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Abstract:

e This paper proposes finite mixtures of multivariate skew Laplace distributions in order
to model both skewness and heavy-tailedness in heterogeneous data sets. Maximum
likelihood estimators for the parameters of interest are obtained using the EM algo-
rithm. The paper offers a small simulation study and a real data example to illustrate
the performance of the proposed mixture model.
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1. INTRODUCTION

Finite mixture models are used to model heterogeneous data sets thanks to their
flexibility. These models are commonly applied in fields such as classification,
cluster and latent class analysis, density estimation, data mining, image analysis,
genetics, medicine, pattern recognition and suchlike; for more detail see [7, 12,
20, 21, 27].

In general, the distribution of mixture model components is assumed to be
normal because of its tractability and wide applicability. In practice, however, the
data sets may be asymmetric and/or heavy-tailed. For instance, there have been
a number of studies focusing on multivariate mixture modeling using asymmet-
ric and/or heavy-tailed distributions:[21] propose finite mixtures of multivariate
t distributions as a robust extension of the multivariate normal mixture model
([20]); [16] introduces multivariate skew normal mixture models; [24] and [17]
examine finite mixtures of restricted and unrestricted variants of the multivari-
ate skew ¢ distributions of [25]; [8] explore multivariate mixture modeling based
on skew-normal independent distributions; and [18] introduce flexible mixture
modeling based on skew-t-normal distribution.

In multivariate analysis, the multivariate skew normal (MSN) distribution,
[4], [14] and [2], is proposed as an alternative to the multivariate normal (MN)
distribution in order to deal with skewness in the data. However, certain al-
ternative heavy-tailed skew distributions are required to model skewness and
heavy-tailedness because MSN distribution is not heavy-tailed. One such exam-
ple of heavy-tailed skew distribution is the multivariate skew ¢ (MST) distri-
bution, which is defined by [5] and [13]. [3] also proposes another heavy-tailed
skew distribution called the multivariate skew Laplace (MSL) distribution, us-
ing a variance-mean mixture of the normal distribution. One advantage of the
MSL distribution is that it has a smaller number of parameters than the MST
distribution and has the same number of parameters as the MSN distribution.
Regarding finite mixtures of the multivariate skew distributions, finite mixtures
of MSN distributions were proposed by [16] to model heterogeneous data sets as
they may not be able to modeled by mixtures of MN distributions due to the
skew feature of data. On the other hand, data sets may not only have a skewness
problem, but may also have a heavy-tailedness problem to be dealt with. For
this reason, in this study, finite mixtures of MSL distributions as an alternative
to finite mixtures of MSN distributions are explored in order to deal with both
skewness and heavy-tailedness in heterogeneous data sets.

The rest of the paper is organized as follows: Section 2 summarizes certain prop-
erties of the MSL distribution; see [3] for further details of the MSL distribution.
Section 3 presents mixtures of MSL distributions and gives the Expectation-
Maximization (EM) algorithm to obtain maximum likelihood (ML) estimators
for the parameters of the proposed mixture model. Section 4 offers the empirical
information matrix of MSL distribution to compute standard errors of proposed
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estimators. Section 5 provides a small simulation study and a real data example
to illustrate the performance of the proposed mixture model. Finally, Section 6
is devoted to conclusions.

2. Multivariate skew Laplace distribution

Let Y € RP be a p-dimensional random vector which has the MSL distribution
(Y ~ (w,3,7)) proposed by [3]. The probability density function (pdf) of this
distribution is given below:

Ris
2r"z ol (25!

fMSL (yau/7277) =

(2.) <o oy - S -+ -

where a = /1 +~T¥"1y, u € RP is the location parameter, v € RP is the
skewness parameter, ¥ is the positive definite scatter matrix and I' (+) represents
the complete gamma function.

Proposition 2.1.  The characteristic function of MSL, (p,X,~) is

pt1

Oy (t) =t P 14175t —2itT] 2, teRP.

See [3] for proof of this proposition.
IfY ~ MSL, (p,X,~) then the expectation and variance of Y are:

E(Y)=p+(p+1),
Var (Y)=(p+1) (S +2v97).
The MSL distribution can be obtained as a variance-mean mixture of MN distri-

bution and inverse gamma (IG) distribution. The variance-mean mixture repre-
sentation is given as follows:

(2.2) Y =p+V iy +VVIne X

where X ~ N, (0,1,) and V ~ IG (’%1, %) . Note that if v = 0, the density
function of Y reduces to the density function of symmetric multivariate Laplace
distribution given by [22]. In addition, the conditional distribution of Y given
V = will be:

Y|v~ N, (u + v_lﬂy,v_lE) .

The joint density function of Y and V is:
|5 |73 -1y

f(y7v) - _
2P7TpTlozF (p—;l)
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Then, we have the following conditional density function of V' given Y:

o, ERY S
f(vly) = —c (y—p) 57 y—p)

(2.3) SR LA e D D Ly SRV )

Using the conditional density function given in (2.3), the conditional expectations
can be obtained as follows:

(2.4) E(V]y) = Y1V

V- =y -

1+ \/(1 +4TS ) (y — ) =1 (y — )
1+~T8 1y

(2.5) EWV Ty =

Note that these conditional expectations will be used in the EM algorithm given
in subsection 3.1; see [3] for further details of the MSL distribution.

3. Finite mixtures of MSL distributions

Let y1, Y5, ..,¥y,, be p-dimensional random sample which comes from a g-component
mixtures of MSL distributions. The pdf of a g-component finite mixtures of MSL
distributions is given by:

g
i=1
where 7; denotes the mixing probability with >°7_, m; = 1,0 < m; < 1, f (y; i, 24, 7;)
represents the pdf of the ith component (pdf of the MSL distribution) given in
(2.1) and ©® = (71'1, N TV TR 1 S TN DN CERER ,‘yg)T is the unknown
parameter vector.

3.1. ML estimation

The ML estimator of ® can be found by maximizing the following log-
likelihood function:

(3.2) £(®) = log <Z mif (yj5 s, Eu%)) :
j=1 i=1

However, there is not an explicit maximizer of (3.2). Therefore, in general, the
EM algorithm ([9]) is used to obtain the ML estimator of @. Here, we will use
the following EM algorithm:
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Let Z; = (Z1j,.--,Z4;)" be the latent variables with

(3.3)

7. 1, if j*" observation belongs to i** component
Y 0, otherwise

where j =1,...,nandi=1,...,g9. Toimplement the steps of the EM algorithm,
we will use the stochastic representation of the MSL distribution given in (2.2).
If we do so, the hierarchical representation for the mixtures of MSL distributions
will be:

Yjlvj, 25 =1~ N <N+’Uj_1%vj_12) ,

+11
(3.4) Vizg =1~ 1G (222 2.

2 2
Let (y, v, z) be the complete data, where y = (le, .. ,yg)T,'v = (v1,...,v,) and
z=(z1,... ,zn)T. Using the hierarchical representation given above and ignoring
the constants, the complete data log-likelihood function can be written as:

n g 1
L(©yv,2) = > > = {logm — S log | %[+ (y; — m) B
=1 i=1

1 1 1
(3.5) — §vj (yj — ,ui)TZi_l (yj — ,ui) — EfyiTEi_lfyivj_l 3 (3 logv; + ’Uj_l) } .

To overcome the latency of the latent variables given in (3.5), we have to take
the conditional expectation of the complete data log-likelihood function given the
observed data y;

n g 1
E (€C (@;y,v,z\yj)) = ZZE (Z,-j\yj) {log T — 5 log | ¥ | — (yj _ Nz’)T Zi_l"Yi
j=1 =1

1 1
(3.6) = SEWVilyy) (=) 57 (g — i) — ST (Vj_l\yj>} :

Since the last part of the complete data log-likelihood function does not include
the parameters of interest it is omitted and the conditional expectation of the

other terms are taken. The conditional expectations F (V]]y]) and (Vj_l\yj)

can be calculated using the conditional expectations given in (2.4) and (2.5),
and the conditional expectation E (Zij]yj) can be computed using the classical
theory of mixture modeling. Next, the steps of the EM algorithm can be formed
as follows:

EM algorithm:

1. Set initial parameter estimate 0O and a stopping rule A.

2. E-Step:Compute the following conditional expectations for £ = 0,1,2,...
iteration

~

o (505050
(3.7) /Z\z(jk) _ E<Zij|’yj,@(k)) T <:J<:j;é(k)) &l )7
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38) W-p (wyj’@(k)): Vi+3
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Using these conditional expectations, we form the following objective function:

n g
Q(e:0") = >3 = {logm —Slog | 5| =y, — )" 57,

j=1i=1

_ _ 1
(3.10) - 2v§'f}(yj ) S (y; - uz)—gvéw)%z %}-

~ (k
3. M-Step: Maximize the @ (@; @( )> with respect to © to get the (k+ 1) th
parameter estimates for the parameters. This maximization yields the following
updating equations:

s 2

J=1%1j

~(k+1) _
(3.11) ==

i (k) 5(k) ) (k) 5 (k)

(3.12) ﬁgkﬂ) _ 2aj=1%ij ;ZJnjyjAl(Jk)véj)l ij Vi
(3.13)
ey (Zim200) (S y) - (S5m2)) (55 ﬁf’viiyj)
Z (S 208 (S, 2088) — (T, 20

(k+1
4.Repeat E and M steps until the convergence rule || o' _ ) l|l< Ais

obtained. Alternatlvely, the absolute difference of the actual log—likelihood I
14 (@(k+l)) —€< ) [|[< A or | 6( (k) > /e (C:)(k)) —1||< A can be used as
a stopping rule ([10]).

3.2. Inmitial values

In order to determine the initial values for the EM algorithm, the following
procedure given by [16] will be used:
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i) Perform the K-means clustering algorithm ([15]).

ii) Initialize the component labels EE-O) = {zi;}{_, according to the K-means
clustering results.

iii) The initial values of mixing probabilities, component locations and component
scale variances can be set as:

n 0
0 _ o1 iy

7 = ,
n
n 0
a® = 2 j=1 Z&z’j)yj
7 - n 0) °
R
n 20) ~(0) ~o\7T
co_ T (w5 - A (v - i)
Jj=1~ij

iv) For the skewness parameters, use the skewness coefficient vector of each clus-
ter.

4. The empirical information matrix

We will compute the standard errors of ML estimators using the infor-
mation based method given by [6]. At this point, we will use the inverse of the
empirical information matrix in order to have an approximation to the asymptotic
covariance matrix of the estimators. This information matrix can be obtained as:

n
(4.1) Ie=3 55,
7=1

. e (Oy;,v5,25 . c e .
where s; = Eg <W\yj>, 7 =1,2,...,n are the individual scores and

lej (@; Yj, V5, zj) is the complete data log-likelihood function for the jth obser-
vation. The components of the score vector s; is

Sims o Sy S Sty S B0y Bjoyys 2By, ) After straight-
forward algebra, we obtain these components as follows:

-~ Zrj _ Zgj
42 T — T~ T = :17"'7 _17
(4.2) Sjmr RS r g
(4.3) S, = 2%y (D (y — Ba) — 7))
—~ ~ S-1 ~ oS- —~ AT ST A~ Sl ATS
8., = vech <z,-j {— (Zi - V1452, ! (yj — ,u,-) (yj - ,Ui) Y t— V252 1’71'7?21' 1)

L /a1~ oo 15, 5715.5
(4+4)§dzag (Ei 1 T2 1 (yj _ M) (yj _ Ui) ¥, 1_ V2;523; 171‘7?) }) )
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(4.5) sjoe = 2% (95 — 1) = Baijv)

Therefore, using these equations we can form the information matrix I, given in
(4.1). After this, the standard errors of the ML estimators © will be found using
the square root of the matrix I, 1.

5. Applications

This section will illustrate the performance of the proposed mixture model
based on a small simulation study and a real data example. All computations for
the simulation study and real data example are conducted using an MATLAB
R2013a. For all computations, the stopping rule A is taken as 107%. The codes
are available upon request.

5.1. Simulation study

In the simulation study, the data set is generated from the following two-
component mixtures of MSL distributions:

f(y;]©) = m1fp (’yj%lha E1,’)’1) + (1 —m) Ip (yj§M2a 22,’)’2) )
where

0311 04,12

T .
) T i1y )i y 1= 17 2
i1 Ui,22:| Yi (’7@1 722)

n; = (,uz‘h#m)T, 2= [

with the parameter values

. T (o _onT . (150
l'l'l_(272) ’ IJ’2_( 27 2) ’ 21_22_|:0 15:|

Y1 = (17 1)T7 Yo = (_1, —1)T, m = 0.6.
The sample sizes are set as 500,1000 and 2000 and the number of replicates (N)
are taken as 500. The table contains the bias, standard errors (SEs) and the
mean Euclidean distance values of the estimates. The formula of bias is given
below:

zﬁs@:é—a,

where 6 is the true parameter value, = % Zjvzl 5] and @ is the estimate of 6
for the jth simulated data. The mean Euclidean distances of the estimators are
computed using the average of the Euclidian norm between the estimates and the
true parameter values. For instance, for the mean Euclidean distance of p,; will
be as follows:

2

N
Il b — p; |l= Z Hij — :“w
7j=1
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The other mean Euclidean distances of other estimates are also obtained in a
similar way. The distance for 7;, on the other hand, will be the mean squared
error (MSE). The formula of MSE is given as:
N
TrQ (o ~ 2
MSE (7) = + 0 (7 - )%,
j=1
where 7 is the true parameter value, 7; is the estimate of 7 for the jth simulated
data and 7 = % Z;VZI 7j. We calculate the SEs of estimates using the empirical
information matrix of the finite mixture model based on the MSL distribution
given in Section 4.

Table 1 shows the simulation results for the sample sizes 500,1000 and
2000. We give the bias, SEs and mean Euclidean distance values of estimates and
true parameter values. It can be seen from the table that the proposed model
works accurately to obtain the estimates for all the parameters. Furthermore, the
mean Euclidian distances get smaller when the sample sizes increase. We observe
similar results for the SEs of the estimates. These values decrease as the sample
sizes increase. All these findings confirm that the proposed finite mixture model
will be an alternative finite mixture model for modelling heterogeneous data with
skew and heavy-tail components.

5.2. Real data example

This real data example will investigate the bank data set, which was given
in Tables 1.1 and 1.2 by [11] and examined by [19], to model through a skew-
symmetric distribution. Concerning this data set, there are six measurements
made on 100 genuine and 100 counterfeit old Swiss 1000 franc bills. This data
set was also analyzed by [16] to model mixtures of MSN distributions. He used
the variables X7, the width of the right edge, and X5, the length of the image
diagonal, that reveal a bimodal distribution with asymmetric components. Fol-
lowing this, the current study uses Swiss bank data to illustrate the applicability
of the finite mixtures of multivariate skew Laplace distributions (FM-MSL) and
compares the results with the finite mixtures of multivariate skew normal distri-
butions (FM-MSN). The estimation results are displayed in Table 2 for FM-MSN
and FM-MSL. The table contains the ML estimates, standard errors of the esti-
mates for all components, the log-likelihood, the values of the Akaike information
criterion (AIC) ([1]) and the Bayesian information criterion (BIC) ([26]). Addi-
tionally, we give results and criterion values for FM-MSN which was computed by
[16]. According to information criterion values, the FM-MSL has better fit than
the FM-MSN. Figure 1 displays a scatter plot of the data together with contour
plots of the fitted two-component FM-MSL model. From this plot, it can be seen
that the proposed mixture model of MSL distributions captures bimodality and
asymmetry and provides a satisfactory fit to the data.
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Table 1: Bias, SEs and mean Euclidean distance values of the estimates
for n=500,1000 and 2000.
Component1 Component2

n Parameter True Bias SE  Distance True Bias SE

T 0.6 0.001489 0.122734 0.000533
il 2 —0.001200 0.174686 0.201026 —2 —0.014079 0.210878
2 2 0.010775 0.176092 ' -2 0.031688 0.208902
500 0311 1.5 —0.018232 0.182958 1.5 —0.005309 0.232425
012 0 0.002903 0.156863 0.198493 0 —0.006157 0.170339
04,22 1.5 —0.004315 0.188067 1.5 —0.033095 0.224071
Yi1 1 —0.001810 0.256792 0.106922 —1 —0.000255 0.291138
i2 1 —0.005965 0.255197 ' -1 —0.016220 0.290819

T 0.6 0.001075 0.082913 0.000236
i1 2 —0.007428 0.122541 0.147008 —2 —0.001296 0.146090
Hi2 2 —0.006677 0.122956 ' —2 —0.003134 0.146122
1000 011 1.5 —0.011271 0.127618 1.5 —0.002545 0.155037
012 0 —0.008758 0.106796 0.136552 0 —0.000529 0.116473
022 1.5 —0.000720 0.128693 1.5 —0.009886 0.155416
i1 1 0.005704 0.174375 0.073061 —1 —0.001849 0.194632
Yi2 1 0.006670 0.174589 ' —1 —0.002547 0.192690

T 0.6 0.000593 0.057421 0.000119
i1 2  —0.002704 0.086564 0.103007 —2 0.004608 0.102633
2 2 0.000165 0.086560 ' —2 —0.003348 0.103218
2000 0311 1.5 —0.006294 0.088880 1.5 —0.008891 0.106630
012 0 —0.003700 0.074673 0.098289 0 —0.000537 0.080978
022 1.5 0.001142 0.089714 1.5 0.000997 0.108406
i1 1 0.002448 0.121117 0.056854 —1 —0.003021 0.133069
Yi2 1 0.001445 0.120912 ' -1 0.000548 0.133948

6. Conclusion

In this paper, we have proposed mixtures of MSL distributions and given
the EM algorithm to obtain the estimates. A small simulation study has been
provided to demonstrate the performance of the proposed mixture model. This
shows that the proposed mixture model has accurately estimated the parameters.
A real data example has also been offered to compare the mixtures of the MSL
distributions with the mixtures of MSN distributions. This comparison proves
that the proposed model has the best fit according to the information criterion
values. This means that the proposed model can be used as an alternative mixture

model to the mixtures of MSN distributions.

Distance

0.273981

0.254685

0.139768

0.180637

0.169090

0.093384

0.126149

0.116648

0.067364
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Table 2: ML estimation results of the Swiss bank data set for FM-MSN

and FM-MST..
FM-MSN FM-MSL
1 2 \ 1 2
Estimate SE Estimate SE ‘ Estimate SE Estimate SE
T 0.504 0.036 - - 0.521 0.163 - -
i1 130.38 0.122 129.32 0.062 130.20 0.118 129.65 0.076
2 140.06 0.064 141.39 1.125 139.50 0.152 141.76 0.201
011 0.068 0.023 0.037 0.016 0.067 0.054 0.104 0.030
012 0.051 0.015 —-0.012 0.015 0.001 0.037 —0.023 0.043
04,22 0.056 0.027 0.154 0.032 0.371 0.100 0.194 0.218
Vi1 —0.230 0.043 0.494 0.077 | —-0.017 0.108 0.034 0.060
Y2 —0.800 0.067 0.177 1.433 0.054 0.154 —0.148 0.198
¢ (@) —310.07 -152.30
AIC 650.14 334.60
BIC 699.61 384.08
143
142
141 @)
@)
« O
x 140
139 -
138
137 1 1 1 1 1 1
128.5 129 129.5 130 130.5 131 131.5

Figure 1: Scatter plot of the Swiss bank data set along with the contour
plots of the fitted two-component FM-MSL model



Finite Mixtures of Multivariate Skew Laplace Distributions 13

ACKNOWLEDGMENTS

We wish to thank the anonymous referee and the Associate Editor, whose

comments and suggestions have helped us to improve this paper greatly.

REFERENCES

AKAIKE, H. (1973). Information theory and an extension of the maximum likeli-
hood principle, Proceeding of the Second International Symposium on Information
Theory, B.N. Petrov and F. Caski, eds., Akademiai Kiado, Budapest, 267—281.

ARELLANO-VALLE, R.B. AND GENTON, M.G. (2005). On fundamental skew dis-
tributions, Journal of Multivariate Analysis, 96(1), 93-116.

ARSLAN, O. (2010). An alternative multivariate skew Laplace distribution: prop-
erties and estimation, Statistical Papers, 51(4), 865-887.

Az7ZALINI, A. AND DALLA VALLE, A. (1996). The multivariate skew-normal dis-
tribution, Biometrika, 83(4), 715-726.

AzzALINI, A. AND CAPITANIO, A. (2003). Distributions generated by perturba-
tion of symmetry with emphasis on a multivariate skew ¢ distribution, Journal of
the Royal Statistical Society: Series B (Statistical Methodology), 65(2), 367-389.

BasrorD, K.E., GREENWAY, D.R., McLACHLAN, G.J. AND PEEL, D (1997).
Standard errors of fitted means under normal mixture, Computational Statistics,
12, 1-17.

BisHop, C.M. (2006). Pattern Recognition and Machine Learning, Springer, Sin-
gapore.

CaBRAL, C.R.B., LAcHOS, V.H. AND PRATES, M.O. (2012). Multivariate mix-
ture modeling using skew-normal independent distributions, Computational Statis-
tics € Data Analysis, 56(1), 126-142.

DEMPSTER, A.P., LAIRD, N.M. AND RUBIN, D.B. (1977). Maximum likelihood
from incomplete data via the EM algorithm, Journal of the Royal Statistical Soci-
ety, Series B, 39, 1-38.

Dias, J.G. AND WEDEL, M. (2004). An empirical comparison of EM, SEM and
MCMC performance for problematic gaussian mixture likelihoods, Statistics and
Computing, 14, 323-332.

FLURY, B. AND RIEDWYL, H. (1988). Multivariate Statistics, a Practical Ap-
proach, Cambridge University Press, Cambridge.

FRHWIRTH-SCHNATTER, S. (2006). Finite Mizture and Markov Switching Models,
Springer, New York.

GuprTa, A. K. (2003). Multivariate skew t-distribution, Statistics: A Journal of
Theoretical and Applied Statistics, 37(4), 359-363.



14

[14]

[15]

[23]

[24]

Fatma Zehra DOGRU, Y. Murat BULUT and Olcay ARSLAN

GuprTA, A.K., GONZALEZ-FARfAS, G. AND DOMINGUEZ-MOLINA, J.A. (2004).
A multivariate skew normal distribution, Journal of multivariate analysis, 89(1),

181-190.

HARTIGAN, J. A. AND WoNG, M. A. (1979). Algorithm AS 136: A k-means
clustering algorithm, Journal of the Royal Statistical Society. Series C (Applied
Statistics), 28(1), 100-108.

Lin, T.I. (2009). Maximum likelihood estimation for multivariate skew normal
mixture models, Journal of Multivariate Analysis, 100, 257-265.

Lin, T.I. (2010). Robust mixture modeling using multivariate skew ¢ distribu-
tions, Statistics and Computing, 20(3), 343-356.

LiNn, T.I., Ho, H. J. anp LEg, C.R. (2014). Flexible mixture modelling us-
ing the multivariate skew-¢-normal distribution, Statistics and Computing, 24(4),
531-546.

Ma, Y. AND GENTON, M.G. (2004). Flexible class of skew-symmetric distrib-
tions, Scandinavian Journal of Statististics, 31, 459-468.

McLACHLAN, G.J. AND BASFORD, K.E. (1988). Mixture Models: Inference and
Application to Clustering, Marcel Dekker, New York.

McLACHLAN, G.J. AND PEEL, D. (2000). Finite Mizture Models, Wiley, New
York.

Naik, D.N. AND PLUNGPONGPUN, K. (2006). A Kotz-type distribution for mul-
tivariate statistical inference. In Advances in distribution theory, order statistics,
and inference (pp. 111-124), Birkhduser, Boston.

PEEL, D. AND McLACHLAN, G. J. (2000). Robust mixture modelling using the
t distribution, Statistics and computing, 10(4), 339-348.

PyNE, S., Hu, X., WangG, K., RossiN, E., LiN, T.I., MAIER, L., BAECHER-
ALLAN, C., McLACHLAN, G.J., TaAMAYO, P., HAFLER, D.A., DE JAGER, P.L.
AND MESIROV, J.P. (2009). Automated high-dimensional flow cytometric data
analysis, Proc. Natl. Acad. Sci. USA, 106, 8519-8524.

Sanu, S. K., DEY, D. K. AND BrRANCO, M. D. (2003). A new class of multivari-
ate skew distributions with applications to Bayesian regression models, Canadian
Journal of Statistics, 31(2), 129-150.

SCHWARZ, G. (1978). Estimating the dimension of a model, The Annals of Statis-
tics, 6(2), 461-464.

TITTERINGTON, D.M., SMITH, A.F.M. AND MaARKOV, U.E. (1985). Statistical
Analysis of Finite Mixture Distributions, Wiley, New York.



