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Abstract
In this paper we develop a Bayesian inference for a multiplicative double seasonal autoregressive (DSAR)
model by implementing a fast, easy and accurate Gibbs sampling algorithm. We apply the Gibbs sampling to
approximate empirically the marginal posterior distributions after showing that the conditional posterior distri-
bution of the model parameters and the variance are multivariate normal and inverse gamma, respectively. The
proposed Bayesian methodology is illustrated using simulated examples and real-world time series data.
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1. Introduction

Many time series are observed at small time units (such as minutes and hours) with high frequen-
cies. These high frequency time series are characterized by exhibiting complex and multiple seasonal
patterns of any periodic pattern of fixed length. For example, hourly electricity load data can exhibit
intraday and intraweek seasonal patterns. Other examples where multiple seasonal patterns can occur
include daily hospital admissions, hourly volumes of call center arrivals, half-hourly demand for pub-
lic transportation, hourly traffic on a road, requests for cash at ATM machines every 5 minutes, hourly
access to computer web sites and daily usage of water and natural gas.

Seasonal autoregressive integrated moving average (SARIMA) models have been widely and suc-
cessfully applied to analyze time series data with single seasonal pattern in different disciplines. How-
ever, these models need to be modified or extended to accommodate multiple seasonalities. Indeed,
the initial notion of modelling multiple seasonalities can be traced back to 1971 when Thompson and
Tiao (1971) showed that monthly disconnections of the Wisconsin telephone company have annual
and quarterly (double) seasonal patterns. Several years later, Box ef al. (1994, p.333) suggested
that SARIMA model could be extended to capture multiple seasonality patterns, and Taylor (2003)
explicitly stated the multiplicative double SARIMA model. In addition to SARIMA models, other
techniques have been extended to fit multiple seasonal time series, which include Neural Network,
Exponential Smoother, Innovation State model and Transfer model. A quick review of these tech-
niques can be found in Feinberg and Genethliou (2005, ch.12).

In particular, the multiplicative double SARIMA models have been the subject of interest of many
researchers and extensively studied and employed in modeling and forecasting double seasonal time
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series data. Taylor (2003) showed that electricity load in England and Wales features daily (within
day) and weekly (within week) seasonal patterns. Taylor et al. (2006) compared the forecast accuracy
of six univariate models including multiplicative SARIMA for electricity demand forecasting in Brazil
and in England and Wales. Cruz et al. (2011) empirically compared the predictive accuracy of a set
of methods for day-ahead spot price forecasting in the Spanish electricity market. Other references
can include Au et al. (2011), Baek (2010), Caiado (2008), Kim (2013), Mohamed ez al. (2010, 2011)
and Taylor (2008a, 2008b) and references, among others.

Bayesian analysis of SARIMA model for single seasonality has been well established, and dif-
ferent approaches have been developed in literature. Analytical approximation is one of these ap-
proaches, which simply approximates the posterior and predictive densities to be standard closed-form
distributions that are analytically tractable, see for example Shaarawy and Ismail (1987). However,
this approach is conditioning on the initial values leading to waste observations, and treats SARIMA
model as an additive not a multiplicative model that can increase the number of unnecessary pa-
rameters. To address the limitations of analytical approximation, in recent years MCMC methods,
especially Gibbs sampling algorithm, have been proposed to ease the Bayesian time series analysis.
Ismail (2003a, 2003b) used Gibbs sampling algorithm to achieve Bayesian analysis for multiplicative
seasonal autoregressive (SAR) and seasonal moving average (SMA) models. This work is extended by
Ismail and Amin (2010) to a multiplicative SARIMA model. As far as the authors know, the Bayesian
analysis of double SARIMA model has not been addressed in the literature except for Ismail and
Zahran (2014) who recently developed a Bayesian analysis based on analytical approximation to (Ad-
ditive) Double Seasonal Autoregressive (DSAR) model. In the current paper, we develop a Bayesian
analysis based on Gibbs sampling algorithm to multiplicative DSAR model, which has the advantage
that is unconditional on initial values.

The remainder of this paper is organized as: Section 2 presents multiplicative DSAR. Section 3
is devoted to summarizing posterior analysis and the full conditional posterior distributions of the
parameters. Section 4 provides the implementation details of the proposed algorithm (including con-
vergence monitoring). The proposed methodology is illustrated in Section 5 using simulated examples
and real data sets. Finally, the conclusions are given in Section 6.

2. The Multiplicative Double Seasonal Autoregressive Model (DSAR)

A time series {y,} is said to be generated by a multiplicative seasonal autoregressive model of orders
p, Py, and P,, denoted by DSAR(p)(P1)s, (P2)s,, if it satisfies

$p(B)Qp, (B*)p,(B™)y, = &, 2.1)

where {g;} is a sequence of independent normal variates with zero mean and variance o%. The back-
shift operator B is defined as By, = y,_, s1 and s, are the seasonal periods. The non seasonal

autoregressive polynomial is ¢(B) = (1 — ¢;B — ¢,B> — -+ — ¢,B") with order p. In addition, the
seasonal autoregressive polynomials are ®p,(B*) = (1 — ;B — QB> — ... — ®p, BF151) with
order Py and Ilp,(B") = (1 - II;B® — I,B*2 — ... — szBPm) with order P,. Finally, the non
seasonal and seasonal autoregressive coefficients are ¢ = (¢1, s, .. . ,¢,,)T, O = (O, D,,..., (I)p])T
and IT = (I1;,I,, ..., HPZ)T, respectively. The time series {y,} is assumed to start at time = 1 with
unknown starting observations Yo = (Yo, Y1, - - Y1-p—Ps)-

It should be noted that the DSAR model (2.1) has an extra terms compared with the usual multi-
plicative single SAR model. The new term is I1p,(B**) that accommodates the second seasonal pattern.
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Accordingly, the model (2.1) can be written as

14 Py Py P P r P
Ve = Z ¢iyt—i + Z q)jyt—jsl + Z HTyt—Tsz - Z Z ¢iq)jyt—i—js1 - Z Z ¢iHTyt—i—‘rS2
i=1 j=1 =1

i=1 j=1 i=1 7=1

Py P p P P
- Z Z D IL Y js,—rs, + Z Z Z &iQ Ly ijs —rs, + &
j=1 =1 i=1 j=1 7=
= XpB+e, 2.2)
where
X = (yt—l, cos Yi—ps Yi—si s Yi—si=1s - o o5 Yimsj—ps e v v v e s Y1=Pys15> Y1=Pisi—15 -+« > Y1=Pys1—p> Yt—s2»
yt—sz—l’ e ,ytfsz—p, yt—xl—sz’yt—sl—sz—ly e ,,Vt—s]—sz—p, ~~~~~~ ’yt—P]SI—SZ’yt—Plsl—sz—ls
.. ’yl‘—PlS]—Sz—p’ """"" 7yl—P2S2’yl—P2S2—l’ LR ’yt—PZSz—pa yi—.&‘l—Pz.Yz’yl‘—S]—P2S2—l7 Y

yl—S]—szz—p9 """ ’yI—Plsl—Pz_Yz’yt—Plxl—P252—17 o ’yt—Plsl—stz—p) ’

ﬂ = (¢15 LR 9¢p’q)19_¢1q)1’ ceey _¢p(Dl> """ a(DP]’ _¢lq)P1’ oo 9_¢pq)P13Hl7 _¢1H1’ ceey
—¢pH1,—(D1H1,¢1q)1H1,...,¢p(D1H1, ...... ,—<I>p]H1,¢1<I>p1H1,...,¢p(Dp1H1, ......... ,
p,,—¢1p,,...,—¢,Ilp,, —O1lp,, ¢1 @1lp,, ..., ¢,O11lp,,...... ,—®p Ilp,, $1Dp Ip,,

T
o $p®p,TIp,) (2.3)

Equation (2.2) shows that the multiplicative DSAR model can be written as an autoregressive model
of order (1 + p)(1 + Py)(1 + P,) — 1 with some coeflicients that are products of nonseasonal and
seasonal coefficients. Therefore, the model is nonlinear in ¢, ®@, and IT which complicates the Bayesian
analysis. However, the following sections explain how Gibbs sampling technique can facilitate the
analysis. The DSAR model (2.2) is stationary if the roots of the polynomials ¢(B), ®p,(B*') and
I1p,(B*) lie outside the unit circle. For more details about the properties of seasonal AR models see
Box et al. (1994).

3. Posterior Analysis

3.1. Likelihood function

Suppose y = (¥1,¥2,..., V) is a realization of the DSAR model (2.2), knowing that &, ~ N(0, o)
and employing a straightforward random variable transformation from &; to y;, the likelihood function
L(¢,®, 1LY, 02, yo | y) = s given by

SIS

[ (0-2)_ exp {—2%._2 i 8,2}
t=1

n

-2 1
=(o?) " exp {—ﬁ v -XxB) (y- X,B)} : (3.1)
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where X and S are defined in (2.3), and

E =Yt — Z¢lYt i Z(D/yt Jjsi ZHTYf —15, T Z ¢l iVi—i—js; T ZZ¢I tYVt—i—7s;

i=1 j=1 i=1 7=1

P P p P P
+ D Oy ey — Z DD LT (3.2)
j=1 =1 i=1 j=1 7=1

It is obvious that this likelihood function is a complicated function in ¢, @, IT and yj.

3.2. Prior specification

Assuming that the parameters ¢, ®, IT and y, are independent apriori, given the error variance param-
eter o2, the joint prior distribution is

£(¢,®.11,07, o)

=L(p10?)xs(@10?)x (1 0?) x (o | %) x £ (0?)

= Ny (190 75) X Np, (0 0°Z0) X Np, (111, 7211) X Npe (11300 0253, ) X IG (g %) (3.3)
where p* = p + Pys; + Pasy, N,(, A) is the r-variate normal distribution with mean x and variance

A, and IG(a, b) is the inverse gamma distribution with parameters a and b. Therefore, the joint prior
distribution can be written as follows

{00,110 50) < (o2) T e {—2%2 [+ (6 - 10) =5 (8- o) + (@ — 1) 25! @ = )
(T ) 2 (= ) + (Yo — ) 57 (vo - uyo)] } (3.4)

where v* = v+2p+ Pi(1 + s1) + P2(1 + 5;). The prior distribution (3.4) is chosen for several reasons,
especially it is a conjugate prior and thus facilitates the mathematical calculations. Multiplying the
joint prior distribution (3.4) by the approximate likelihood function (3.1) results in the joint posterior
(¢, ®,T1,02, yo | y) which may be written as

_(nv*

£(6.0.11,0%, 3o | y) o (7)1

N exp {—ﬁ [A+ (6 - 15) =5 (&~ o) + (@ — i)

T
So! (® = po) + (1T = )" 2 (T = pur) + (o — ty,) =5, (Yo — 1)

}. (3.5)

The conditional posterior distribution for each of the unknown parameters is obtained from the joint
posterior distribution (3.5) by grouping together terms in the joint posterior that depend on this param-
eter, and finding the appropriate normalizing constant to form a proper density. In this study all the
conditional posteriors that are obtained for the unknown parameters are normal and inverse gamma
distributions for which sampling techniques exist.

+(y— XB) (y— XB)

3.3. Full conditional distributions
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3.3.1. The conditional posterior of ¢

We obtained the conditional posterior of ¢ by finding out £(¢ | y, ®, I, 0%, yo) that we proved to be a
multivariate normal N(u, v;) with

Hy = [(Hg Ho+3) " (55'o + Hy (v - LW))]
and

v; =¢? (H£H¢ + 2;1)_1 .

Where Hy is a (n X p) matrix with the ti"* element:

P Py PP
Hy, = (yt—i - 2 Dy ijs, — Z Iy irs, + Z ZZ] O ILyi- jsl—‘rsz)s
=1 =1 =1 =1
Lgisanx ((1+ P)(1 + Py) — 1) matrix with the " element:
Ly, = ()’z—s1 e e s Yt=Pisis Yi—sy> Yi—si=sas« « + s Yt=Pisi=sp0 -+ -+ + + > Yt=Pysys Yi—s1—Pasys -+ + ,)’z—Pls,—stz) ,
and B is a column vector of order (1 + P;)(1 + P,) — 1 written as:
Bs=(Dy,...,0p I, -0 I1,,...,—Dp IIj,...... ,Mp,, —®Ip,, ..., —@FIHPZ)T.
The conditional posterior of ¢ is
¢ ~ §(¢j v (o) ,q)j—l’l'[j—l’9-/—1,®j—1,\Pj—l’y0j—1,goj—l) =N (u5.v5).
where
i = \(HEHy 4 53") (55t + HE (v~ Labs - Ag2))|. i = o (G Hy +51)

Hy is a (n X p) matrix with 1™ element Hs.2 = (y—i — Zle ®;y,_js—;) and L is a (n X P) matrix with
tj™ element L, i = i—js)-

3.3.2. The conditional posterior of ®

We obtained the conditional posterior of @ by finding out (P |y, ¢, I1, o2, Yo) that we proved to be a
multivariate normal N(uj, vy) with

o = |(HoHo +23') " (E3'ko + Hy (v~ Lopo))|
and

vy =0’ (HqT)H@ + 25)1)71 :
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Where Hg is a (n x P;) matrix with the ¢;7 element:

)4 Py P P
HCDU- = yt—jsl - Z ¢iyt—i - Z HTyt—js]—ng + Z Z ¢in‘ryt—i—js1—‘rsz s
i=1 =1

i=1 7=1

Ly isan X ((1+ p)(1+ P,)— 1) matrix with the ™ element:
L<Dt = (yt—ls “e ’yt—p’ Yi—s35 Yi-1—s555++ - ,yt—p—sza ------ s V1—Pysys Yi—1-Pysys+ + - ’yt—p—stz) 5
and B¢ is a column vector of order (1 + p)(1 + P;,) — 1 written as:

T
ﬂd) = (¢1" . 'a¢panla_¢lnl’u -’_¢pnl, ------ ,sz,—¢lnpz,. . .,—¢pHp2> .

3.3.3. The conditional posterior of T

We obtained the conditional posterior of I by finding out Z(I1 | y, ¢, @, o2, Yo) that we proved to be a
multivariate normal N(uf, viy) with

ui = [(HﬂHn + Eﬁl)_l (Eﬁlﬂn +Hfj (y - Lnﬂn))]
and
-1

vi = o (Hf{Hn + Xp)
Where Hy is a (n X P,) matrix with the t7 element:
P Py rp P
Hr,, = |Yi—rs, — Z Giyi-i — Z Diyijs s, + Z Z GiDQyi—izjs—rs, |»
i=1 j=1 i=1 j=1
Liisanx ((1 + p)(1 + Py) — 1) matrix with the " element:
Ll'lt = (yt—l, cees Yimps Yi—sis Yi—l=s15 -+ o s Yi—p—syserve-- s Y1—Pys1s Yi—1-Pysi> -« - ’yt—p—Plsl) s
and By is a column vector of order (1 + p)(1 + P;) — 1 written as:

T
ﬂl’[ = (¢1,...,¢p,®1,—¢]®],...,—¢p¢)|, ...... ,(Dpl,—¢](1)]:],...,—¢pq)p]> .

3.3.4. The conditional posterior of o

We obtained the conditional posterior of o2 by finding out ¢ (] y, ¢, @, 11, yp) that we proved to be
an inverse gamma IG((n + v*)/2,{A + n(S?)}/2), where v* = v+ 2p + P{(1 + 51) + P5(1 + 5») and

n(s?) = [(¢ —116) Z51 (6~ o) + (@ — o) E5! (@ — pro) + (1T - )" ' (11 - )
+ (Yo ) 5 (o) + - X8 (v - XB).

To ease the Gibbs sampling algorithm process, the parameter o~ can be sampled from the Chi square
distribution using the transformation {1 + n(S?)}/0? ~ )((znw*).
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3.3.5. The conditional posterior of yg

In the beginning, we write explicitly the elements of yq using the model (2.2) as:

F yp« = Dyo+ &pr, (3.6)
where
1 0 0 O
71 1 0 0
F = =72 Y1 1 0 0 ,
_'yp*_l _YI)*—Z cee e _fyz _71 1 (p*))((p*)
Y1 Y2 V3 o ot Ypr-1 Yp*
Y2 v va o ¥y 0
ooy o 00
D= . . . . . . ,
'yp*_l ’)/p* O e . 0 0
Ypr 0 0 o .- 0 o)
p* =p+Pisi+Prsyandyp = (1,2, ..., yp*)T that has the p* multivariate normal distribution with

zero mean and variance (01 »+), where I« is the unit matrix of order p*.

Using the above defined matrices and the standard Bayesian techniques, we obtained the condi-
tional posterior of yg by finding out /(yg | y, ¢, ®,I1, o) that we proved to be a multivariate normal
N(ux o yo) with

T 177 [yt T
wh = [D" D+ [, + DT (F yp )]

and

v =02 (D'D+x)))"

4. The Proposed Gibbs Sampler
The proposed Gibbs sampling algorithm for DSAR model can be implemented as:

1. Specify starting values ¢°, ®°, I1°, (¢2)°, and yg and set j = 0. A set of initial estimates of the
model parameters can be obtained using the IS technique of Koreisha and Pukkila (1990).

2. Calculate the residuals recursively using (3.2) and the IS parameter estimates.

3. Simulate
o ¢/ ~ é’((pl ly, (0-2)/‘71 ,(I)j_l,l_[j_l,yoj_l),
o o~ g(07 ]y, () Ty ),

. (Hfly 02) ,¢f,<l>j,yof"),
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o @V ~¢(() 1y 00005,
* yo/ ~ K(YOj | y,(O'z)j,W,@j,Hj).

4. set j=j+1andgoto3.

This algorithm gives the next value of the Markov chain {¢j+1,<I)j+l,l'[f“,(0'2)-"“,yé+l} by sim-
ulating each of the full conditionals where the conditioning elements are revised during the cy-
cle. This iterative process is repeated for a large number of iterations and continuously the con-
vergence is monitored. After the chain has converged, say at ng iterations, the simulated values
(¢!, @ T (02)/, yé” } are used as a sample from the joint posterior. Posterior estimates of the
parameters are computed directly via sample averages of the simulation outputs. The convergence of
the Markov chain can be monitored by three groups of diagnostics (autocorrelation estimates, Raftery
and Lewis diagnostics, and Geweke diagnostics). First, autocorrelation estimates indicate how much
independence exists in the sequence of each parameter draws. A high degree of autocorrelation indi-
cates that more draws are needed to obtain accurate posterior estimates. Second, diagnostics proposed
by Raftery and Lewis (1992, 1995) include (1) Burn: number of draws used as initial draws or “burn-
in” before starting to sample the draws for purpose of posterior inference, (2) Total: total number of
draws needed to achieve desired level of accuracy, (3) Nmin: number of draws that would be needed
if the draws represented an iid chain, and (4) I-stat: the ratio of the (Total) to (Nmin). Raftery and
Lewis suggested that convergence problem may be indicated when values of I-stat exceed 5. Third,
diagnostics proposed by Geweke (1992), which includes two groups:

1. The first group includes the numerical standard errors (NSE) and relative numerical efficiency
(RNE). The NSE estimates reflect the variation that can be expected if the simulation were to be
repeated. The RNE estimates indicate the required number of draws to produce the same numerical
accuracy when iid sample is drawn directly from the posterior distribution.

2. The second group of diagnostics includes a test of whether the sampler has attained an equilibrium
state. This is done by carrying out Z-test for the equality of the two means of the first and last parts
of draws and the Chi squared marginal probability is obtained. Usually, the first and last parts are
the first 20% and the last 50% of the draws.

LeSage (1999) implemented the calculations of the above convergence measures using MATLAB
package. These diagnostics will be used in Section 5 to monitor the convergence of the proposed
algorithm.

5. lllustrative Examples

In this section we investigate the efficiency of the proposed estimation method based on simulated and
real-world datasets.

5.1. Simulated examples

In this subsection we present three examples of DSAR models with simulated data. Table 1 shows
these selected DSAR models and their corresponding true parameters values. By these three examples
we try to represent different pairs of the season periods that are chosen to cover different seasonality
patterns with different data type.
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Table 1: Simulated examples design

V)

Model b1 03] (O} (023 11 11, o
1. DSAR(1)(1)3(1)12 0.60 - 0.40 - -0.30 - 1.00
II. DSAR(1)(1)13(1)52 0.30 - —-0.60 - 0.40 - 0.50
III. DSAR(2)(2)13(2)s2 0.65 -0.30 0.40 0.15 -0.15 0.10 0.75

Table 2: Bayesian results for Example I

Parameter True values Mean Std. Dev. 9 SLO(/:y“iier;it Median 9 SI{?IZI;(i:rrnit
) 0.60 0.64 0.02 0.59 0.64 0.68
D 0.40 0.39 0.03 0.33 0.39 0.44
IT -0.30 -0.29 0.03 -0.35 -0.29 -0.23
o? 1.00 1.02 0.04 0.94 1.02 1.11
Table 3: Autocorrelations and Raftery-Lewis diagnostics for Example I
Parameter Autocorrelations Raftery-Lewis Diagnostics
Lag 1 Lag 5 Lag 10 Lag 50 Burn Total (N) (Nmin) I-stat
) -0.02 -0.02 0.01 —-0.03 2 948 994 0.95
D -0.09 0.04 —-0.04 —-0.04 2 1028 994 1.03
I 0.02 0.01 —-0.04 0.01 2 1028 994 1.03
o? —-0.03 —-0.05 —-0.02 —-0.03 2 1028 994 1.03

Table 4: Geweke diagnostics for Example I
NSE iid RNE iid NSE 4% RNE 4% NSE 8% RNE 8% NSE 15% RNE 15% X’

¢ 0.0010 1 0.0010 1.0149 0.0009 1.2064 0.0009 1.4460 0.7383
0] 0.0010 1 0.0008 1.7299 0.0007 22224 0.0006 2.7406 0.8864
I 0.0010 1 0.0009 1.1668 0.0008 1.6617 0.0007 1.8472 0.6076
o? 0.0014 1 0.0012 1.2637 0.0011 1.4413 0.0011 1.4780 0.3342

Once the time series datasets are generated from these three selected DSAR models, the Bayesian
analysis is performed by assuming a non informative prior for the parameters ¢, ®, IT and o> and a
normal prior with zero mean and variance o1 = for the initial observations yy. To apply the proposed
Gibbs sampler, the starting values for the parameters ¢, @, IT and o2 are obtained using IS method,
and the starting values for yy are assumed to be zeros. For each dataset, the Gibbs sampler was run
11,000 iterations where the first 1,000 draws are ignored and every tenth value in the sequence of the
last 10,000 draws is recorded to have an approximately independent sample. All posterior estimates
are computed directly as sample averages of the Gibbs sampler draws. In the following, we discuss
the results of the proposed Gibbs sampler and investigate the convergence diagnostics.

Table 2 presents the true values and Bayesian estimates of the parameters for Example I. Moreover,
a 95% confidence interval using the 0.025 and 0.975 percentiles of the simulated draws is constructed
for every parameter. Table 2 shows that the Bayesian estimates are close to the true values and the
95% confidence interval includes the true value for each parameter. Sequential plots of the parameters
generated sequences together with marginal densities are displayed in Figure 1. The marginal densities
are computed using non parametric technique with Gaussian kernel. Figure 1 shows that the proposed
algorithm is stable and fluctuates in the neighborhood of the true values. In addition, the marginal
densities show that the true value of each parameter (which is indicated by the vertical line) falls in
the constructed 95% confidence interval.

The convergence of the proposed algorithm is monitored using the diagnostic measures explained
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Figure 1: Sequential plots and marginal posterior distributions of Example L

in Section 4. The autocorrelations and Raftery and Lewis diagnostics are displayed in Table 3 whereas
Table 4 presents the diagnostic measures of Geweke (1992). Table 3 shows that the draws for each
of the parameter have small autocorrelations at lags 1, 5, 10 and 50, which indicates there is no
convergence problem. This conclusion was confirmed by the diagnostic measures of Raftery and
Lewis where the reported (Nmin) is 994 that is close to the 1000 draws we used and I-stat value is
about 1, which is less than 5. Scanning the entries of Table 4 confirms the convergence of the proposed
algorithm where Chi squared probabilities show that the equal means hypothesis cannot be rejected
and no dramatic differences between the NSE estimates are found. In addition, the RNE estimates are
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Table 5: Bayesian results for Example II

Parameter True values Mean Std. Dev. 9 SL‘;ZX?Irnit Median 9 SIg:I;ierrnit
¢ 0.30 0.29 0.03 0.23 0.28 0.35
(1] -0.60 -0.61 0.03 -0.67 -0.61 -0.56
11 0.40 0.35 0.03 0.29 0.35 0.41
o? 0.50 0.47 0.02 0.43 047 0.51

Table 6: Bayesian results for Example I1I

Lower . Upper

Parameter True values Mean Std. Dev. 95 % limit Median 95 b;: Iiimit
@1 0.65 0.64 0.03 0.58 0.64 0.69
[0 -0.30 -0.29 0.03 -0.35 -0.29 -0.24
D 0.40 0.40 0.03 0.34 0.40 0.46
(02 0.15 0.13 0.03 0.06 0.13 0.19
I, -0.15 -0.17 0.03 -0.23 -0.17 -0.11
I, 0.10 0.11 0.03 0.05 0.11 0.17
o? 0.75 0.69 0.03 0.64 0.69 0.75

close to 1, which indicates the iid nature of the output sample.

Similarly to Example I, Tables 5 and 6 present the true values and Bayesian estimates of the
parameters for Examples II and III. In addition, sequential plots with marginal densities of these two
examples are displayed in Figures 2 and 3. Similar conclusions to those of example I are obtained. We
have applied the proposed Gibbs sampler to several simulated datasets from other DSAR(1)(1)1 (1),
and DSAR(2)(2),1(2)s; models. We found their results are similar to those of presented examples, and
therefore they are not presented here.

5.2. Internet traffic time series

The internet traffic time series represents real-world hourly internet amount of traffic (in bits) dataset
collected from private Internet service provider (ISP) with centers in 11 European cities. In particular,
Cortez et al. (2012) collected this time series dataset from 06:57 hours on 7 June to 11:17 hours on 29
July 2005, which is available online and can be downloaded (http://www3.dsi.uminho.pt/pcortez/seri
es/). Figure 4 shows how the daily and weekly seasonal patterns are represented in the internet traffic
time series which reveal clearly the double seasonality. Accordingly, it is strongly recommended to
consider two seasonal components for this dataset, where the first seasonal component is due to the
intraday cycle (s; = 24) and the second seasonal component is due to the intraweek cycle (s, = 168).

To specify the best DSAR model that can fit the internet amount of traffic dataset, Cortez et al.
(2012) tested a collection of DSAR models using different combinations of the p, P, and P, values
up to a maximum order of 2; and they decided that DSAR(2)(2)24(2)16s is the best model that has
smallest value of Bayesian information criterion (BIC). Cortez et al. used non-Bayesian least squares
method to estimate the model parameters, and their estimates (Table 7).

Using the model DSAR(2)(2)24(2)16s, the proposed Bayesian estimation methodology is applied
to the internet traffic time series. The hyperparameters and starting values are chosen as in the sim-
ulated examples in previous subsection. Table 7 summarizes the Bayesian estimates results, where
their sequential plots and marginal densities are displayed in Figure 3. The Bayesian estimate of
the nonseasonal parameters is close to the corresponding classical estimates, but the estimates of the
seasonal parameters are not enjoying that closeness property

It is worthwhile to test the significance of the interaction parameters in the DSAR model. As
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Figure 2: Sequential plots and marginal posterior distributions of Example II.

an example, consider the current model DSAR(2)(2)24(2) 63, the interaction parameters include ¢;®;,
¢, ©11;, and ¢;®@ ;11 fori = 1,2; j = 1,2;and k = 1, 2. Testing the significance of these interaction
parameters in the classical approach is complicated or even impossible, however, it can be achieved
straightforwardly in the proposed Bayesian-based Gibbs sampling algorithm.

For more illustration, to test the significance of the interaction parameter = ¢; ®;, the marginal
posterior distribution of 77 can be obtained and a confidence interval can be constructed. Accordingly,
when the credible interval of 7 contains zero, the significance hypothesis of 7 is rejected. Applying
this testing procedure to the internet traffic time series, the marginal posterior distribution of 7 is
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Figure 3: Sequential plots and marginal posterior distributions of Example III.
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Figure 4: Time plot of the internet traffic time series.

Table 7: Bayesian results for the internet traffic time series.

Lower . Upper Cortez et al.

Parameter Mean Std. Dev. 95 % limit Median 95 0;0) I;imit estimates
P 1.40 0.03 1.33 1.40 1.46 1.70
[0 -0.42 0.03 -0.49 -0.42 -0.36 -0.27
D 0.23 0.03 0.17 0.23 0.30 0.60
D, 0.07 0.02 0.02 0.06 0.11 0.06
1T 0.07 0.02 0.02 0.07 0.12 -0.08
11, -0.01 0.02 -0.05 -0.01 0.04 -0.28
a? 241" 1.03¢" 2.22¢" 2.40¢" 2.62¢" -

obtained and displayed in Figure 6. Moreover, a 95% credible interval for is —=0.711 < n > -0.478,
which does not contain zero and therefore supports the alternative hypothesis of the interaction in the
model.

6. Conclusions

In this paper we showed that the conditional posterior distribution of the DSAR model parameters and
the variance are multivariate normal and inverse gamma, respectively. Exploiting that the conditional
posterior densities are standard distributions, we used the simple MCMC Gibbs sampling algorithm to
develop a Bayesian method for estimating the parameters of the multiplicative DSAR model. Simply,
we applied the Gibbs sampling algorithm to approximate empirically the marginal posterior distribu-
tions along with using several diagnostics that showed the convergence of the proposed algorithm was



Gibbs Sampling for Double Seasonal Autoregressive Models 571

1.45

1.30

-0.40

n
0.15 0.25 -0.55

0.10

0.00

0.10

0.00

0.05

-0.05

2.2e+19 2.8e+19

. NG
. s .
i 7 Y
. o 4 — —
T T T T T T T T T T T T
0 200 400 600 800 1000 1.30 1.35 1.40 1.45 1.50 155
Iterations @
N
—
] X o A
] > v
o -4 — _
T T T T T T T T T T T T
0 200 400 600 800 1000 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30
Iterations ]
. 5w .
i S o«
v =
. o 4 N
T T T T T T T T T T T
0 200 400 600 800 1000 0.15 0.20 0.25 0.30 0.35
Iterations n
. S 94
)
. ET
. o -4 — _
T T T T T T T T T T
0 200 400 600 800 1000 0.00 0.05 0.10 0.15
Iterations ]
n
-
— S |
. D)
T n =
. P
T T T T T T T T T T
0 200 400 600 800 1000 0.00 0.05 0.10 0.15
Iterations €]
. v |
-~ =1
2 _
T ¥
. 7 v A
T T T T T T T T T T —
0 200 400 600 800 1000 -0.10 -0.05 0.00 0.05
Iterations Yy
(o)}
T -
7 NN
- = “
- o
7 7 oA
a o)
i —
T T T T T T g T T T T
0 200 400 600 800 1000 2.2e+19 2.4e+19 2.6e+19 2.8e+19
Iterations o

Figure 5: Sequential plots and marginal posterior distributions of the internet traffic time series.
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Figure 6: Marginal posterior distribution of the interaction parameter 1.

achieved. Accordingly, we computed directly the posterior estimates of the parameters via sample
averages of the simulation outputs. The empirical results of the simulated and real-world datasets
confirmed the accuracy of the proposed methodology.

Future work may investigate model identification using stochastic search variable selection, out-
liers detection, and extension to multivariate double seasonal models.
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