the
advance of deep learning, significant efforts have been made to
model long-term and short-term temporal patterns hidden in
historical information by recurrent neural networks (RNNs) with
a temporal attention mechanism. Although various forecasting
models have been developed, most of them are single-scale
oriented, resulting in scale information loss. In this article,
we seamlessly integrate multiscale analysis into deep learning
frameworks to build scale-aware recurrent networks and propose
two multiscale recurrent network (MRN) models for MTS fore-
casting. The first model called MRN-SA adopts a scale attention
mechanism to dynamically select the most relevant information
from different scales and simultaneously employs input attention
and temporal attention to make predictions. The second one
named as MRN-CSG introduces a novel cross-scale guidance
mechanism to exploit the information from coarse scale to guide
the decoding process at fine scale, which results in a lightweight
and more easily trained model without obvious loss of accuracy.
Extensive experimental results demonstrate that both MRN-SA
and MRN-CSG can achieve state-of-the-art performance on five
typical MTS datasets in different domains. The source codes will
be publicly available at https://github.com/qguo2010/MRN.

Index Terms— Attention mechanism, cross-scale guidance,
multiscale decomposition, recurrent neural networks (RNNSs),
time series forecasting.
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I. INTRODUCTION

IME series data, as a sequence of observations taken

sequentially in time order [l], are ubiquitous in a
wide range of real-world applications such as economic and
financial analysis, supply chain forecasting, electric power
consumption study, audio and video processing, traffic flow
prediction, and other similar areas. In most cases, the collected
data are multivariate [2]. For instance, electricity consumption
forecasting involves the times series of consumption records
collected from multiple clients. These consumption data are
correlated due to the shared transmission infrastructure and
weather. Multivariate time series (MTS) forecasting aims to
accurately predict future value by jointly considering intra-
and inter-series correlations among historical data. However,
due to complex underlying generation process, the observed
data are nonstationary and nonlinear, which makes MTS
forecasting very challenging. Especially, complex dynamic
interdependencies among multiple variables further complicate
the forecasting task.

Many methods have been developed to address the
above challenges in the past, e.g., statistical model-based
methods [3], matrix factorization-based methods [4], machine
learning-based methods [5], deep learning-based methods
[6], [7], and hybrid methods [8]. Among these methods,
vector autoregression (VAR) is one of the most popular
model for MTS forecasting, which generalizes the classical
autoregressive (AR) statistical model by allowing for more
than one evolving variable. Although VAR shows significant
effectiveness in modeling the linear dependencies, it fails
to capture the high-order dependencies of MTS data [9].
To address this issue, Gultekin and Paisley [10] treat MTS as a
matrix, and predict future values by solving a low-rank matrix
factorization problem. Indeed, tensor factorization provides an
effective technique for extracting valuable structure informa-
tion from tensorial data [11]. In [9], tensor factorization was
integrated with AR model to obtain two different multilinear
AR forecasting models. Despite their success, such models
are known to suffer from poor computational efficiency.

Recently, deep neural networks have received a substantial
amount of attention from the research community. In particu-
lar, the recurrent neural networks (RNNs), e.g., long short-term
memory (LSTM) [12] and gated recurrent unit (GRU) [13],
have shown promising performance in MTS forecasting
due to their ability to model nonlinear interdependencies.
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By integrating both the input attention and temporal attention
mechanisms into RNN, Qin et al. [14] proposed a dual-
stage attention-based RNN (DA-RNN), which can adaptively
select the most relevant deriving variables to make more accu-
rate predictions. After that, various temporal attention-based
forecasting models including long- and short-term time-series
network (LSTNet) [8], temporal pattern attention based LSTM
(TPA-LSTM) [2], and dual self-attention network (DSANet)
[15] have been proposed to improve the prediction accuracy.
However, most prior works pay little attention to capture the
scale dependencies among multiscale features of MTS.

In this article, we incorporate the attention mechanism into
an LSTM by two different schemes to capture the scale
dependencies and adaptively fuse the features from different
scales. We also fine-tune the wavelet filter banks used in
multiscale decomposition to fit the data by end-to-end training.
These changes allow us to significantly improve the prediction
performance. In summary, the main contributions of this article
lie in the following four aspects.

1) We seamlessly integrate multiscale analysis into deep
learning frameworks to build scale-aware recurrent net-
works, and explore the scale attention and cross-scale
guidance mechanisms. To the best of our knowledge, this
is the first work to adopt multiscale recurrent networks
(MRNs) with these two mechanisms for time series
forecasting.

2) We propose an MRN to predict future samples of time
series, which simultaneously employs input attention,
temporal attention, and scale attention. Due to the
explicit usage of these attentions, this model obtains
more accurate prediction.

3) We propose a novel MRN with cross-scale guidance
mechanism, which exploits the information from coarse
scale to guide the decoding process at fine scale. This
design brings us a lightweight and more easily trained
model without loss of accuracy.

4) We conduct extensive experiments on five benchmark
datasets for MTS forecasting. The experimental results
and comparisons demonstrate the superior performance
and efficiency of our proposed models.

The remainder of this article is organized as follows.
In Section II, we first discuss the related studies. Then,
Section III briefly describes the problem of MTS forecast-
ing and reviews the stationary wavelet transform (SWT)
used in multiscale time series decomposition. In Section IV,
we present the proposed MRN with scale attention (MRN-
SA) and MRN with cross-scale guidance (MRN-CSG) models
that are equipped with the scale attention module and the
cross-scale guidance module, respectively. Section V reports
our experimental results that confirm the significant advantage
of our models. Finally, we conclude this work in Section VI.

II. RELATED WORK

A large number of MTS forecasting methods have been
proposed in the literature. These methods can be roughly clas-
sified into two broad categories: traditional methods and deep
learning-based methods. We briefly review some representative
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works in this section. For more details on this topic, we refer
the reader to the recent comprehensive survey [16] and the
references therein.

A. Traditional Methods

Statistics-based methods are classical time series forecasting
models. They assume that the time series are generated by a
linear aggregation of random shocks. A representative method
is the AR moving average (ARMA) model, i.e., a combination
of the AR and moving average (MA) models. Its extension to
nonstationary time series forecasting, known as AR integrated
MA (ARIMA) that incorporates a differencing technique to
eliminate the influences of trend components of data, is one
of the most popular linear models due to its great flexibility.
Another one is exponential smoothing (also known as ETS)
that relies on the weighted average of past observations [17].
In fact, ARIMA and ETS can be represented in state-space
models (SSMs) that provide a unified and powerful framework
for time series modeling [18]. Various SSMs have been
presented to deal with more complex tasks [19]. However,
this type of methods relies heavily on parametric settings and
some assumptions of the underlying data distribution [20],
which make such models unsuitable for many practical usages.
In addition, they are originally limited to linear univariate time
series and do not scale well to the multivariate setting. To cope
with MTS forecasting, VAR was proposed, which generalizes
the univariate AR-based model by allowing for more than one
evolving variable. But it fails to capture the nonlinearity of
MTS data and also suffers from poor computational efficiency.

Unlike the above models that require certain assumptions
on time series data, singular spectrum analysis (SSA) is a
useful nonparametric technique of time series analysis and
forecasting [21]. It embeds the original time series that approx-
imately satisfy some linear recurrent formula (LRF) into a
Hankel matrix (also called trajectory matrix), and produces
a prediction of the future values of time series via the LRF
coefficients that are calculated from a spectral decomposition
of the Hankel matrix. To simultaneously handle multiple
time series, Patterson et al. [22] extended the SSA to a
multivariate SSA, in which the joint trajectory matrix of MTS
is block-Hankel rather than simple Hankel. However, these
SSA-based methods usually require access to noise-free and
fully observed data. As a result, their performance is highly
sensitive to data contamination such as corruptions, outliers,
and missing values. To address this limitation, Gillard and
Usevich [23] formulated the problem of forecasting a given
time series as the structured low-rank matrix completion of
a Hankel matrix. A prediction of the future values of time
series can be obtained by minimizing the nuclear norm of
this Hankel matrix. In [4], a temporal regularized matrix
factorization framework was developed for MTS forecasting,
which uses a novel AR regularizer on the temporal factor
matrix to model temporal dependency among time series
data. Jing et al. [9] integrated tensor factorization with AR
model to derive two different multilinear AR forecasting
models. Despite the success of factorization based models, it is
ineffective in modeling highly nonlinear time series, and also
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very computationally expensive for applications that require
real-time performance [24].

B. Deep Learning-Based Methods

Driven by the success of deep learning in various tasks,
many recent works leverage deep neural networks to address
the aforementioned limitations. In particular, RNNs have
achieved remarkable performance due to their flexibility in
capturing nonlinear relationship. As pointed out in [25], for
reconstructing state-space trajectories of dynamic systems,
RNNs are universal approximators in theory, thus making
them suitable candidates for modeling nonlinear time series.
Thus, they have been successfully employed for various pre-
diction tasks [26]. However, the standard RNN suffers from
the vanishing gradient and exploding gradient problems [27],
which limits its capability in capturing temporal long-term
dependencies in sequential data.

To mitigate this problem, LSTM and GRU have been
designed with gating units. Meanwhile, incorporating attention
mechanisms into RNNs also has achieved great success in
many natural language processing tasks [28], [29]. The atten-
tion mechanism allows the network to dynamically select the
relevant parts of the input. Hence, it is natural to consider
the gated RNNs and attention mechanisms for time series
prediction. In [14], by equipping an LSTM with the temporal
attention and input attention layers, a DA-RNN was devel-
oped to select the relevant driving series for making more
accurate predictions. Unlike DA-RNN, DSANet [15] employs
two parallel convolution modules, i.e., global temporal con-
volution and local temporal convolution, to, respectively,
capture global and local temporal patterns. It then applies
a self-attention module to model the dependencies among
variables. Cinar et al. [30] presented a position-based attention
model to capture patterns of (pseudo-) periods in time series.
Besides, Lai et al. [8] proposed an LSTNet for MTS forecast-
ing, which utilizes the convolutional layer to capture the local
dependencies among input variables and the recurrent layer to
model complex long-term dependencies. It also introduces a
recurrent-skip structure based on temporal attention to discover
very long-term dependency patterns. Several variants of this
framework, such as [2], [31], and [32], have been proposed.

Besides, as shown in [33], integrating wavelet transform
into RNNs enables us to boost the prediction performance.
Based on the transformed data, RNNs can effectively capture
multiscale patterns of time series [34], [35]. However, most
of the existing works decompose a time series into multiple
sequences with different scales by using the wavelet transform
with fixed filter banks, and indiscriminately combine the
features learned by RNNs to produce a prediction of the time
series. To the best of our knowledge, there is no work focusing
on the scale dependencies among multiscale features of MTS.
To fill this gap, we propose two network models by integrating
scale attention and cross-scale guidance mechanisms with an
LSTM, and fine-tune the wavelet filter banks to fit the data
by end-to-end training. As a result, our models can capture
the scale dependencies and adaptively fuse the features from
different scales, achieving highly competitive performance.

III. PRELIMINARIES

In this section, we first introduce the notations used in this
article, and then formulate the problem of MTS forecasting.
This is followed by giving a brief review of the SWT, which
motivates us to decompose a time series into multiscale
components.

A. Problem Formulation

In this work, we are interested in the task of MTS fore-
casting. Given a series of fully observed time series signals,
we represent them in a matrix form as X = (xy, X, ...,Xy) €
R™*T, where T is the length of the input window size, and
x, = (x),x?,...,x")" € R" denotes the time series at
time ¢, where n is the number of driving series. Assuming
that historical observations of all series are available, MTS
forecasting is to estimate a series of future signals from the
known X, which can be formulated as learning a function that
maps X to the value of the next time stamp 7 + 7, i.e.,

Yr4e = f(X) (D

where f(-) is typically a nonlinear mapping function that we
aim to learn, and t is the desirable horizon ahead of the current
time stamp. yr4, may either be the driving series X7, or be
any one of the variables x"”f(i =1,...,n). In_this article,
we only focus on the latter case, i.e., yri, = x;,,. In fact,
for the former, we can predict X7, by repeatedly learning n
individual mapping functions.

B. Stationary Wavelet Transform

The wavelet transform is a powerful tool for signal pro-
cessing, which can provide analysis of a signal in both time
and frequency domains. Thus the discrete wavelet transform
(DWT), a discrete version of the wavelet transform, has been
widely used to extract multiscale time-frequency features from
a time series. However, the decimation step in the stan-
dard DWT results in different lengths of wavelet coefficient
sequences at different scales, making it difficult to relate
information at a given time point at the different scales [36].
To overcome this problem, it is common to resort to the SWT,
also known as algorithme a trous [37], in which the length of
wavelet coefficients computed at each scale equals the length
of the input time series. Furthermore, SWT has a valuable
role in the exploration and spectral analysis of nonstationary
time series [38]. These properties enable SWT to model a
nonstationary time series and predict its future value.

The basic idea of the SWT is to modify the wavelet filters
at each scale by inserting a zero between every adjacent pair
of elements of the filter [37]. This leads to an overdetermined
representation of the original sequence. More specifically, for
the low-pass filter (LPF) /[n] used in the DWT, we denote as
1;[n] the filter obtained by inserting 2/ — 1 zeros between each
sample of /[r]. Similarly, for the high-pass filter (HPF) g[n]
of the DWT, g;[n] can be derived by the same way. Given the
lowest scale J, the SWT decomposition of the input signal ag
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Fig. 1. Architecture of the proposed MRN-SA. HPF and LPF denote the high-pass filter and low-pass filter, respectively, which are initialized by db2 wavelet

filters and then fine-tuned on the training data.

is defined as [39]
ajnilnl = (I; *a;)n] = D 1;[Kla;[n +27k]
k

dialn) = (g a;)lnl =D gjlkla;[n +27k] @
k

where * is the convolution operator, l_j [n] =1;[-n], g;ln] =
gj[-nl,and j =0, ..., J—1. The signal can be reconstructed
by the following synthesis operation [39]:

1.
a;j[n] = 5[(11 *aji1)[n] + (&5 *dji1)[n]

where [ j and g; are the corresponding synthesis filters of the
analysis filters /; and g;, respectively.

For an input sequence, the low-frequency components a;
preserve the information of its long-term temporal patterns,
and the high-frequency components d; preserve the short-term
temporal patterns. Multiple frequency components achieved by
the SWT are helpful for capturing inherent different temporal
patterns that can improve the prediction performance. Inspired
by this, we employ multiple RNNs to simultaneously extract
features from different scales, and then fuse them to generate
a prediction, achieving significant performance improvement.

IV. PROPOSED METHODS

In this section, we propose two novel MRN architectures
that perform time series prediction by exploiting multi-
scale hidden features extracted from multiple attention-based
LSTMs. The first one is called MRN-SA, which adopts a scale
attention mechanism to adaptively fuse hidden states across all
scales. While the second one is referred as MRN-CSG, which
gradually fuses the hidden features from coarse scale to fine
scale. Extensive experiments show that both models obtain
high accuracy for MTS forecasting on several public datasets.

A. MRN With Scale Attention

Fig. 1 provides an architecture overview of the proposed
MRN-SA with three scale components, which works in an
end-to-end manner. The MRN-SA consists of four main parts:
the multiscale decomposition that hierarchically decomposes
an MTS into several subseries with different frequencies, the
scale component encoding that extracts the hidden state of
each subseries by successively applying an input attention

encoder (IA-Encoder) and a temporal attention encoder (TA-
Encoder), the scale attention fusion encoding that explicitly
fuses the hidden states extracted from different scales by a
scale attention fusion encoder (SAF-Encoder), and the tem-
poral attention decoding that generates a prediction by a
temporal attention decoder (TA-Decoder). In the following,
we present some details of the network components used in
the MRN-SA.

1) Multiscale Decomposition: As discussed before, the
short-term prediction of time series depends more on its
high-frequency pattern while the long-term prediction tends to
focus more on the low-frequency pattern. Therefore, we use
the SWT to decompose MTS into a group of subseries with
different scales, and learn multiple frequency patterns from
these subseries for prediction.

Specifically, we perform an HPF g and an LPF / on each
time series x* of X along time axis to obtain a fine-scale
component X¢; and a coarse-scale component X, respectively.
This can be formulated as

Xis(k, ) = g * X(k, 2)

Xk, ) = 1% X(k, ?) (3)
where X(k,:) = xf = (x{‘, ...,x’}) represents the kth row
of X, and k = 1, ..., n. The filtering process can be carried

out recursively on the previous coarse-scale component. For
ease of description, we refer to the components at different
scales as X, as shown in Fig. 1.

Note that different from existing wavelet-based approaches
for time series forecasting, which use the HPF and LPF with
fixed filter coefficients, our methods first apply the commonly
used db2 wavelet to initialize these filter coefficients, and then
fine-tune them on the training data in an end-to-end manner.

2) Scale Component Encoding: The attention mechanism
is significantly important to select relevant information for
the task of MTS forecasting. The input attention is able
to adaptively select the relevant driving series at each time
step, while the temporal attention is suitable to select the
relevant hidden states across all the time steps. Therefore,
we adopt a two-stage encoding strategy to extract the most
relevant information from each scale component for prediction,
which includes an IA-Encoder for selecting the input
sequences, and a TA-Encoder for capturing the long-term
dependencies.
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(c)

Fig. 2.
(d) TA-Decoder.

a) Input attention encoder: The encoder and the decoder,
commonly used for time series prediction, are essentially an
RNN (e.g., LSTM and GRU) that encodes the input sequences
in the hidden state of an RNN in such a way that a decoder
could reconstruct them. Fig. 2(a) shows a detailed graphical
illustration of IA-Encoder. Given the jth scale component
of MTS data X; = (X;,j,X2j,...,Xr;), where x;; € R"
denotes the time series at time ¢ and scale j, the IA-Encoder
uses an LSTM unit to learn a mapping from x, ; to latent
representation hia ;€ R™ at time step 7. Formally, we denote
the memory cell state of LSTM as s;*;, the internal sigmoid
gates as f‘a ‘aj, and 0 . The update of an LSTM unit can

t
be formulated as follows

f;“‘] sigmoid( [h;o1 L X + )

iitf‘j sigmoid(W”t [h}a 1,0 X, ]+ bla )

Oié,lj Singid(Wla J[ —1,j° | +b5; ) '
1. +11”1 0 tanh(W‘“‘j [ X +b)

siaA — fra o S
hi,f‘j = o}f‘j © tanh(s t_j) 4)

X[j

tJ

where [-; -] represents the concatenation operator, ® means
the elementwise multiplication, Wi ; € R™*"*+" and b
R™(k = f,i,0,s) are learnable parameters

In order to enable the encoder to selectively focus on the
relevant input driving series, we integrate an input attention
mechanism into the encoder. Currently, there exist various
forms of attention weights, among which we use the most
widely used one [14], [29]. Given the kth driving series at
scale j, x* (x{‘,,xlz‘],-n ij)T € R7, the previous
hidden state hj" j» and the internal state sia 1,j» we feed
them into a single neural network layer to output an relevant
scores eX .. Then, a softmax function is applied to generate the

attention Welght a . This can be summarized as follows:

ef’j = VIj tanh(We,j [hi;‘_,,]; s ,]] +U,, jx +b.,;)

ot for k=1,...,n (5)

+j = softmax (equ) ,

hi

Wi
t

TS

1
. wiy Wil e - Bicyy
hie Wiy B
i, Temperal Jy |Softmax
. Attention
hia W7
Tl t 1.1 {
(b)
. l.q
; l“t—z
H 1
hy* @, \
E—— 2>
h'.m i
i Temperal 91 Soft
Attention
by L
T 91

(d)

Graphical illustration of various attention-based encoders and decoders used in MRN-SA. (a) IA-Encoder. (b) TA-Encoder. (c) SAF-Encoder.

where v, ;j, W, ;, U, ;, and b, ; are learnable parameters.
The attention weight quantifies the importance of each driving
series for prediction. Taking these weights as the coefficients,
we can update the input and the hidden state at time ¢ as

11 2 2 T
ij_(atjxtj’at,jxl,j"' atjxfj)

h;‘,ij = fl( t—l,j’itaj) (6)

where fi is an LSTM unit as defined in (4) with x; ; replaced
by X; ;.

b) Temporal attention encoder: To capture the long-term
dependencies in time series, we utilize the TA-Encoder shown
in Fig. 2(b) to further learn temporal patterns useful for better
forecasting, in which the temporal attention mechanism is used
to adaptively weight the IA-Encoder hidden states across all
time steps. The attention weights ,B,"Y ; of each IA-Encoder
hidden state hy?; are computed as

o = T.tanh(ij[ht 1 , 1,]+Uw/h‘a +b, )

tJ
ﬂtj_softmax(”) fori=1,...,T

(7

where h}a_ 1 and s}a_ j,j are, respectively, the hidden state
and the cell state of the LSTM unit f;, that will be defined in
the following. Similar to (5), v, j, W, j, U, j, and b, ; are
learnable parameters.

After obtaining the temporal attention weight ,8,‘: ; that
indicates the importance of the ith IA-Encoder hidden state
h:aj, we can easily calculate the context vector ¢; ; at time ¢
and scale j as

Cj = Zﬁtjhla

i=1

(®)

In essence, the context vector ¢, ; is a weighted fusion of all
the IA-Encoder hidden states, which further encodes the latent
representations of the input data adaptively.

Intuitively, we can fuse the context vectors of different
scales and use them to produce a prediction. In practice,
however, such an MRN is hard to train due to a large number
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of parameters that would need to be learned. To solve this
problem, inspired by the deep supervision mechanism recently
introduced in [40], [41], and [42], we deeply supervise the
learning process of each IA-Encoder and TA-Encoder at differ-
ent scales by using the given target series (yi, ¥2, ..., Yr—1),
which is beneficial to reduce gradient vanishing and acceler-
ate training convergence [43]. Specifically, we first fuse the
context vector and the decomposed target series as follows:

Vio1,j = WjT[yszj; ¢+ b, )
and then use y,_; ; to learn an LSTM encoder f, as

h; = A 1js Ve 1) (10)

where f, is defined by the following equations with the
learnable weight matrices W‘;‘ ],W‘a W2 . W4 and the bias

i,jo "o,jr Vs, g
vectors bfj, bfaj, b}j‘j, b;‘fj'

f; = sigmoid (W [h | ;: Ji—1,;] + b))

iiY; = sigmoid (W [ | ;: §,—1,;] + b))
0;2,1] = sigmoid(Wta [hta 1> Vie 1]] +boj)

Staﬁ =ftd ®St L +ltd
®tanh(W‘a [h‘alj,yt 1] +b%))
h}?; = o}’ © tanh(s(’;). an

Next, we obtain a prediction of the series at current time 7'
by an auxiliary decoder (AU-Decoder) with a simple structure.
Specifically, AU-Decoder maps a concatenation of the hidden
state vector h7 ; and the context vector e7 ; to the prediction
result by a linear function, i.e.,

¥ =Ve (W ;[hf i er ] +bsj) 4 bo,j.

Here again, v, ;, W, j, by ;, and b, ; are parameters to learn.
In order to make the network training converge to a stable
solution, we introduce an auxiliary prediction loss

Loux = ZZ(}’T_YT,)

i=1 j=I1

12)

13)

where leéj is the prediction value at scale j of the ith sample
produced by AU-Decoder, and N is the number of training
samples. The L, loss is used as an auxiliary supervision
signal to train the MRN-SA network.

3) Scale Attention Fusion Encoding: SAF-Encoder aims to
fuse the information from different scale components, which
is illustrated in Fig. 2(c). Once we obtain the context vectors
series of each scale C; (e1,j,€2,j,....C1,j) € R"*T,
we perform an 1-D convolutional filter on each context vector
¢; j for dimension reduction

CJ —(Clj,ng,...,
=Vc,jCj’

er.j)

for j=1,...,7 (14)

where v, ; are parameters to learn. Then, we concatenate all
the reduced context vectors from different scales together into
a matrix C = (¢, €2, ..., ¢r), where ¢, € R’ and J is the
number of scales. Next, we can further fuse them into a hidden
state vector h;* by

b = f*( — 1’cf) (15)
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Here, f3 is an LSTM unit that is defined as
£ = sigmoid(WS"‘[ 2]+ b%)
i = sigmoid(Wi*[hj* : ¢, ] + b}*)
0;* = sigmoid(W'[hi ;; ¢, ] + b)
=205, +1" O tanh(Wi'[h2 5 &
h* = o0}* © tanh(s*).

+bY)
(16)

However, since the importance of context vectors from
different scales is distinct, we introduce a scale attention
weight y; to measure the importance of the jth scale feature
at time 7, which is calculated by

pl =v] tanh(W,[b}* ;57 ] + U, &)

y,j = softmax(p,), for j=1,...,J a7

where ¢/ = (c{, cé e cJTI)-r € RT. Using the scale attention
weights, we can adaptively select the context vectors via

~ - _ NT
¢ = ()/zl ctl ) y[2C121 C ‘}/rjc‘t]) . (18)
And then we update the hidden states by
h* = f3(h* . ¢) (19)

where f3 is the LSTM defined in (16) with ¢; replaced by the
weighted ¢;.

4) Temporal Attention Decoding: TA-Decoder, shown in
Fig. 2(d), is used to generate a prediction output by decoding
the fused information. To yield the prediction result, we again
resort to an LSTM unit like the one used in TA-Encoder to
decode the fused context vector with the given target series
(1, ¥2, ..., yr—1). Following the encoder with the attention
mechanism, a temporal attention is to guide the decoder
to select the relevant context vectors across all time steps.
Specifically, the temporal attention weight vi, representing
the importance of the ith hidden state for the prediction,
is calculated as

gl = V(;'— tanh(W, [d,—; s,_1 ] + U,h}*)
i fori=1,...,T.

v, = softmax (qt’ ) , (20)

Then, all the encoder hidden states hi* are weighted by v/ to
obtain the context vector c;, i.e.,

¢ = Zv’h‘a
After that, we integrate cF | with the target series y,_; as

Feo1 =W [y-1: €] +b. (22)

Then, y,_; is used to update the hidden state of the decoder
as follows:

21

d; = fu(di—1, 5i-1) (23)
where f4 is an LSTM unit that is formulated as
f, = sigmoid(Wf[d,,l; 5,,1] + bf)
i = sigmoid(W,- [d,,l; )7,,1] + bi)
0, = sigmoid(W(,[dt_l; 5’t—1] + b,,)
s =f, O,y +1i; © tanh(W,[d,_1; 511 ]| + by)
d;, = o; © tanh(s;). 24)
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Algorithm 1 Training for MRN-SA
Input: MTS X, number of training iterations K
Output: Model parameter set ®
1: Initialize ®;
2: for epoch =1,2,..., K do
3: /] Stage 1: Multiscale Decomposition
4 {X;}__, < Apply SWT to decompose X into a group
of sub-series with different scales, as described in (3);

5. // Stage 2: Scale Component Encoding

6: fori=1,2,...,J do

7: a;,; < Compute input attention weights by (5);

8: h;“l < Forward propagation of IA-Encoder with sub-
series X; by (6);

9: B:.i < Compute temporal attention weights by (7);

10: ¢;; < Compute the context vector at time ¢ and scale
i by (8);

11: y:.i < Fuse the context vector and the decomposed
target series by (9);

12: h;"l < Forward propagation of TA-Encoder with
Yi—1,i by (10);

13: yr,; < Obtain the prediction values of the sub-series

with different scales by (12);

14:  end for

15: /] Stage 3: Scale Attention Fusion Encoding

16: C < Compute the context matrix by (14);

17:  y, < Compute scale attention weights by (17);

18:  hf* < Fuse the context vector into the hidden state
vector by (18) and (19);

19: /] Stage 4: Temporal Attention Decoding

20: v, < Compute the temporal attention weights used in
TA-Decoder by (20);

21:  ¢; < Compute the context vector by (21);

22:  d, < Update the hidden state of TA-Decoder by (22)
and (23);

23:  y7 < Produce the final prediction by (25);

24: L,y < Compute the auxiliary loss by (13);

25: L5 < Compute the final output loss by (26);

26:  © <« Update the model parameters by minimizing
Laux + Linse-

27: end for

At last, we use the following linear function to produce the
final prediction output:
)A)T = V;yr (Wy[dT; C/T] + bw) + b, (25)
where Wy, v, b, and b, are learnable parameters.
In order to learn the network parameters, the commonly

used mean square error (mse) is adopted as the final output
loss function, which can be formulated as

| A
Lise = > (0% = 5%)° (26)
i=1

where N is the number of training samples. Algorithm 1
summarizes the training procedure of the resulting MRN-SA.

Multiscale Scale Ci Cre Scale Guided
Decomposition Encoding Attention Decoding
iScale i1 o .. g
x ] Xl ia
HgPF > 1A | L1y GTA-Decoder -y—T>L7,,¢@
0
R R Tfit_«z_ -
x ia '
LPF HPF | %5 |A.Encoder —%2» GTA-Decoder |
! l g
1Scale 2 0 ! !
N S —— Tfit_vz_ -
X hit '
LlPF —3> IA-Encoder —i‘3—> GTA-Decoder :
Scale 3 ! .
Fig. 3. Architecture of the proposed MRN-CSG.

B. MRN With Cross-Scale Guidance

As described above, our MRN-SA model directly utilizes
three kinds of attentions (i.e., input attention, temporal atten-
tion, and scale attention) to select the appropriate driving
series, hidden state vectors, and context vectors, respectively.
Despite it is intuitive to understand and effective to adaptively
fuse various features for accurate prediction, MRN-SA is very
complex and computationally expensive. As an alternative to
MRN-SA, we further propose a simple and novel MRN model
called MRN-CSG for MTS forecasting.

Fig. 3 illustrates the architecture of the proposed MRN-CSG
with three scale components, which is composed of three
parts: multiscale decomposition, scale component encoding,
and cross-scale guided temporal attention decoding. However,
unlike the MRN-SA that employs two encoders to extract the
hidden states of each scale, the MRN-CSG only uses one
encoder (i.e., IA-Encoder) in the stage of scale component
encoding. Moreover, instead of explicitly fusing hidden states
by an SAF-Encoder and then generating a prediction by a
TA-Decoder in the stage of decoding, a novel cross-scale
guided temporal attention decoder (GTA-Decoder) is intro-
duced to directly decode the hidden states back a prediction,
which implicitly incorporates multiscale information in the
decoder and exploits the hidden states from coarse scale to
guide the decoding process at fine scale. This design brings us
a lightweight and easily trained model. As a result, the training
procedure of the MRN-CSG model does not need the deep
supervision. Compared with MRN-SA, several modifications
have been made in the architecture of MRN-CSG.

Modification 1 (Scale Component Encoding via Simpler
Encoder): Instead of using two encoders as in MRN-SA,
MRN-CSG removes the TA-Encoder from the stage of scale
component encoding and only relies on the IA-Encoder to
learn latent representations of time series data, which can
use the input attention to adaptively select the relevant input
driving series. Here the formulation of IA-Encoder is as same
as the one used in MRN-SA. This means that the jth scale
component X; of MTS data can be encoded as hifjj (see
Section IV-A2a).

Modification 2 (Temporal Attention Decoding via Cross-
Scale Guidance): Instead of generating a prediction by a
TA-Decoder, MRN-CSG adopts a novel cross-scale GTA-
Decoder to decode the hidden states back a prediction,
in which the multiscale information is used in an implicit man-
ner. Fig. 4 illustrates the GTA-Decoder. It is quite similar to
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Fig. 4. Graphical illustration of the GTA-Decoder used in MRN-CSG.

TA-Decoder used in the MRN-SA model. The only difference
is that GTA-Decoder exploits the hidden states from coarse
scale to guide the decoding process at fine scale. Specifically,
the decoder hidden state d, ; at time ¢ and scale j is calculated
as follows:

d,; = fs(d;—1,; O tanh(d,_y j11), Yi—1) (27
where y,_ is the updated target series by
Fiot =W [yim1s €1 ] + . (28)

¢;—1,; can be obtained by (8), and f5 is an LSTM unit defined
as

f, ;= sigmoid(Wf,j [d,_l,j Odi—1,jt1; &,_1] + bf,j)
ir,; = sigmoid(W; ;[di—1; © di—1 j415 Yio1] + by )
0;,; = sigmoid(W,,;[d;—1; O di—1 j415 Fio1] + boj)
Sij=F;Os8_1;+1i;

0) tanh(Ws [df—l,j Odi_1,j+1; fz—1] + bsﬁj)

dl,j = 0[71‘ ® tanh(s,,j). (29)

Note that in the above definition the coarse-scale hidden state
vector d,_; j4 is used to decode the fine-scale hidden state
vector d, ;. Similar to (25), the final prediction output can be
obtained by

)A]T = v;r(wy[dT; CT,I] +bw) +bv

where Wy, v, b, and b, are learnable parameters.

Modification 3 (Simple Supervision): We remove the deep
supervision used in MRN-SA, which avoids redundant com-
putation and makes the MRN-CSG more simple. That is,
unlike the MRN-SA model that is trained by simultaneously
minimizing the auxiliary prediction loss L,ux defined in (13)
and the final output loss L defined in (26), we only use the
loss Ly to train MRN-CSG. Such a model is appealing due
to its simplicity and powerfulness in capturing different types
of dependencies.

The aforementioned modifications result in a lightweight
model without decreasing prediction accuracy, as verified in
our experiments in Section V-C. Algorithm 2 describes the
training procedure of this lightweight model.

(30)

V. EXPERIMENTS

In this section, we compare the proposed two models
with several recent state-of-the-art methods on five benchmark
datasets for MTS forecasting tasks. We first give some details
of the datasets used in our experiments, and then describe
the experimental settings. Finally, the comparison results are
reported to justify the effectiveness of our models.

IEEE TRANSACTIONS ON NEURAL NETWORKS AND LEARNING SYSTEMS

Algorithm 2 Training for MRN-CSG
Input: MTS X, number of training iterations K
QOutput: Model parameter set ®
1: Initialize ®;
2: for epoch =1,2,..., K do
3: // Stage 1: Multiscale Decomposition
4 {X;}_, < Apply SWT to decompose X into a group
of sub-series with different scales, as described in (3);
5 fori =1,2,...,J do
6: // Stage 2: Scale Component Encoding
7
8

a,; < Compute input attention weights by (5);
h;“, < Forward propagation of IA-Encoder with sub-
series X; by (6);

9: B:i < Compute temporal attention weights by (7);

10: ¢, ; < Compute the context vector at time ¢ and scale
i by (8);

11: // Stage 3: Cross-Scale Guided Temporal Attention
Decoding

12: d;j_it < Compute the hidden state of
GTA-Decoder by (27);

13: yr < Produce the final prediction by (30);

14: L,,5e < Compute the final output loss by (26);

15: ® <« Update the model parameters by minimizing
Lmse~

16:  end for

17: end for

A. Datasets

We conduct experiments on the following five datasets.

1) NASDAQI00: A collection of the stock prices of
81 major corporations under the NASDAQ 100 index
and the index value of the NASDAQ 100 from
July 26, 2016 to December 22, 2016. The data exhibiting
nonseasonality were sampled every minute.

2) Exchange-Rate: The daily exchange rates of eight coun-
tries (i.e., Australia, British, Canada, China, Japan,
New Zealand, Singapore, and Switzerland) were col-
lected from 1990 to 2016, which are nonseasonal time
series.

3) Traffic: A collection of the road occupancy rates
from 2015 to 2016, which was hourly measured by
different sensors on San Francisco Bay area freeways
and displays complex multiple seasonality.

4) Solar-Energy: The solar power production data with a
clear seasonal pattern were recorded every 10 min from
137 solar photovoltaic power plants in 2006.

5) Electricity: This dataset contains electricity consumption
records of 370 clients. The data that exhibit mul-
tiple seasonal patterns were recorded every 15 min
from 2012 to 2014.

The first dataset is collected by Qin et al. [14], and the last
four ones are published by Lai et al. [8]. These datasets are
widely used for MTS forecasting evaluation.

B. Experimental Setup

1) Experimental Setting: For the assessment of the predic-
tion accuracy, we compare the two proposed models with five
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recent competitors, including four deep learning-based models
(i.e., DA-RNN [14],! LSTNet [8],> TPA-LSTM [2],> DSANet
[15]%), and one low-rank tensor model (i.e., BHT-ARIMA [44]
that employs a block Hankel tensor ARIMA to produce a
prediction®). For these competing methods, we use the publicly
available codes (or the codes shared by the authors) with the
hyperparameters suggested by the authors to run the exper-
iments. For our proposed models, we initialize the network
parameters by random initialization, and employ the Adam
optimizer [45] with the two momentum values set to 8; = 0.9
and B, = 0.999. The models are trained for 50k iterations
with a mini-batch size of 128. The initial learning rate is set
to 0.0005, and then multiplied by 0.1 after every 10k iterations.
All experiments are conducted on a workstation equipped with
dual Intel Xeon E5-2643 3.4-GHz CPUs, 256 GB of memory,
and two NVIDIA GeForce GTX 1080 GPUs. The proposed
models are implemented in Python under the Tensorflow
framework [46].

In order to train all the aforementioned deep learning-
based models, we split each dataset into three disjoint sets
in chronological order, 60% for training, 20% for validation,
and the rest is for testing, following [8] and [14]. For the BHT-
ARIMA model, we use 80% for training and 20% for testing.
In the multistep prediction experiments, we consider three
horizon values, i.e., T € {1, 3,5}, which means the horizon
values were set from 1 to 5 min for the prediction evaluation
on the NASDAQ100 dataset, from 10 to 50 min on the Solar-
Energy dataset, from 1 to 5 h on the Electricity and Traffic
datasets, and from 1 to 5 days on the Exchange-Rate dataset.
Besides, for all deep learning-based models, we train them
ten times and report the average prediction performance and
standard deviations over ten runs.

2) Evaluation Metrics: To measure the prediction quality of
the competing methods, we use five typical evaluation metrics,
including root mean squared error (RMSE), root relative
squared error (RRSE), mean absolute error (MAE), symmetric
mean absolute percentage error (SMAPE), and empirical cor-
relation coefficient (CORR), each of which captures a different
aspect of the quality of the prediction results.

1) RMSE: It describes the sample standard deviation of
the differences between the predicted and ground-truth
values, and is defined as

€2V

RMSE = \/ le (v — 54)°

where y§ and j/’T are the ground-truth value and the
predicted one, respectively.

2) RRSE: Tt is a normalized version of the RMSE for
making more readable evaluation, regardless of the data

IThe authors share their source codes with us.

2Code is available at https://github.com/laiguokun/LSTNet.

3Code is available at https://github.com/gantheory/TPA-LSTM.
4Code is available at https:/github.com/bighuang624/DSANet.
5Code is available at https:/github.com/yokotatsuya/BHT-ARIMA.

scale, i.e.,
ZLNZI (le - ﬁir)z
> (v - 5r)’

where yr represents the mean of the test target series.
3) MAE: Its definition is given as

1<
NZb}lT
i=1

4) sMAPE: It is a metric based on percentage errors and
widely used in many forecasting competitions

RRSE =

(32)

MAE = (33)

N
’yT J’T|
MAPE = —
; Z!yTIJrlyTHe

where € is a small constant used to avoid division by
Zero.

5) CORR: 1t indicates the degree of association between
two variables

(34)

)(YT i)
¥) 3 (97 - 5)
(35)

CORR = - Z 210
’l\/ZT yT

where y represents the mean of set y.

For the CORR metric, a higher value is better, whereas
for the other metrics, lower values means better prediction
performance.

C. Comparison With the State-of-the-Art

The averaged results and standard deviations over ten runs
for one-step ahead prediction (i.e., horizon = 1), obtained
by all the competing methods on five MTS datasets, are
tabulated in Table I, which provide comparative analysis in
terms of all the above metrics.® From Table I, we have
several observations. First, the deep learning-based forecast-
ing models outperform the low-rank statistical model except
on the NASDAQ100 dataset. This well demonstrates that,
by mapping the input time series to a hidden variable sequence,
deep recurrent networks can learn complex temporal patterns
much better than the statistical model. Second, MRN-CSG
and MRN-SA achieve very competitive results for all the
metrics on almost all datasets, which consistently demon-
strate the superiority of the proposed models. Comparing
with TPA-LSTM and LSTNet, two state-of-the-art forecast-
ing models, our models deliver superior performance on
the NASDQI100 and Exchange-Rate datasets. Third, although
TPA-LSTM can obtain slightly better prediction accuracy
than ours on Traffic and Electricity datasets, it fails to keep
its performance on other datasets. Fourth, the proposed two
models exhibit relative small values of standard deviations on
all datasets, which indicates that our models are more stable
than others. Finally, all the models report larger RMSE and

%Note that for each MTS dataset we use its last series as the target series
and all the others as the driving series, following [14].
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TABLE I

ONE-STEP AHEAD FORECASTING PERFORMANCE COMPARISON OF DIFFERENT METHODS ON FIVE DATASETS (MEAN + STANDARD DEVIATION)

Forecasting Methods (Horizon = 1)

Datasets Metrics —p T ARIMA LSTNet TPALSTM DSANet DA-RNN MRN-SA MRN-CSG
RMSE 2.2649 6.6860+41.3983 1.5525+0.0874 4.535740.0853 0.3813+0.0510 0.3235+0.0390 0.3057-£0.0195

RRSE 0.0335 0.099240.0207 0.0229+0.0013  0.067340.0033 0.005540.0041 0.0047+0.0021 0.0045+0.0003

NASDAQI00  MAE 1.4946 5.1696-1.5703 1.0184+0.1095 2.972740.1453 0.2913+40.1215 0.242540.0568 0.2269-0.0219
SMAPE 0.0154 0.053140.0161  0.010540.0011 0.03004-0.0015 0.0036£0.0013 0.002840.0011 0.0023--0.0012

CORR 0.9994 0.997040.0001 0.9998+0.0001 0.98454-0.0003 0.9997-£0.0001 0.999840.0001 1.0000-£0.0000

RMSE 0.0035 0.003940.0010 0.0055£0.0011 _0.0070£0.0016 _0.002740.0018 _0.0025+0.0011 _0.0022+0.0003

RRSE 0.0906 0.101140.0249 0.1409+0.0192  0.181940.0422 0.069340.0470 0.0646+0.0278 0.0567+0.0068
Exchange-Rate  MAE 0.0025 0.003040.0008 0.0044+0.0010 0.00754-0.0015 0.002040.0011 0.001840.0007 0.0016--0.0002
SMAPE 0.1682 0.196940.0503 0.285440.0293 0.41164-0.0934 0.13480.0817 0.122640.0490 0.1086--0.0157

CORR 0.9959 0.995040.0025 0.99000.0020 0.98694-0.0056 0.9974-£0.0030 0.9979+0.0013 0.9987--0.0001

RMSE 0.0127 0.005310.0001 _0.0051-£0.0001 _0.007740.0009 _0.0068-£0.0005 _0.0052+0.0002 _0.0051--0.0001

RRSE 0.5363 0.223540.0058 0.2145+0.0029 0.38414:0.0439 0.3008-:0.0168 0.220140.0070 0.215940.0045

Traffic MAE 0.0086 0.00314:0.0001  0.0029+0.0001 0.00614-0.0008 0.0055+0.0004 0.003040.0001  0.0029--0.0001
SMAPE 17.745 5.147540.2553 4.5291+0.1425 14.797+1.6964 8.5295+0.6823 4.967940.3150 4.9538-0.2110

CORR 0.8777 0.979540.0007 0.980340.0003 0.958540.0042 0.9722-40.0018 0.9805+0.0005 0.98024-0.0004

RMSE 27523 1.410310.1100 1.4154:£0.0028 2.1700£0.0921 1.1846+0.0653 1.1604+0.0427 1.1561%0.0366

RRSE 0.2467 0.158140.0112  0.1269+0.0003 0.19004-0.0080 0.1061-£0.0471 0.104040.0382 0.1036-:0.0069

Solar-Enerey ~ MAE 1.0849 0.562740.0231  0.5681£0.0067 0.99304+0.0165 0.6220-+0.0226 0.5976+0.0152 0.5564--0.0138
SMAPE 74364 71.92449.6757 66.30440.0742 66.54341.5619 66.18241.2728 65.79140.7731  65.41240.3052

CORR 0.9705 0.992140.0001  0.991940.0001 0.981940.0002 0.9937-0.0061 0.994140.0047 0.99504-0.0003

RMSE 27453 20624186182 161.31184053 21041425258 19079424679 183.06£13352 164.93+4.4737

RRSE 0.4845 0.364140.0152  0.27484+0.0197 0.423940.0451 0.36670.0434 0.331640.0417 0.321440.0229

Electricity MAE 189.63 149.2645.9772 109.24+6.5116 164.65422.649 151.68+£18.873 129.26+14.096 107.1748.0426
SMAPE 27553 2.18704+0.0872 1.598040.1261 24473403415 22618402722 2.075940.2256 1.7910-0.1188

CORR 0.8964 0.931740.0062  0.9606-0.0037 0.917040.0070 0.944140.0153 0.952540.0067 0.9579-0.0056

The best and second best results are highlighted in bold and underline, respectively.

MAE on Electricity and Traffic than the other three datasets,
while the RRSE and sMAPE values are small. It means that
there exist larger data variations on these two datasets. Despite
this, both MRN-CSG and MRN-SA still perform well on them.
To explicitly illustrate the performance, we show the one-step
prediction results of different methods over the NASDAQ100
dataset in Fig. 5(a) and also plot their error curves in Fig. 5(b).
We can observe that our models as well as DA-RNN fit the
ground truth significantly better than others, while LSTNet and
DSANet produce quite large errors in change points.

To further analyze the performance, we compare the mul-
tistep forecasting ability of all competing methods under
two different horizon values (3 and 5). Considering that
BHT-ARIMA is originally designed for one-step forecasting,
we thus perform the recursive prediction strategy on it to
achieve the multistep forecasting. For deep learning-based
methods, we train their direct multistep forecasting versions.
Tables II and III report the averaged results and standard
deviations over ten runs of different methods for multistep
forecasting. As shown in both tables, our two models are
also superior to other methods on most evaluation metrics.
The visual comparisons between the five-step ahead predic-
tion results (i.e., horizon = 5) and true values of various
forecasting methods on the Solar-Energy dataset are shown
in Fig. 5(c), and the corresponding error curves are plotted in
Fig. 5(d). According to the results shown in these two subfig-
ures, the following conclusions can be drawn. First, our two
models achieve significantly better results than the competing
methods, which indicates the effectiveness of our scale atten-
tion and cross-scale guidance schemes for learning the periodic
temporal patterns of time series data. Second, for forecasting

the nonperiodic data, e.g., NASDAQ100 and Exchange-Rate,
BHT-ARIMA can work well and even outperform DSANet
that is among the state-of-the-art deep forecasting models.
However, the experimental results shown in Fig. 5(c) and (d)
clearly indicate that BHT-ARIMA is incompetent for the
periodic forecasting task because it does not capture long-term
temporal patterns.

Additionally, to determine whether the performance of the
proposed models over the state-of-the-art models is statistically
significant, we apply the paired t-test with significance level
0.05 to assess the significance of our models against the
competing deep forecasting models. The p-values for the
RMSE metric are shown in Table IV. We can see that all
the p-values of the t-tests except MRN-SA are notably small,
which reveals that MRN-CSG statistically outperforms the
competing models. It also shows that there is no significant
difference between MRN-CSG and MRN-SA.

D. Effect of Parameters

There are three key parameters in the proposed models, i.e.,
the number of scales J, the input window size T, and the
dimension of latent representation vector h. In this section,
we evaluate the sensitivity of our models with respect to these
parameters by conducting some experiments on NASDAQ100.
It is necessary to point out that, although the following
evaluation results are obtained on the NASDAQ100 dataset,
similar observations can be made on other datasets.

1) Effect of the Number of Scales: We analyze the behavior
of the proposed multiscale forecasting models for varying
number of decomposition scales. Intuitively, the prediction
performance would improve if we increase the number of
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Fig. 5. Prediction results and prediction errors of different methods. From top row to bottom row, they are BHT-ARIMA, LSTNet, TPA-LSTM, DSANet,

DA-RNN, MRN-SA, and MRN-CSG, respectively. (a) One-step prediction results of different methods on the NASDAQ100 dataset. (b) One-step prediction
errors of different methods on the NASDAQ100 dataset. (c) Five-step prediction results of different methods on the Solar-Energy dataset. (d) Five-step

prediction errors of different methods on the Solar-Energy dataset.

scales at the cost of running time. To explore the relationship
between the prediction performance and the number of scales,
we train our models on the NASDAQ100 dataset with five dif-
ferent scales. The quantitative results obtained by MRN-CSG
with different scales and horizons are shown in the top row
of Fig. 6. It is clear that the prediction performance can
be improved by increasing the decomposition scale, which
justifies the intuition of a direct correlation between perfor-
mance and scales. The best prediction performance is achieved
when the number of scales is 2. When it increases more
than 2, the performance begins to drop slightly. The same trend
can also be observed for MRN-SA. Furthermore, when using
more scales, the computational complexity will significantly
increase. Therefore, in the following experiments, we set the
number of scales to 2.

2) Effect of the Input Window Size: We also study the effect
of the input window size T on the forecasting performance
by varying 7. In the second row of Fig. 6, we plot the
quantitative results for different sizes of the input window.
It is easily observed that too small size of T results in a
worse performance. These results also show that our models
are insensitive to 7 when 7 > 10. That is, increasing the size
does not have further performance gains. Thus, we empirically
set the input window size to 10, which provides an appropriate
trade-off between prediction accuracy and inference speed.

3) Effect of the Dimension of Latent Vector: In our models
the dimension of latent vector h indicates the number of
features expected to learn from time series data. Generally, the
more expected features the model learns, the more complex
the model is. To investigate its effect on the performance,
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TABLE I

THREE-STEP AHEAD FORECASTING PERFORMANCE COMPARISON OF DIFFERENT METHODS ON FIVE DATASETS (MEAN £ STANDARD DEVIATION)

Forecasting Methods (Horizon = 3)

Datasets Metrics —p T ARIMA LSTNet TPALSTM DSANet DA-RNN MRN-SA MRN-CSG
RMSE 4.0521 6.577942.3637 2.7601+0.0177 6.855120.4905 1914604979 1.5992+0.4167 1.4332-£0.0354

RRSE 0.0598 0.097640.0351  0.0408-£0.0003 0.10124:0.0028 0.0284-0.0074 0.0237+0.0062 0.02130.0005

NASDAQI00  MAE 27252 52538403165 1.8269+0.0204 4.906840.2916 1.4279+0.4707 1.161040.1119 0.9932--0.0422
SMAPE 0.0280 0.053940.0236  0.0188+0.0002 0.09924-0.0059 0.0294-£0.0096 0.023840.0084 0.0204--0.0009

CORR 0.9982 0.997740.0001  0.9992+0.0000 0.94854-0.0017 0.9998-:0.0000 0.9998+0.0000 0.9998--0.0000

RMSE 0.0090 0.00500.0011 _0.0055£0.0002 _0.009940.0002 0.004940.0012 _0.0043+0.0001 _0.0032+0.0003

RRSE 0.2337 0.130340.0285 0.1429+0.0049 0.20654+0.0051 0.127240.0327 0.1118+0.0024 0.0845+0.0015
Exchange-Rate  MAE 0.0065 0.003940.0009 0.0044-£0.0002 0.00714:0.0002 0.0033-40.0011 0.0032+0.0001 0.0026+0.0005
SMAPE 0.4280 0.258240.0623 0.2897+0.0142 0.480040.0162 0.21514£0.0766 0.213940.0045 0.1718--0.0049

CORR 0.9737 0.992840.0016 0.9913+0.0009 0.97954-0.0000 0.9929-£0.0053 0.994140.0003 0.9968--0.0004

RMSE 0.0328 0.00800.0002 0.0085£0.0005 0.015240.0015 0.010140.0006 0.0080+0.0002 _0.0079+0.0003

RRSE 1.3907 0.338840.0069 0.359240.0208 0.754240.0767 0.4148-0.0238 0.3405+0.0080 0.3349+0.0068

Traffic MAE 0.0209 0.005340.0001  0.005740.0005 0.012340.0012 0.0067-£0.0005 0.005340.0002 0.0051-£0.0002
SMAPE 40378 8.367140.6360 10.01941.1332 23.633+1.2120 9.3038+0.9222 8.3664--0.3327 8.4070+0.9261

CORR 0.6201 0.9686+0.0016 0.966640.0009 0.866440.0081 0.963040.0042 0.9690+0.0013 0.96584-0.0013

RMSE 75542 2.2504+0.0353 2.1902+0.0099 3.455740.0216 14361400625 1.3180+0.0110 1.4289-0.0577

RRSE 0.6771 0.252240.0040 0.1963+0.0009 0.302540.0019 0.1286-£0.0560 0.118140.0038 0.1280--0.0051

Solar-Enerey ~ MAE 2.8343 1.094640.0500 0.9687-+0.0177 1.8858+0.0271 0.729240.0329 0.6747+0.0126 0.6690-0.0180
SMAPE 80.441 68.93640.3271 69.05440.1088 69.53544.0962 66.609+1.8369 66.17140.3348 66.158--0.2491

CORR 0.8290 0.98010.0003 0.980740.0002 0.95384-0.0006 0.9906-£0.0074 0.9932+0.0004 0.99214-0.0005

RMSE 78224 29949111371 22538183800 243.7615.2972 217.77E12.558 214.6517.8848 206.91+7.7887

RRSE 1.3806 0.5288+0.0201 0.397440.0158 0.626440.0136 0.377940.0362 0.3759+0.0130 0.357940.0143

Electricity MAE 522.10 218.1248.3566 173.3347.9000 18121453464 169.05+9.4850 163.2147.1091 164.80+6.6677
sMAPE 77023 3.199740.1263 2.617140.2740 2.9939+0.0811 2.4950+0.2811 2.423140.1018 2.4559-+0.2480

CORR 0.6023 0.852340.0109 0.920040.0002 0.80274-0.0042 0.9423+0.0161 0.943740.0068 0.9525-0.0052

The best and second best results are highlighted in bold and underline, respectively.

TABLE III

FIVE-STEP AHEAD FORECASTING PERFORMANCE COMPARISON OF DIFFERENT METHODS ON FIVE DATASETS (MEAN £ STANDARD DEVIATION)

Forecasting Methods (Horizon = 5)

Datasets Metrics — T ARIMA LSTNet TPA-LSTM DSANet DA-RNN MRN-SA MRN-CSG
RMSE 6.1073 7619033888 3.7453+10.1134 8.721940.5346 23920405526 1.7813+0.1390 1.6181+0.1181

RRSE 0.0902 0.112540.0500 0.0557+0.0016 0.128840.0079 0.035540.0082 0.0273+0.0021  0.024040.0018

NASDAQI00  MAE 4.0878 59652433009 2.5605+0.1750 6.172740.8224 1.9214+0.6112 1.291340.1521 1.1583+0.1330
SMAPE 0.0420 0.061740.0336  0.0268+0.0004 0.124840.0166 0.039540.0125 0.0266+0.0031 0.0238-0.0027

CORR 0.9960 0.996740.0007 0.9983+0.0003 0.43734-0.0294 0.9997-0.0000 0.999740.0000 0.9998--0.0000

RMSE 0.0189 0.005240.0017 0.0065£0.0006 0.01010.0012 _0.0058+0.0025 0.00460.0016 _0.0030%0.0011

RRSE 0.4916 0.135640.0176  0.16910.0155  0.30044:0.0251 0.133140.0717 0.0926+0.0560 0.103340.0275
Exchange-Rate MAE 0.0133 0.004040.0006  0.005540.0008 0.00994-0.0008 0.0038-£0.0017 0.003540.0015 0.0032--0.0010
SMAPE 0.8829 0.267640.0405 0.3467+0.0386 0.516640.0509 0.4061-0.0247 0.3159+0.0141 0.215240.0167

CORR 0.8971 0.990840.0022 0.9882+0.0012 0.98144-0.0032 0.991540.0060 0.991640.0016 0.9974--0.0004

RMSE 0.0703 0.008640.0003 0.0089-£0.0005 0.020140.0014 _0.010540.0007 _0.0090+0.0004 _0.0084+0.0003

RRSE 2.9795 0.365240.0121 0.3782+40.0199 0.99984-0.0709 0.4291+40.0276 0.382440.0161 0.3578-:0.0106

Traffic MAE 0.0424 0.005840.0002 0.006240.0004 0.01614-0.0013 0.0069-£0.0003 0.00624-0.0003 0.0057--0.0002
SMAPE 54.162 9.7516--0.8883 10.949+0.4699 27.11541.1236 9.5136+1.3046 10.32840.7756 9.7186-0.6875

CORR 0.3494 0.961240.0028 0.9583+0.0021 0.85634-0.0040 0.9608-£0.0063 0.961840.0013 0.9615--0.0024

RMSE 16.299 2.783940.0309 2.6969+0.0097 4.390140.0015 1.76321.0524 1.4844+0.0107 1.4348-£0.0089

RRSE 1.4609 0.312140.0035 0.245040.0076 0.38434:0.0001 0.1564--0.0929 0.1330+0.0157 0.1285+0.0053

Solar-Enerey ~ MAE 5.9897 1.494440.0644 1.253540.0835 2.818440.0096 0.9635-+0.6801 0.7192+0.1204 0.6740-4-0.0748
SMAPE 65.114 71.669-£0.3780  69.795+0.2360 69.286--0.4474 68.300+2.8717 67.8164+0.2218 67.013-0.1825

CORR 0.5703 0.970640.0009 0.988240.0012 0.92404-0.0003 0.9848-0.0166 0.9913+0.0019 0.992040.0002

RMSE 1710.9 337.8416.8437 259.45+7.1752 296.58+6.3044 231.24+17.605 230.8318.939  229.70-6.1539

RRSE 3.0197 0.596540.0121 0.4609+0.0104 0.76214-0.0162 0.41804£0.0314 0.415440.0327 0.4009-:0.0102

Electricity MAE 1128.5 24637443594 198.23+6.9350 224.5146.4814 183.95+13.3150 183.0746.9030 174.99+5.5122
SMAPE 17.565 3.616040.0634 2.964740.1134 3.714740.0967 2.5633+0.2028 2.508240.2436 2.4974+0.0791

CORR 0.3359 0.8099+0.0089 0.899440.0107 0.70884-0.0075 0.91970.0123 0.9230+0.0137 0.927540.0074

The best and second best results are highlighted in bold and underline, respectively.

we conduct some experiments with various dimensions. The
results of our MRN-CSG model are illustrated in the bottom
row of Fig. 6. It can be seen that the model achieves the
best performance with 128-D latent vector. When increasing

the dimension of latent vector, the overfitting is observed.
Additionally, we also find that the CORR is not a very effective
metric to measure the prediction performance due to its limited
discrimination ability, as shown in the last column of Fig. 6.
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TABLE IV
P-VALUES OF THE t-TESTS BETWEEN MRN-CSG AND OTHER MODELS ON FIVE DATASETS

Horizons Datasets LSTNet TPA-LSTM DSANet DA-RNN MRN-SA
NASDAQ100 8.1x 1078 5.7 x 10~ 7 14x10°16 49x 1011 1.0 x 107 1T
Exchange-Rate 1.4 x 1075 1.1 x 107® 4.1 x 106 3.6 x 1075 9.1 x 1072

Horizon =1 Traffic 1.0 x 1073 5.9 x 102 5.0 x 10~6 1.8 x 10~10 3.3x 1071
Solar-Energy 3.2x10712  6.2x10710  33x10712 4.4 x 10~ 4.9 x 1071
Electricity 4.2 x 10~4 6.1 x 1072 2.2 x 1074 1.8 x 10~4 4.0 x 1072

NASDAQ100 3.7x107° 47 x10°% 8.0 x 1018 5.9 x 10~ 3 1.1 x 1071
Exchange-Rate 6.2 x 1074 3.9 x 1074 2.8 x 10711 8.5 x 1073 1.2 x 1071

Horizon =3 Traffic 3.6 x 1073 1.3 x107® 8.8 x 1078 4.2 x 10~ 1.1 x 1071
Solar-Energy 3.1x 1011 8.0 x 10~ 9.7 x 1016 4.9 x 1073 6.3 x 102
Electricity 5.7 x 1073 4.5 x 107* 1.3 x 10~ 8.0 x 10~4 1.5 x 1071

NASDAQ100 1.4x 1074 1.2x 1074 2.4 x 10712 3.9x 1017 9.6 x 102
Exchange-Rate 4.3 x 1073 2.7 x 1073 6.9 x 107 3.5 x 1073 1.1 x 1071

Horizon =5 Traffic 7.4 %1073 6.3 x 1074 3.5 x 1010 9.0 x 106 5.7 x 1072
Solar-Energy 2.4 x 10~10 8.5 x 10~° 4.1 x 10717 1.7 x 1073 2.0x 1071
Electricity 2.8 x 1073 3.6 x 1073 6.0 x 10— 10 4.1 x 1073 1.6 x 1071
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Fig. 6. Effect of different parameters of our models on the prediction performance on the NASDAQI100 dataset. Similar observations can be made on other
datasets. The first, second, and third rows, respectively, show the performance for varying number of decomposition scales, different window sizes, and various
dimensions of latent vector.
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Fig. 7. Visual comparisons between the HPF and LPF of the fixed wavelet (db2) and ones of our learned wavelet. The initial db2 filters are shown in red
solid line, while the learned filters over training iterations are shown in dashed lines with different colors. Note that, for better visualization, we interpolate
the filter coefficients using the spline interpolation method.

E. Learned Wavelet Filter Versus Fixed Wavelet Filter scales, which is beneficial for discovering the underlying
In our forecasting models, the wavelet filter is used to patterns from data. Fig. 7 shows visual comparisons between
decompose time series into multiple components with different the HPF and LPF of the fixed wavelet (db2) and the ones
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Fig. 8. Visual comparisons between different components obtained by fixed wavelets (db2) and ones obtained by learned wavelets on NASDAQ100. Top row
(from left to right): Outputs of the fixed db2 filters g, lo, g1, and /1, respectively. Second row: Outputs of the learned filters with 10k iterations (from left to
right are the filters go, lo, g1, [1). Third row: Outputs of the learned filters with 30k iterations. Bottom row: Outputs of the learned filters with 50k iterations.

learned from the training data. It can be seen that the learned
filters are highly structured, like the fixed wavelet filters. For
the filter go, the shape of its learned versions from the training
data is almost entirely the same to that of the initial db2 filters,
while for the filter g;, the learned versions appear to shift
noticeably from its initial position along the vertical direction.
Different from gy and g, the learned filters [y and /; show
a consistent change, having a wider dynamic range than their
initial versions.

To investigate how the learned wavelet filters capture the
temporal patterns in data, we analyze the multiscale com-
ponents obtained by the learned wavelets and the fixed db2
wavelets, respectively. Specifically, given a time series,
we examine the structure information localized in its different
components. Fig. 8 shows the different components produced
by the fixed and learned wavelet filters on the NASDAQ100
dataset. In Fig. 8, the four columns from left to right relate to
the outputs of the filters go, ly, g1, /1, respectively. From top to
bottom, the four rows show the results produced by the fixed
db2 filters, the learned filters with 10k, 30k, 50k iterations,
respectively. From Fig. 8, we make the following important
observations. The db2 wavelet filters produce an energetic
hierarchy of structures localized in its different components
due to the orthogonality of the wavelet bases. However, the
learned filters do not have this property. It is because we do
not impose an orthogonality penalty on the learned filters,

which makes them work in a different manner. The component
obtained by the fixed db2 filter g; looks significantly different
from those by the learned filters g; (see the third column of
Fig. 8). The former captures the high-frequency components,
while the latter exhibits a pattern-preserving behavior with a
higher volatility that is more beneficial for modeling inherent
temporal patterns of time series by the subsequent encoders.

VI. CONCLUSION

In this article, we aims at fully exploring the potential of
multiscale information within time series data and building
scale-aware deep recurrent networks for MTS forecasting.
To this end, we propose two MRN models, i.e., MRN-SA
and MRN-CSG. The former applies two encoders to extract
the hidden states of each scale, adaptively fuses them by a
scale attention mechanism, and then generate a prediction
by a decoder. The latter introduces a cross-scale guidance
mechanism to directly decode the hidden states back a pre-
diction, in which the hidden states from coarse scale is used
to guide the decoding process at fine scale. Our experimental
results on real-world datasets show that the proposed models
can obtain significant performance improvements over sev-
eral state-of-the-art forecasting methods, which reveals the
effectiveness of the scale attention and cross-scale guidance
mechanisms.
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