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ABSTRACT

The mixture of Gaussian process functional regressions (GPFRs) assumes that there
are a batch of time-series or sample curves which are generated by independent
random processes with different temporal structures. However, in the real situations,
these structures are actually transferred in a random manner from a long time scale.
Therefore, the assumption of independent curves is not true in practice. In order to
get rid of this limitation, we propose the hidden Markov based GPFR mixture model
(HM-GPFR) by describing these curves with both fine and coarse level temporal
structures. Specifically, the temporal structure is described by the Gaussian process
model at the fine level and hidden Markov process at the coarse level. The whole
model can be regarded as a random process with state switching dynamics. To
further enhance the robustness of the model, we also give a priori to the model
parameters and develop Bayesian hidden Markov based GPFR mixture model
(BHM-GPFR). Experimental results demonstrate that the proposed methods have
both high prediction accuracy and good interpretability.

1 INTRODUCTION

The time-series considered in this paper has the multi-scale structure: the coarse level and the fine
level. We have observations (y1, . .., yr) where each y; = (y¢ 1, - - ., ¥¢, 1) itself is a time-series of
length L. The whole time-series is arranged as

Y115 Y1,2 > YL,L > Y2,1,Y2,2y -+ s Y2,L 5 -+ YT,1, YT,25 - - - » YT, L- (1)

The subscripts of {y;};_, are called coarse level indices, while the subscripts of {y; ;}1_; are called
fine level indices. Throughout this paper, we take the electricity load dataset as a concrete example.
The electricity load dataset consists of T = 365 consecutive daily records, and in each day there are
L = 96 samples recorded every quarter-hour. In this example, the coarse level indices denote “day”,
while the fine level indices correspond to the time resolution of 15 minutes. The aim is to forecast
both short-term and long-term electricity loads based on historical records. There may be partial
observations Y7411, - - . , Yyr+1,m With M < L, so the entire observed time-series has the form

Y1,1,Y1,2,- - s Y1,L 5 Y21, 92,25 - - -y Y2. L5 - YT, Y725 - -+ 5 YT,L YT+1,15 - - s YT+1,M - (2)

The task is to predict future response y¢, ;, where ¢, > T + 1,1 <+, < L are positive integers.

The coarse level and fine level provide different structural information about the data generation
process. In the coarse level, each y; can be regarded as a time-series, and there is certain cluster
structure (Shi & Wang, 2008; ' Wu & Ma, [2018)) underlying these time-series {yt}thl: we can divide
{y}1_, into groups such that time-series within each group share a similar evolving trend. Back to
the electricity load dataset, such groups correspond to different electricity consumption patterns. We
use z; to denote the cluster label of ;. In the fine level, observations {y“} iL:I can be regarded as a
realization of a stochastic process, and the properties of the stochastic process are determined by the
cluster label z;.

The mixture of Gaussian processes functional regression (mix-GPFR) model (Shi & Wang] 2008}
Shi & Choi, 2011) is powerful for analyzing functional data or batch data, and it is applicable to
the multi-scale time-series forecasting task. Mix-GPFR assumes there are K Gaussian processes
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Figure 1: An illustration of multi-scale time-series.

functional regression (GPFR) (Shi et al., |2007) components, and associated with each y; there is
a latent variable z; indicating y; is generated by which GPFR component. Since GPFR is good
at capturing temporal dependency, this model successfully utilizes the structure information in the
fine level. However, the temporal information in the coarse level is totally ignored since mix-GPFR
assumes {2z, }7_; are i.i.d. .

In this work, we propose to model the temporal dependency in the coarse level by the hidden Markov
model, which characterizes the switching dynamics of zi,...,zp by the transition probability
matrix. We refer to the proposed model as HM-GPFR. Mix-GPFR is able to effectively predict
YT+1,M+1, - - - »Yy7+1,. When M > 0. To predict the responses y71,;,, we must determine the
cluster label z7; based on observations Y7411, .., yr+1,M, otherwise we do not know yr41
is governed by which evolving pattern. If there is no observation at day 7' 4+ 1 (i.e., M = 0),
then mix-GPFR fails to identify the stochastic process that generates yr. For the same reason,
mix-GPFR is not suitable for long-term forecasting (t. > 7" + 1). On the other hand, HM-GPFR is
able to infer z;, for any ¢, based on the transition probabilities of the hidden Markov model even
M = 0. Therefore, HM-GPFR makes use of coarse level temporal information and solves the cold
start problem in mix-GPFR. Besides, when a new day’s records yr1 have been fully observed, one
needs to re-train a mix-GPFR model to utilize yr1, while HM-GPFR can adjust the parameters
incrementally without retraining the model.

2 RELATED WORKS

Gaussian process (Rasmussen & Williams|, [2000) is a powerful non-parametric Bayesian model. In
(Girard et al.| |2002; Brahim-Belhouari & Bermak| 2004; [Girard & Murray-Smith} [2005)), GP has
been applied for time-series forecasting. Shi et al.proposed the GPFR model to process batch data
(Shi et al.| 2007). To effectively model multi-modal data, the mixture structure is further introduced
to GPFR and the mix-GPFR model was proposed (Shi & Wang, 2008} |Shi & Choi, 2011). In (Wu &
Ma, 2018 |Li et al., |2019;|Cao et al., 2021)), GP related methods for electricity load prediction have
been evaluated thoroughly. However, in these works daily records are treated as i.i.d. samples, and
the temporal information in the coarse level is ignored.

Multi-scale time-series was proposed in (Ferreira et al.,|2006; |[Ferreira & Lee, [2007bfa), and further
developments in this direction have been achieved in recent years. The time-series considered in
this work is different from the multi-scale time-series since at the coarse level there is no aggregated
observation from the samples at the fine level. In this paper, we mainly emphasize the multi-scale
structure of the time-series.

3 PRELIMINARIES

3.1 HIDDEN MARKOV MODEL

For a sequence of observations {y; }7_,, the hidden Markov model (HMM) (Rabiner & Juang, |1986;
Elliott et al., 2008) assumes there is a hidden state variable z; associated with y;. The sequence
of hidden states {2;}7_, forms a homogeneous Markov process. Usually, {z;}7_, are categorical
variables taking values in {1, ..., K}, and the transition dynamics is governed by P(z; = l|z:—1 =
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k) = Py;. There are K groups of parameters {0y} 15:1’ and z; = k indicates that the observation y;
is generated by P(y; 0y,). The goal of learning is to identify the parameters and infer the posterior
distribution of hidden states {2;}1_;. Usually, the Baum-Welch algorithm (Baum & Petrie, 1966
Baum et al.,|1970) is utilized to learn the HMM, which can be regarded as a specifically designed
EM algorithm based on the forward-backward algorithm. Once the model has been trained, we are
able to simulate future behavior of the system.

3.2 GAUSSIAN PROCESS FUNCTIONAL REGRESSIONS

Gaussian process is a stochastic process that any finite-dimensional distribution of samples is a
multivariate Gaussian distribution. The property of a Gaussian process is determined by the mean
function and the covariance function. We write the mean function as p(-) and the covariance
function as c(-,-). Suppose that we have a dataset D = {(x;,9;)},. The relationship between
input and output is connected by a function %, i.e., % (x;) = y;. Letx = [x1,22,...,21]T,y =
[Y1,2,---,yr]T, then we assume y|lx ~ N (u, C) where p = [uu(z1), p(z2), ..., u(zr)]T and
C;; = c(x;, x;). In machine learning, the mean function and the covariance function are usually
parameterized. Here, we use the squared exponential covariance function (Rasmussen & Williams,

2006; [Shi & Choil 2011; Wu & Mal, 2018) c(x;, z; 6) = 62 exp (—93%) + 025;;, where
9,5 is the Kronecker delta function and 6 = [61, 6, §3]. The mean function is modeled as a linear
combination of B-spline basis functions (Shi et al., 2007;Shi & Choi, 2011)). Suppose that we have
D B-spline basis functions {¢q(z)}2_,. Let u(z) = ZdD:1 baoq(x) and @ be an L x D matrix with
®,q = ¢pa(z;),b = [b1,ba,...,bp]7T, then y|z ~ N (®b, C). From the function perspective, this
model can be denoted as % (z) ~ GPFR(x; b, 0).

We can use the Gaussian process to model the multi-scale time-series considered in this paper, and
the key-point is transform the multi-scale time-series to a batch dataset. For each coarse level index ¢,
we can construct a dataset D; = {(24,i,y¢.:) } X1, where x;; is the sampling time of i-th sample in
time-series y;. Let % be the function underlying dataset D, i.e., % (x ;) = y: ;, then these {D;}1_;
can be regarded as independent realizations of a GPFR, which assumes % (x) L GPFR(z;b,0).
Without loss of generality, we may assume x;; = %, and thus ®,q = ¢4(4), C;; = ¢(¢, j;0) do not
depend on the coarse level index t. Therefore, it is equivalent to assume {y;}._; are independently
and identically distributed as A'(®b, C). To learn the parameters b and 6, we apply the Type-II
maximum likelihood estimation technique (Rasmussen & Williams, [2006; |Shi & Choi, [2011)).

As for prediction, given a new record { (¢, ;, v, i)}, and we want to predict the corresponding
output y; ;. atxy, ;, where M < i, < L, from the definition of Gaussian process we immediately
know that y;_ ;. also obeys a Gaussian distribution (Rasmussen & Williams| 2006)). Let

Ty = [xt*,17--~7xt*,M]T7y* = [yt*,la"' ) Z/t*,M]T7 (3)
po = (e, 1) (e )] [Culig = el@e, i 2 ), )

then the mean of yq, ;, is pu(x, 4,) + c(zt, 4., «)Cy (Y« — ws), and the variance of y;, ;, is
c(xt, iyt 0.) —(we, i, T )Crle(xy, x4, ;. ). Note that if M = 0, the prediction is simply given
by N (pu(zy, i, ), c(x¢, 5., e, i.)), which equals to the prior distribution of y,, ;. and fails to utilize
the temporal dependency with recent observations. In the electricity load prediction example, this
means we can only effectively predict a new day’s electricity loads when we already have the first few
observations of this day. In practice, however, it is very common to predict a new day’s electricity
loads from scratch.

3.3 THE MIXTURE OF GAUSSIAN PROCESS FUNCTIONAL REGRESSIONS

GPFR implicitly assumes that all {y;}~ ; are generated by the same stochastic process, which is
not the case in practice. In real applications, they may be generated from different signal sources,
thus a single GPFR is not flexible enough to model all the time series, especially when there are a
variety of evolving trends. Take the electricity load dataset for example, the records corresponding
to winter and summer are very likely to have significantly different trends and shapes. To solve
this problem, Shi et al.() suggested to introduce the mixture structure to GPFR, and proposed the
mixture of Gaussian process functional regressions (mix-GPFR). In mix-GPFR, there are X' GPFR
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components with different parameters {by, 6}/, and the mixing proportion of the k-th GPFR
component is 7. Intuitively, there are K different signal sources or evolving patterns in mix-GPFR
to describe temporal data with different temporal properties. For each y;, there is an associated
latent indicator variable z; € {1,2,..., K}, and z; = k indicates y; is generated by the k-th GPFR
component. The generation process of mix-GPFR is

2 B Categorical(my, w2, ..., TK) , )
W (x)|ze = k ~ GPFR(z; by, Oy) .

Let C, € L x L be the covariance matrix calculated by 8y, i.e., [Cyli; = (i, j; 0%), then the above
equation is equivalent to y; ~ N (Pby, Cy).

Due to the existence of latent variables, the parameter learning of mix-GPFR involves the EM
algorithm (Dempster et al.l [1977;|Shi & Wang, [2008])). As for prediction, K’ GPFR components of
mix-GPFR first make predictions individually, then we weight these predictions based on the posterior
probability P(z;, = k|yz,; bk, 0x). Note that if M = 0, then P(z;, = k|yy,; by, 0x) = 7k, which
equals to the mixing proportions and also fails to utilize recent observations. Therefore, mix-GPFR
also suffers from the cold start problem.

4 PROPOSED METHODS

4.1 HIDDEN MARKOV BASED GAUSSIAN PROCESS FUNCTIONAL REGRESSION MIXTURE
MODEL

Similar to mix-GPFR, the hidden Markov based Gaussian process functional regression mixture
model also assumes the time-series is generated by K signal sources. The key difference is that the
signal source may switch between consecutive observations in the time resolution of the coarse level.
The temporal structure in the coarse level is characterized by the transition dynamics of {2;}7_,, and
the temporal dependency in the fine level is captured by Gaussian processes. Precisely,

z1 ~ Categorical(my, ma, ..., Tk),
P(z =21 =k) =Py, t=2,3,....,T 6)
% (x)|ze =k ~ GPFR(x; by, 0), t =1,2,...,T.
Here, m = [y, 72, ..., k]| is the initial state distribution, and P = [Py]x x x is the transition

probability matrix. We refer to this model as HM-GPFR. In GPFR and mix-GPFR, the observations
{y:}1_, are modeled as independent and exchangeable realizations of stochastic processes, thus the
temporal structure in the coarse level is destroyed. However, in HM-GPFR, consecutive y;_1, y; are
connected by the transition dynamics of their corresponding latent variables z;_1, z;, which is more
suitable for time-series data. For example, if today’s electricity loads are very high, then it is unlikely
that tomorrow’s electricity loads are extremely low.

The learning algorithm for HM-GPFR is based on the EM algorithm, and we derive the algo-
rithm in the appendix. After the parameters have been learned, we assign the latent variable
Z = argmax;_; (k) and regard {z,}]_, as deterministic. For prediction, we consider
twocases: t, =71 + land t, > T + 1. When t, = T + 1, the latent variable 2 ; is determined by
both the conditional transition probability z7 1|27 and partial observations yr1. More precisely,
suppose Zp = [, then

wi = P(2rs1 = k[T, yrs1, 27 = 1;©) o< PN (yrg; ®[1: M, by, C[1: M, 1: M]), (7)

where the square brackets denote slicing operation. If M = 0, then wy, = Py, is determined by
the last hidden state and transition dynamics, which is more accurate than mix-GPFR. Suppose the
prediction of the k-th component is yﬁk), then the final prediction is given by Zszl Wk yﬁk).
We next consider the case ¢, > T + 1, the main difference is the posterior distribution of z;_. In this
case, we need to use the transition probability matrix recursively. First, we calculate the distribution
of zp 11 according to Equation (7). Then by the Markov property, we know
K
W = ]P)(Zt* = k‘|T7 Y141, 2T = l; é) X Z P(ZT.H = m\T, Y1+1, ZA:T = l; @)[Pt*_T_l]mk . (8)

m=1

The final prediction is also given by Zle wkyfkk) = Zle Wi P[ix, :]b.
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Figure 2: Probabilistic graphical models of HM-GPFR and BHM-GPFR.

4.2 BAYESIAN HIDDEN MARKOV BASED GAUSSIAN PROCESS FUNCTIONAL REGRESSION
MIXTURE MODEL

One drawback of HM-GPFR is that there are too many parameters and thus has the risk of overfitting.
In this section, we further develop a fully Bayesian treatment of HM-GPFR. We place a Gaussian
prior N (my, £p) on the coefficients of B-spline functions {by }X_, . For the transition probabilities,
let pr, = [Pr1, Pra, ..., P K]T be the probabilities from state k to other states, then we assume py,

obeys a Dirichlet prior Dir(ayg, - . ., ag). The generation process of Bayesian HM-GPFR is
bk NN(mb,Eb)7 k= 1,2,...,K
pr ~ Dir(ag,...,a0), k=1,2,..., K
z1 ~ Categorical(my, m, ..., Tk), 9)
P(Zt :l\zt_l = k‘) ZPkl, t= 2,3,...,T
Y (x)|ze =k ~ GPFR(x;bg,0;), t =1,2,...,T.

The detailed learning algorithm is presented in the appendlx After learmng, we set the latent variables

to their maximum a posteriori (MAP) estimates Q. Specifically, bk = my, Pkl ﬁ 2y =
m=1 m

argmax,_ 5 Ve(k). The rest of prediction is the same as HM-GPFR.

5 EXPERIMENTAL RESULTS

5.1 EXPERIMENT SETTINGS

In this section, we use the electricity load dataset issued by the State Grid of China for a
city in northwest China. The dataset records electricity loads every 15 minutes, thus there
are 96 records per day. Using the electricity load records of 2010 for training, we pre-
dict the subsequent S-step electricity loads in a time-series prediction fashion, where S =
1,2,3,4,5,10, 20, 30, 50, 80, 100, 200, 500, 1000. This setting allows both short-term and long-term
predictions to be evaluated. For a more comprehensive and accurate assessment of the performance,
we roll the time series by 100 rounds. Based on the electricity loads of 2010, the r-th round also puts
the first (r — 1) records of 2011 into the training set. In each round, we predict the subsequent S-step
electricity loads. In r-th round, suppose the ground-truths are y1, y2, . . . , ys and the predictions are
U1, Y2, - - .,Ys, we use the Mean Absolute Percentage Errors (MAPEs) to evaluate the prediction

results. Specifically, MAPE, = %ZSS 1 |y‘y_3|" For overall evaluation, we report the average

of 100 MAPEs to obtain MAPE = 1 2100 MAPE,.. Since the algorithms are influenced by
randomness, we repeat the algorithms for 10 runs and report the average results.

We compare HM-GPFR and BHM-GPFR with other time-series forecasting methods. Specifically,
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Table 1: MAPE of various methods on the electricity loads dataset under different step lengths and
parameter settings.

Step length S

Method Parameter
1 2 3 4 5 10 20 30 50 80 100 200 300 500 1000
L=4 1.02% 1.36% 1.75%  2.13% 2.53% 4.37% 6.95% 8.88% 11.79% 13.92% 15.0% 18.06% 17.82% 16.94% 16.46%
AR L=38 1.01% 1.36% 1.75%  2.14% 2.55%  4.47% 7.0% 8.7% 11.28% 13.36%  14.5% 17.8% 17.64% 16.83%  16.4%
L=12 1.01% 1.35% 1.74%  2.13% 2.54%  4.46%  6.96% 8.63% 11.17% 13.23% 14.38% 17.74% 17.6% 16.81% 16.39%
L=4 3.39%  5.74%  8.03%  9.94% 11.35% 14.08% 15.13% 152% 15.66% 16.39% 16.97% 19.05% 18.48% 17.33% 16.65%
MA L=38 2.23% 3.5% 4.74%  5.81% 6.83% 11.11% 13.65% 14.21% 15.07% 16.01% 16.67% 18.9% 18.38% 17.27% 16.62%
L=12 1.83% 2.76% 3.66% 4.46% 5.21%  8.61% 12.32% 13.33% 14.54% 15.68% 16.41% 18.77% 18.29% 17.22% 16.59%
L 1.01% 1.34% 1.73%  2.12% 2.52%  4.42%  6.93% 8.6% 11.22%  13.18% 14.31% 17.64% 17.54% 16.77% 16.38%
ARMA 1.01% 1.34% 1.72%  2.09% 2.48%  4.34%  6.87% 8.52% 11.12% 13.05% 14.13% 17.5% 17.44% 16.34%
L=12 1.02% 1.36% 1.76%  2.14% 2.55%  4.39% 6.8% 8.4% 10.99% 12.89% ) 17.31%  17.3% 16.3%
L=4 0.98% 1.34% 1.74%  2.14% 257%  4.58% 7.21% 9.08% 11.99% 14.43% 15.34% 18.65% 18.67% 17.65%
ARIMA L=38 1.01% 1.36% 1.75%  2.14% 257%  4.56% 7.24% 9.2% 12.48% 14.53% 15.09% 18.67% 18.79% 18.37%
L=12 1.01% 1.4% 1.82%  2.24% 2.68% 4.93% 8.64% 11.92% 18.41% 22.65% 21.83% 24.05% 24.24% 24.2%  29.52%
L=4 0.83% 1.08% 1.33% 1.55% 1.76% 2.66%  4.06% 5.15%  6.38% 757%  8.67% 10.69%  9.96% 7.62% 7.62%
SARMA L=8 0.83% 1.08% 1.32% 1.55% 1.76% 2.67% 4.04% 5.12%  6.35% 7.54%  8.64% 10.67%  9.93% 7.58% 7.58%
L=12 0.82%  1.07% 1.3% 1.52%  1.72%  2.62%  4.06%  5.16% 6.31% 7.17%  811% 10.55% 10.09% 7.86%  7.83%
L=4 12.89%  12.9% 12.91% 12.97% 13.04% 13.55% 14.56% 15.16% 16.24% 16.99% 17.25% 19.48% 19.01% 17.88% 17.28%
LSTM L=12 12.39%  12.32%  12.32%  12.35% 12.39% 12.78%  13.9%  14.83% 16.38% 17.38% 17.42% 19.77% 19.39% 18.27% 17.73%
: L=24 11.48% 11.43% 11.43% 11.46% 11.5% 11.81% 12.69% 13.49% 14.73% 15.72% 16.28% 18.97% 18.8% 17.83% 17.44%
L=48 101% 10.11% 10.11% 10.15%  10.2%  10.49% 11.22% 11.96% 12.94% 13.09% 13.56% 16.53% 17.52% 17.98% 18.57%
L=4 0.96% 1.29% 1.64% 1.94% 2.27%  3.99% 6.21% 8.13% 11.56%  14.4% 1549% 18.71% 18.71% 17.87% 17.61%
ENN L=12 0.85% 1.1% 1.37% 1.62% 1.88%  3.13% 5.38% 7.25%  9.94% 13.24% 14.87% 20.44% 20.72% 19.91% 19.81%
L=24 0.85% 1.07% 1.27% 1.43% 1.6% 2.39% 3.94% 5.38%  7.43% 10.1%  11.54% 14.57% 15.27% 15.62% 17.87%
L =148 0.85% 1.15% 1.28% 1.39% 1.99% 321%  4.12%  5.49% 7.62%  8.93% 10.26%  9.42% 7.72% 8.34%
L= 0.98% 1.71%  2.05% 2.43% 781% 10.82% 14.1% 15.07% 18.94% 19.84% 19.5%
SVR L 1.05% 1.62% 1.91% 2.17% 9.09% 13.5% 17.89%  19.2%  24.47% 27.77% 29.88%
L 1.06%  1.29% 1.5% 1.68%  1.85% 6.85%  9.56% 12.47% 13.85% 17.34% 17.83% 17.56% 18.33%
L 1.25% 1.46% 1.64% 1.8% 1.95% 5.27% 7.9% 11.33%  13.05% 12.39%  9.87%  8.45% 8.07%
g 3 0.97% 1.29% 1.65% 1.98% 2.33% 7.54%  10.22% 18.17% 17.97% 17.15% 16.81%
5 0.97% 1.28% 1.64% 1.97% 2.32% 7.53%  10.18% 18.18% 17.97% 17.16% 16.83%
L 10 0.97% 1.29% 1.65% 1.98% 2.33% 7.57% 18.19% 17.98% 17.16% 16.82%
L 3 0.93% 1.19% 1.49% 1L.77% 2.08% 18.99% 19.32% 18.78% 18.44%
L 5 092%  118%  147%  1.76%  2.06% 19.02% 19.32% 18.79% 18.47%
EGPM L 10 0.95% 1.21% 1.51% 1.79% 2.1% 19.05% 19.32% 18.77% 18.42%
L 3 0.94% 1.19% 1.41% 1.6% 1.81% 19.03% 19.66% 20.47% 21.91%
L 5 097% 1.22% 1.43% 1.62% 1.83% 12.62% 1757% 17.85% 18.66%  20.4%
L 10 0.95% 1.2% 1.42% 1.62% 1.82% 12.32%  14.18% 17.67% 18.28% 19.14% 20.78%
L 3 1.02% 1.29% 1.52% 1.74% 1.93% 11.88% 13.93% 23.48% 32.01% 38.54% 45.35%
L =48 5 1.02% 1.28% 1.52% 1.74% 1.93% 12.35%  14.42%  24.12%  32.28%  38.92%  45.36%
L =48, 10 1.02% 1.29% 1.53% 1.76% 1.95% 9.38%  12.29% 14.38% 23.61% 32.3%  38.86% 45.69%
mix-GPFR P=30,K=5 082% 0.97% 1.12% 1.25% 1.39% 2.09% 3.37% 5.75% 7.94%  9.19% 10.67% 9.65%  7.19% 7.24%
mixGPNM K=5 0.78% 0.94% 1.11% 1.26% 1.4% 2.16% 3.47% 5.85% 8.02%  927% 10.711%  9.67% 7.2% 7.25%
DPM-GPFR P =30 0.83% 0.91%  0.97% 1.03% 1.09% 1.4% 2.09% 3.38% 4.14% 4.8% 10.15% 12.35% 12.26% 12.81%
HM-GPFR P=30,K=5 0.93% 1.12% 1.3% 1.48% 1.66% 251%  4.07% 5.18%  6.79% 8.8% 9.83% 10.76%  9.49%  6.82% 6.77%
BHM-GPFR P =30,K =5 0.77% 0.92% 1.07% 1.18% 1.3% 1.89% 2.88% 3.59%  4.89% 6.88%  8.04% 9.85% 9.21%  6.94% 7.15%

 Classical times-series forecasting methods: auto-regressive (AR), moving average (MA),
auto-regressive moving average (ARMA), auto-regressive integrated moving average
(ARIMA), seasonal auto-regressive moving average (SARMA).

* Machine learning methods: long short-term memory (LSTM), feedforward neural net-
work (FNN), support vector regression (SVR), enhanced Gaussian process mixture model
(EGPM).

* GPFR related methods: the mixture of Gaussian process functional regressions (mix-
GPFR), the mixture of Gaussian processes with nonparametric mean functions (mix-GPNM),
Dirichlet process based mixture of Gaussian process functional regressions (DPM-GPFR).

Detailed parameter settings of comparison methods are shown in the appendix. The main parameters
in HM-GPFR and BHM-GPFR are the number of components K and the number of B-spline basis
functions D, and we set K = 5, D = 30.

5.2 PERFORMANCE EVALUATION AND MODEL EXPLANATION

The prediction results of various methods on the electricity load dataset are shown in table [T} From
the table, we can see that the prediction accuracy of classical time-series forecast methods decreases
significantly as we increase the prediction step. Among them, SARMA outperforms AR, MA,
ARMA, and ARIMA, because SARMA takes the periodicity of data into consideration and can fit
data more effectively. The results of machine learning methods LSTM, NN, SVR, and EGPM also
have similar phenomena, that is, when S is small, the prediction accuracy is high, and when S is
large, the prediction accuracy is low. This observation indicates that these methods are not suitable
for long-term prediction. In addition, machine learning methods are also sensitive to the settings
of parameters. For example, the results of FNN and SVR are better when L = 4, which is close
to SARMA, while the long-term prediction accuracy of EGPM decreases significantly when L is
relatively large. It is challenging to appropriately set hyper-parameters in practice. When making
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Figure 3: Evolving law of electricity loads and transition dynamics learned by HM-GPFR and
BHM-GPFR.

a long-term prediction, classical time-series prediction methods and machine learning methods
need to recursively predict the subsequent values based on estimated values, which will cause the
accumulation and amplification of errors. On the other hand, GPFR-related methods first make
predictions according to the mean function, then finely correct these predictions based on observed
data. The mean function part can better describe the evolution law of data, which enables us to
historical information and structural information in data more effectively. Mix-GPFR, mix-GPNM,
and DPM-GPFR obtain similar results in long-term prediction compared with SARMA, and can even
achieve the best results in short-term prediction. This observation demonstrates the effectiveness of
GPFR-related methods. However, these methods cannot deal with long-term prediction tasks well due
to the "cold start" problem. Overall, the performances of the proposed HM-GPFR and BHM-GPFR
are more comprehensive. For medium-term and short-term prediction, the results of HM-GPFR and
BHM-GPFR are slightly worse than those of mix-GPFR, mix-GPNM, and DPM-GPFR, but they
still enjoy significant advantages compared with other comparison methods. In terms of long-term
forecasting, HM-GPFR and BHM-GPFR outperform mix-GPFR, mix-GPNM, and DPM-GPFR,
which shows that considering the multi-scale temporal structure between daily electricity load time-
series can effectively improve the accuracy of long-term forecasting. In addition, BHM-GPFR is
generally better than HM-GPFR, which shows that giving prior distributions to the parameters and
learning in a fully Bayesian way can further increase the robustness of the model and improve the
prediction accuracy.

HM-GPFR and BHM-GPFR have strong interpretability. Specifically, the estimated values of hidden
variables obtained after training {Z;}7_; divide the daily electricity load records into K categories
according to the evolution law. Each evolution pattern can be represented by the mean function of
GPFR component, and these evolution patterns transfer to each other with certain probabilities. The
transfer law is characterized by the transfer probability matrix in the model. In fig. [3] we visualize the
evolution patterns and transfer laws learned by HM-GPFR and BHM-GPFR. We call the evolution
law corresponding to the mean function represented by the orange curve (at the top of the figure)
mode 1, and call the five evolution modes as mode 1 to mode 5 respectively in clockwise order.
Combined with the practical application background, some meaningful laws can be found according
to the results of learned models. Examples are as follows:

* The electricity load of mode 1 is the lowest. Besides, mode 1 is relatively stable: when
the system is in this evolution pattern, then it will stay in this state in the next step with a
probability of about 0.5. In case of state transition, the probability of transferring to the
mode with second lowest load (mode 2 in Figure|3aland mode 3 in Figure is high, while
the probability of transferring to the mode with highest load (mode 5 in Figure [3a]and mode
2, mode 5 in Figure @ is relatively low;

* The evolution laws of mode 2 and mode 5 in fig. [3b]are very similar, but the probabilities
of transferring to other modes are different. From the perspective of electricity load alone,
both of them can be regarded as the mode with the highest load. When the system is in the
mode with the highest load (mode 5 in Figure [3aland mode 2, mode 5 in Figure , the
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Figure 4: One-step-ahead rolling prediction results of HM-GPFR and BHM-GPFR.

probability of remaining in this state in the next step is the same as that of transferring to the
mode with the lowest (mode 1);

* When the system is in the mode with the second-highest load (mode 3 in fig.[3aJand mode
4 in fig. [3b), the probability of remaining in this state in the next step is low, while the
probabilities of transferring to the modes with the lowest load and the highest load are high.

These laws are helpful for us to understand the algorithm, have a certain guiding significance for
production practice, and can also be further analyzed in combination with expert knowledge.

The case of S = 1lin table[T]is the most common in practical application, that is, one-step-ahead
rolling forecast. As discussed in section ff.T} when making a rolling prediction, HM-GPFR and BHM-
GPFR can dynamically adjust the model incrementally after collecting new data without retraining
the model. The results of the one-step-ahead rolling prediction of HM-GPFR and BHM-GPFR on
the electricity load dataset are shown in fig. [d] It can be seen that the predicted values of HM-GPFR
and BHM-GPEFR are very close to the ground-truths, indicating that they are effective for rolling
prediction. In the figure, the color of each point is the weighted average of the colors corresponding to
each mode in fig. [§|according to the weight wy . Note that there are color changes in some electricity
load curves in fig. [4ajand fig.[4b] Taking the time-series in fig. [fa]in the range of about 1100-1200 as
an example, when there are few observation data on that day, HM-GPFR believes that the electricity
load evolution pattern of that day is more likely to belong to mode 3. With the gradual increase
of observation data, the model tends to think that the electricity load evolution pattern of that day
belongs to mode 5, and then tends to mode 3 again. This shows that HM-GPFR and BHM-GPFR can
timely adjust the value of z;, according to the latest information during rolling prediction.

5.3 ABLATION STUDY

In this section, we mainly compare HM-GPFR, BHM-GPFR with mix-GPFR, mix-GPNM, and
DPM-GPFR to explore the impact of introducing coarse-grained temporal structure on the prediction
performance. The MAPEs reported in Table 2] are averaged with respect to r = 1, ..., 100, while
in this section we pay special attention to the case of » = 1. In this case, the observed data is
the electricity load records in 2010, and there is no partial observations on January 1, 2011 (i.e.,
M =0ineq. @)). Therefore, mix-GPFR, mix-GPNM, and DPM-GPFR will encounter the cold-start
problem. Table[2]reports the MAPE of these methods at different prediction steps when r = 1. It can
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Table 2: MAPE of GP related methods under the cold-start setting (r = 1).

Method Step length S
1 2 3 4 5 10 20 30 50 80 100 200 300 500 1000
mix-GPFR 6.72% 6.76% 6.98% 7.02% 7.21% 7.12% 7.18% 7.07% 8.98% 8.69% 8.49% 11.66% 10.85% 7.93%  7.4%
mix-GPNM  6.72% 6.76% 6.98% 7.03% 7.2% 7.11% 7.18% 7.07% 8.98% 8.69% 8.48% 11.66% 10.85% 7.93% 7.4%
DPM-GPFR  11.79% 11.81% 12.05% 12.14% 12.35% 12.41% 12.66% 12.53% 13.75% 12.97% 12.68% 15.35% 11.93% 8.4% 6.41%
HM-GPFR 6.47% 6.43% 6.61% 6.62% 6.78% 6.6% 6.71% 6.58% 8.41% 8.14% 7.92% 11.52% 10.48% 7.44% 6.77%
BHM-GPFR  4.58% 4.61% 4.84% 4.88% 5.07% 4.98% 5.15% 5.32% 7.3% 7.04% 6.76%  10.67% 10.23% 7.58% 7.24%
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Figure 5: Multi-step prediction results of mix-GPFR, mix-GPNM, DPM-GPFR, HM-GPFR and
BHM-GPFR.

be seen from the table that the prediction accuracy of HM-GPFR and BHM-GPFR is higher than that
of mix-GPFR, mix-GPNM, and DPM-GPFR at almost every step, which shows that coarse-grained
temporal information is helpful to improve the prediction performance, and the use of Markov chain to
model the transfer law of electricity load evolution patterns can make effective use of coarse-grained
temporal information.

Figure [5|further shows the results of multi-step prediction of these methods on the electricity load
dataset. Here is also the case of "cold start" (r = 1), and we predict the electricity loads in the next
10 days (960 time points in total). It can be seen from the figure that these methods can effectively
utilize the periodic structure in the time-series, and the prediction results show periodicity, but the
prediction results of HM-GPFR and BHM-GPFR are slightly different from other methods. Due to
the problem of "cold start", the predictions of mix-GPFR, mix-GPNM, and DPM-GPFR for each
day are the same, i.e., Ynt+1 = Yn42 = - - - = Yn+10, While HM-GPFR and BHM-GPFR will use
coarse-grained temporal information when making predictions, and then adjust the predicted values
of each day. Based on the predicted values of other methods, it can be seen from the figure that the
predicted values of HM-GPFR and BHM-GPFR on the first day are higher, and with the increase in
step size, the predicted values will tend to the weighted average value of the mean function of each
GPFR component.

6 CONCLUSION

In this paper, we have proposed the concept of multi-scale time series. Multi-scale time series have
two granularity temporal structures. We established the HM-GPFR model for multi-scale time series
forecasting and designed an effective learning algorithm. In addition, we also gave a priori to the
parameters in the model, and obtain a more robust BHM-GPFR model. Compared with conventional
GPFR-related methods (mix-GPFR, mix-GPNM, DPM-GPFR), the proposed method can effectively
use the temporal information of both fine level and coarse level, alleviate the "cold start" problem, and
has good performance in short-term prediction and long-term prediction. HM-GPFR and BHM-GPFR
not only achieve high prediction accuracy but also have good interpretability. Combined with the
actual problem background and domain knowledge, we can explain the state transition law learned
by the model.
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A LEARNING ALGORITHMS OF THE PROPOSED METHODS

A.1 HM-GPFR

Due to the existence of latent variables {z;}7_, , we apply the EM algorithm to learn the HM-GPFR
model. We write 7 = {D;}{_; to denote observations, © = { P}, U {7k, by, 1.}/, to denote

all parameters, and © = {2;}7_, to denote all latent variables. First, the complete data log-likelihood
is

T-1 K K
L(©;T,Q) Z]I 21 = k) log 7y, + > U(z141 =1, 2 = k) log Py
k=1 t=1 k=1 1=1 (10)
+ ZZH k) log P(y:; by, 0.

t=1 k=1

In the E-step of the EM algorithm, we need to calculate the expectation of Equation (I0) with respect
to the posterior distribution of latent variables €2 to obtain the Q-function. However, it is not necessary
to explicitly calculate P(£2|7"; ©), which is a categorical distribution with KV possible values, and it
suffices to obtain P(z;41 = 1, 2 = k|T; ©) and P(z; = k|T; ©). We first introduce some notations

as follows:
th(k) = P(ylay27 e Yy 2t = ka 9)7
6t( ) (yt+1ayt+27"'>yT|Zt :k;(-))a

11
(k) = Pz, = K|T; ), b
ft(kv l) = P(Zt = k, Zt4+1 = l|T, @) .
The key-point is to calculate v; (k) and & (k, ). Note that
Yi(k) =Pzt = k|T;©) o P(2r = k, T;©) = ay (k) Bi(k), (12)

(k1) = (k) PaN (yiy1; @by, Cp)Brra (1)
Therefore, the problem boils down to calculate (k) and §;(k). We can derive them recursively
based on the forward-backward algorithm . According to the definition of «;(k), we have

K
ai(k) = mN(y1; ®b,, Cr) , (k) = (Z Oét—1(l)Plk> N (ys; @by, Cy). (13)

Similarly, according to the definition of 3;(k), we have
K

Br(k)=1 , pBi(k)= ZPklN(ytH; ®b;, Cy)Br+1(1)- (14)

=1

To summary, in the E-step we first use Equations and to calculate v (k), B¢ (k) recursively
based on current parameters, then calculate v;(k), & (k, [) according to Equation (12). The Q-function
is given by

K T-1 K K
©) =) m(k 1ogwk+222&kz1ogpm+zzw )log N (ys; @by, Ci). (15)
k=1

t=1 k=1 I=1 t=1 k=1
In the M-step, we need to maximize Q with respect to parameters. The parameters {7, }%_, and
{Py}5,_, can be optimized in closed form,

k AN
= ;1( ) . Py = T§t71K§t( ) . (16)
=) =1 Dam=1 &t(k,m)
The parameters {by, 0} 5, cannot be solved in closed form, and we apply the gradient ascent
algorlthm to optimize Q(© ) with gradients
T
1 0Cy,
= — ®b —®b,)'C - CY) o
80k 2 Z: < (yt k) (Yt k) k k ) 00, )
- a7)
abk Z Ve (k — ®by).
t=1

11
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The complete algorithm is summarized in Algorithm [] When the partial observations
YT+1,1,- - -, YT+1,M become complete as we collect more data, we can adjust the parameters incre-
mentally without retraining the model. This is achieved by continuing EM iterations with current

parameters until the iteration converges again.

Algorithm 1: The EM algorithm for learning HM-GPFR.

Initialize parameters ©;
while not converged do
// E-step
a1 (k) = mpN (y1; @by, Cy);
fort=2,...,Tdo
fork=1,2,..., K do
| anlk) = (SIS o1 )Pk N (s By, C);
end
end
Br =1,
fort=T-1,...,1do
fork=1,2,...,Kdo
| Bik) = 15, PuN (yes1; ®by, C)Beya (1)
end
end
fort=1,...,Tdo
fork=1,2,...,Kdo
Ve (k) o o (k) Be (k)3
for/=1,2,..., K do
\ &t (k1) o< i (k) PN (yiv1; @by, Cp) By (1);
end
Normalize {&:(k, 1)} ;
end
Normalize {7 (k)}E_;;
end
// M-step
fork=1,2,...,Kdo
1(k .
me = =
for/ =1,2,..., K do
T:ll (ki )
| Pu= ety

end

Using gradient ascent algorithm to optimize Q(@®) with respect to 8, and by, according
to Equation (17);

Update Cj, with new parameters 6y;

end

end

12
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A.2 BHM-GPFR

We still use the EM algorithm to learn the parameters of the BHM-GPFR model. However, this case
is more complicated since there are more latent variables. The complete data log-likelihood is

K K K
LO:;T, Q) =) logN(by;my, %) + > > (ag — 1) log Py

k=1 k=11

K T-1
+ Zﬂ(zl = k)logmy +

Il
—

K
S oMz =Lz =k)log Py (18)

Mx

k=1 t=1 k=1 1=1
T

+ZZ 2t _k IOgN(yt,q,bk,Ck)
t=1 k=1

Compared with Equation (I0), the first two terms are extra due to the prior distributions. In the
E-step of EM algorithm, we need to take expectation of Equation (I8) with respect to the posterlor
distribution of latent variables. However, the posterior of €2 is intractable since {by }<_ |, {ps} |
and {z;}]_, are correlated. We use the variational inference method and try to find an optimal
approximation of P(Q2|7; ®) with simple form. We adopt the mean-field family approximation,
which factorizes the joint distribution of €2 to a product of several independent distributions,

K K
Q) = [T @) ] Qpe)Q(z). (19)
k=1 k=1

Similar to the HM-GPFR case, Q(z) is a categorical distribution with K7 possible values, but
we do not need to calculate Q(z) explicitly and only need to calculate v¢(k) = Q(z; = k) and
& (k1) = Q(2e41 = I, 2t = k). According to the variational inference theory, we iterate Q(by),
Q(p) and Q(z) alternately until convergence.

For Q(by),
Q(br) cxexpEppx | gp,)o) [£(O; T, Q)]

T
=expEqs) [log N (br;my, y) + Y Iz = k) log N (yy; ®by, Cy)
t=1
X exp (; log ‘Eb| — %(bk — mb)sz_l(bk — mb) (20)
. 1 1 T—1
+ tzzl’)’t(k) <2 log [Cy| — 5(% — ®by,) C; (ye — ‘Pbk))>
By completing the square, we obtain the approximate posterior of by, is N (myg, Xy) with
T -1 T
3= (zb + Z%(k)@TC,f@) , my =X, <Zb_1mb +) (k)@ C My,
t=1 t=1 on
For Q(py.),
Qpr) < exPE[x | o(b,)qx) [£(O; T 2)]
K T-1 K
= exp Eg(z) Z(ao —1)log Py + Z ZH (zt4+1 =1, 2t = k) log Py
=1 11=1
(22)

t=
K T-1 K
= exp (Z(ao —1)log Py + th (k, 1) log Pkl)

=1 t=1 =1

a0+zt ek D)—1

u’:]w
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Therefore, the approximate posterior of py, is Dir(ag1, . .., axx) with ag, = ag + ngf & (k,1).
For Q(z),
Q(z) xexpEppre | g 114, o) [£(O5 T 2)]
K T-1 K K
—expEHK Qbw) TTE., Q(pr) Z z1 = k)logmy, + Z ZZH(th =1,z = k)log Py
k=1 t=1 k=1 Il=1

+ I(z; = k) log N (y; @by, Cr)

o~
Il
-

[M]=
M-

T-1 K K

I(z1 = k) log 7k, + Z Z ZH(Zt-H = 1,2 = k)Eq(p,)[log Ppi]

t=1 k=11=1

|

@

5
T~
[~

=~
Il
—

M=
M=

+ H(Zt = k)EQ(bk)[logN(yt; q)bk, Ck)]> .

t

b

1

—

(23)
Note that this equation has exactly the same form as Equation (I0), thus we can use the forward-
backward algorithm to obtain 7, (k) and & (k, [). To see this, let

Py = exp Eg(p, ) [log Pri] = exp ( Y(ag) Zakl )

- 1 _
P(ys; my, 3By, O;) = exp Eqp,)[log N (ys; @by, Cr)] = N (yi; Pmy, Cy) exp <—2tr(2k‘1’ck ‘")

24)
then Equation (23)) can be rewritten as
K T-1 K K 3
logQ(2) =) I(z1 = k)logmi+ Y D > Izter =12 = k) log P
k=1 t=1 k=11=1
S (25)
—1—2211 k) log P(y;; my, Ty, 6;,) .

t=1 k=1

To obtain ~:(k) and & (k,l), we run the Baum-Welch algorithm with sufficient statistics
Tk, th ]P)(yfa myp, 2k7 0)

Taking expectation of Equation with respect to the approximate posterior Q(£2), the Q function
is

K

EQ(bk)UOgN(bk; my, Eb)] + Z"}/l( log 7y + Z Z’yt EQ(bk) log./\/(yt, bby, Ck)}
k=1 t=1 k=1

QO) =

M=

ES
I
—

1
(log NV (my; my, 35p) — ftr (=3, h) + Z% ) log

M-

k=1
T K 1
+ 2> (k) (log N (yy; @y, Cy) — Stx(Tx@C; ' @1))].
t=1 k=1
(26)
Maximizing Q(®) with respect to 7, m; and 3, we obtain
K K
71 (k) - 1
Wk:Ki sz'f' mk—mb)(mk—mb)) s mb:—ka.
Zl=1 (1) k=1 K k=1
(27)

14
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The parameters {6y, }~_, cannot be solved in closed form, and we apply the gradient ascent algorithm
to optimize Q(®). The gradient of Q(®) with respect to 0 is

20(©)
0,

_,0C;y,
LT

T
1 _
§7t(k)tr <Cklst,kc ) .Stk = (yi—®my) (y;—®my,) " +@TX, 8 -Cy, .

t=1

(28)
The complete algorithm is summarized in Algorithm 2]

B MORED EXPERIMENTAL RESULTS

B.1 DETAILED EXPERIMENT SETTINGS

For AR, MA, ARMA, ARIMA, and SARMA, we set the model order L in {4, 8,12}. For SARMA,
the seasonal length is set to be 96 since there are 96 records per day, which implicitly assumes that
the overall time-series exhibits periodicity in days. LSTM, NN, SVR, and EGPM transform the
time-series prediction problem into a regression problem, i.e., use the latest L observations to predict
the output at the next point and then use the regression method to train and predict. In the experiment,
we set L in {4,12,24,48}. The neural network in the FNN has two hidden layers with 10 and 5
neurons, respectively. The kernel function in SVR is the Gaussian kernel whose scale parameters are
adaptively selected by cross-validation. The number of components for EGPM is set in {3, 5, 10}. In
addition, we use the recursive method ? for multi-step prediction. For mix-GPFR, mix-GPNM, and
DPM-GPFR, we first convert the time-series data into curve datasets and then use these methods to
make predictions. The number of components K in mix-GPFR and mix-GPNM is set to 5 and the
number of B-spline basis functions D in mix-GPFR and DPM-GPFR is set to 30.

B.2 CLUSTERING STRUCTURE

Estimated values of latent variable Z; also indicate the evolution mode corresponding to the data
of the i-th day. Figure [f] visualizes some training data with different colors indicating different
evolution modes, so we can intuitively see the multi-scale structure in the electricity load time-
series. According to the learned transition probability, we can obtain the stationary distribution of
Markov chain (21, 29, . . ., zx ), which is [0.4825,0.2026,0.0513,0.1124, 0.1513]* in HM-GPFR,
and [0.4501,0.0427, 0.2992, 0.1381,0.0700] T in BHM-GPFR. The proportion of each mode in fig. E]
is roughly consistent with the stationary distribution.

B.3 MULTI-STEP PREDICTION UNDER COLD-START SETTING

In order to more clearly see the role of Markov chain structure of hidden variables in the cold
start setting, in Figure [7] and Figure [§] we show the predicted values of HM-GPFR and BHM-
GFPR for electricity load in the next five days yn+1, - .., Yn+5 and distributions of latent variables
ZN+1,-- -, 2N+5 conditioned on 2y = k. It can be seen from the figure that HM-GPFR and BHM-
GPFR have different predictions for each day’s electricity load, which will be adjusted according
to the transition probability of evolution law. For example, in Figure[/| when Zy = 1, the power
load on that day is low, and the predicted value of HM-GPFR on the (N + 1)-th day is also low.
When hatzy = 5, the electricity load on that day is higher, and the predicted value of HM-GPFR
on the (N + 1)-th day is also higher. Figure 8| has a similar phenomenon. In addition, it can be
seen that with the increase of 7., P(z;, ) quickly converges to the stable distribution of the Markov
chain, and the predicted value g;, also tends to be the weighted average of the mean function in each
GPFR component. In conclusion, these phenomena demonstrate that HM-GPFR and BHM-GPFR
can effectively use the coarse-grained temporal structure to adjust the prediction of each day.

B.4 SENSITIVITY OF HYPER-PARAMETERS

There are two main hyper-parameters in HM-GPFR and BHM-GPFR: the number of B-spline basis
functions D and the number of GPFR components K. Here we mainly focus on the selection of K.
We vary K in {3,4,5,6,7,8,9,10, 15, 20, 30, 50}, train HM-GPFR and BHM-GPFR respectively,
and report the results in table 3} For HM-GPFR, its prediction performance tends to deteriorate with
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Algorithm 2: The Variational EM algorithm for learning BHM-GPFR.

Initialize parameters ©;
while not converged do
// Variational E-step

fork=1,2,...,Kdo

fori=1,2,..., K do
Py = exp (1/)(%1) — (XL, akl))2

end
end
// Forward-backward algorithm
a1 (k) = mP(y1; by, O);
fort=2,...,Tdo
fork=1,2,..., K do

end
end
Br =1;
fort=T-1,...,1do
fork=1,2,..., K do

end

end

fort=1,...,Tdo

fork=1,2,...,Kdo
Ve (k) oc o (k) Be ()
for(=1,2,..., K do

end

Normalize {&;(k, 1)} X |;
end
Normalize {:(k)}_;;

end

fork=1,2,..., K do
—1
S = (B + S nmeTc'e)

fori=1,2,..., K do

‘ agl = ao + ZtT:_11 & (k, 1);
end

end

end
// M-step
) = g Vi (Zi + (my — my)(my, —my)7)
fork=1,2,...,Kdo
— k) .
L RO
Equation ;

Update Cj, with new parameters 6y;

end

end

Initialize variational parameters {my, 3y, ax1, G2, - -
// Calculate surrogate parameters.

.y apk }_ . while not converged do

]f”(yt; my, 3y, 0r) = N(y; @my, Cy) exp (—%tr(EktI)C,f‘I)T));

‘ ay(k) = (Zfil at_1(l)}51k> P(y,; my, X, Ok ):

| Bu(k) = X0, PuP(yis;my, 1, 6,) 8141 (1);

‘ ft(k7 l) X at(k)lskﬂf"(ytﬂ; my, 3, 9l)5t+1(1);

// Update posterior Q(by) and Q(pg).

m; = XY (2;1mb + ZZ:I ’Yt(k’)q)Tclzlyt);

— 1 VK .
) my = K Zk:l my;

Using gradient ascent algorithm to optimize Q(®) with respect to 8}, according to
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Figure 6: Training time-series are divided into different evolving laws based on the learning results
of HM-GPFR and BHM-GPFR.

Table 3: Sensitivity of HM-GPFR and BHM-GPFR with respect to the number of components K.

Step length S
1 2 3 4 5 10 20 30 50 80 100 200 300 500 1000

3 084% 1.01% 1.19% 1.35% 1.52% 2.35% 3.85% 4.82% 6.36% 8.48%  9.63% 10.71% 9.43% 6.78% 6.75%
4 09% 1.09% 1.27% 144% 1.61% 2.46% 4.02% 5.09% 6.6% 8.57%  9.68% 10.71% 9.43% 6.78% 6.75%
5 093% 1.12% 1.3% 1.48% 1.66% 2.51% 4.07% 5.18% 6.79%  8.8% 9.83% 10.76%  9.49%  6.82% 6.77%
6
7
8

Method K

1.09% 1.32% 1.57% 1.81% 2.04% 3.13% 4.77% 5.83% 7.3%  9.04% 10.03% 10.9%  9.59% 6.88% 6.8%
1.06% 1.27% 1.49% 1.7% 191% 2.87% 45% 5.66% 7.28% 9.17% 10.13% 10.88% 9.58%  6.87% 6.79%
0.97% 1.16% 1.36% 1.54% 1.73% 2.57% 4.14% 5.32% 6.99% 8.95%  9.92% 10.81% 9.57% 6.88% 6.79%

HAM-GPFR g 1 1o, 133% 1.56% 1.79% 201% 3.06% 477% 593% 749% 903%  1029% 10.99%  9.6%  6.88%  6.8%
10 118% 141% 1.65% 188% 2.11% 3.22% 4.97% 6.05% 7.53% 9.39% 1045% 1L17% 9.71% 6.95% 6.83%
15 125% 1.48% 172% 194% 217% 3.20% 5.03% 6.12% 7.63% 9.42%  105% 1122% 9.71% 6.94% 6.82%
20 131% 154% 177% 2.0% 2.22% 333% 5.07% 6.14% 7.65% 957% 10.78% 1152% 9.85% 7.01% 6.86%
30 131% 1.62% L87% 2.12% 238% 3.62% 545% 65% T.98% 976% 10.92% 11.57% 9.86% T.01% 6.86%
50 147% 172% 199% 225% 25% 3.7%  55% 6.62% 8.20% 10.35% 11.66% 12.01% 10.06% 7.12% 6.91%
3 085% 1.02% 1.19% 136% 1.52% 2.35% 387% 4.85% 637% 846%  9.6%  10.7% 947% 6.84% 6.82%
4 078% 093% 107% 118% 120% 186% 2.82% 3.49% 4.8%  6.96% 823% 9.91%  9.04% 6.68% 6.85%
S077% 092% 107% 118% 13% 1.89% 2.88% 3.50% 4.80% 6.88% 8.04% 0.85% 9.21% 6.94% T7.15%
6 08% 096% 11% 123% 136% 202% 317% 3.97% 532% 722% 832% 991%  93% 7.01% 7.18%
7 079% 095% 11% 122% 1.33% 1.94% 301% 3.79% 5.12% 6.89% 7.09% 0.76%  9.34% 7.18% 7.39%
sviprr 8 OT8% 004% LOSY% L19% L31% 189% 201% 371% 5.03% 6.74% Ta9% 0%  9.49% TAG% 7.1%

9 0.78% 0.93% 1.07% 1.18% 1.29% 1.86% 2.86% 3.61% 4.92% 6.69% 7.77%  9.73%  9.52% 7.53% 1.8%
10 0.82% 0.98% 1.13% 1.26% 1.4% 211% 3.29% 4.09% 537% 7.01%  8.04%  9.94% 9.8%  7.86% 8.12%
15 0.79% 0.94% 1.07% 1.18% 1.29% 1.84% 2.86% 3.64% 4.95% 6.66% 7.7% 9.89%  9.96% 825% 8.6%
20 0.79% 0.94% 1.07% 1.17% 1.28% 1.83% 283% 3.6% 4.88% 6.51% 7.5% 9.95% 10.32% 8.88% 9.31%
30 08% 0.95% 1.07% 1.18% 1.29% 1.83% 2.82% 3.58% 4.86% 6.52%  7.53% 10.04% 10.46% 9.07% 9.52%
50 0.83% 0.98% 1.11% 1.22% 1.33% 1.88% 2.9% 3.68% 4.96% 6.5% 7.46% 10.14% 10.71% 9.45%  9.9%

the increase of K. In short-term prediction, MAPE increases significantly, while MAPE changes
less in long-term prediction. With the increase of K, the number of parameters in the model also
increases, and the model tends to suffer from over-fitting. For BHM-GPFR, with the increase of K,
its long-term prediction performance decreases significantly, while the medium-term and short-term
prediction results do not change much. This shows that BHM-GPFR can prevent overfitting to a
certain extent after introducing prior distributions to parameters. In addition, we also note that when
K < 10, the difference between the results corresponding to different K is not significant, which is a
more reasonable choice. From the perspective of application, we set K = 5 in the experiment, which
can take both expression ability and interpretability of the model into consideration.
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Figure 7: Estimated values Yy 41, . - ., Yn+5 and distributions of zy, ..., 2y 45 of HM-GPFR under
2=kwherek=1,2,3,4,5.
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Figure 8: Estimated values yny1,...,Yn+5 and distributions of zy, ..., z2ny4+5 of BHM-GPFR
under Z = k where k = 1,2, 3,4, 5.
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