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Abstract

The purpose of this paper is to extend the mixture factor analyzers (MFA)
model to handle missing and heavy-tailed data. In this model, the dis-
tribution of factors loading and errors arise from the multivariate normal
mean-variance mixture of the Birnbaum-Saunders (NMVBS) distribution.
By using the structures covariance matrix, we introduce parsimonious MFA
based on NMVBS distribution. An Expectation Maximization (EM)-type al-
gorithm is developed for parameter estimation. Simulations study and real
data sets represent the efficiency and performance of the proposed model.
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1. Introduction

Model-based clustering is a useful method to find proper groups for datasets with
unlabeled observations. For this issue, the finite mixture model is used to fit
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the observation and specified the data classification. The multivariate normal
mixture models for clustering are discussed in [1]. Originally, a finite mixture
model based on multivariate normal distribution is sensitive to skewed and heavy-
tailed datasets. Andrews and McNicholas [2] considered multivariate ¢-distribution
replacing normal distribution for handling heavy-tail data. Afterward, Browne and
McNicholas [3] proposed a finite mixture model based on generalized hyperbolic
distribution for heavy-tail and skewed data. Extensive details for model-based
clustering are proposed by [4].

When data have high dimensions, the model-based clustering may produce bias
and inaccurate inferences for estimating parameters and group datasets. This bias
and inaccurate inferences are more estimates of the component covariance than
other parameters. To overcome this problem, MFA was proposed by Ghahramani
and Hinton [5] to reduce the number of model-free parameters. Although the
initial MFA model [5] assumed the component factors and errors of the multivariate
normal distribution as a mixture component, the interest in skewed and heavily-
tailed distributions has increasingly been considered a robust framework for data
analysis with incomplete data. One can refer to [6-10] a few recently published
contributions.

The problem of multimodal data is ubiquitous in many scientific fields and
should be addressed appropriately before engaging learning algorithms. To extend
the MFA model, four issues are always of interest: (i) theoretical convenience and
mathematical properties, (ii) computational tractability such as easy calibration of
data and speed of the importation, (iii) the flexibility and robustness in analyzing
strongly skewed distributions with outliers, and (iv) reduction in the number of
parameters that must be estimated. In this regard, the family of skew-normal
[11] distributions is one of the baseline platforms that play a subnational role
in constructing efficient MFA. For instance, the mixture of skew-normal factor
analysis models was proposed in [12]. Lin et al. [7] introduced the mixture of skew-t
factor analysis models as an extension of the mixture of skew-normal factor analysis
models for handling heavy-tailed asymmetric datasets. Wei et al. [8] discussed the
issue of MFA as well as another class of skew distribution by considering the class of
normal mean-variance distributions. MFA has a covariance component with 3; =
B; B/ + D; structure where the factor loading matrix B; is a p X ¢ matrix and the
noise matrix D; is diagonal. By introducing MFA, McNicholas and Murphy [13]
considered eight structures of covariance matrix by constrained or unconstrained
B; and D;. In addition, Murray et al. [6, 14] introduced a parsimonious mixture
factor analysis based on the skew-¢ distribution as an extension of the parsimonious
MFA model based on the class of normal mean-variance distributions for handling
heavy-tailed asymmetric datasets.

Recently, Hashemi et al. [15] extended the original factor analysis to formu-
late a new class of skewed models as an alternative to the baseline factor analy-
sis model. Calling the normal mean-variance Birnbaum-Saunders factor analysis
(NMVBSFA) model, Hashemi et al. [15] showed that the NMVBSFA not only in-
herits mathematical and computational aspects of the skew-normal factor analysis
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and skew-t factor analysis model but also it can provide a flexible platform for
statistical analysis. Hashemi et al. [16] used the mean-mixture normal distribu-
tion for proposing a new factor analyzer model. Through a simulation study, they
showed that some special cases of mean-mixture normal factor analysis outper-
form the skew-t factor analysis of large amounts of degrees of freedom. Numerical
results of [16] confirmed that the calibration of mean-mixture normal distribution
of the data is much faster than some existing models. Therefore, the clustering of
multivariate data with high dimensions is one of the main reasons for the intro-
duction of the finite mixture NMVBSFA model. Another of the main reasons is to
reduce the free parameters model by introducing 8 parsimonious structures based
on McNicholas and Murphy [13].

In this contribution, we advocate the use of NMVBS distribution as the compo-
nent factors and errors in MFA in an additional eight structures for the covariance
matrix. Referring to the properties of the NMVBS distributions and NMVBSFA
models discussed in the next section, it is demonstrated that the new mixture
factor analysis based on the NMVBSFA model is attractive as it can simultane-
ously model the skewness and heavy tails. The model parameters are estimated
based on the development of an EM-type [17] algorithm using a hierarchical rep-
resentation. One of the serious concerns related to multivariate mixture models
is the potential over-parameterization which is well documented in the work of
McNicholas and Murphy [13] on parsimonious Gaussian and t-mixtures models.
Following McNicholas and Murphy [13], we will present the ways to address this
deficiency by offering eigen-decomposition of the component covariance matrices.
Simulation studies for assessing the performance and computational tractability
of the proposed methodology are carried out. Finally, real-world data analyses are
presented to support the usefulness of the new model.

The layout of this paper is as follows: In Section 2, we recall the NMVBSFA
models. Section 3 addresses the estimation and computational framework of the
NMVBS mixture. For parameter estimation, we extend an EM-type algorithm of
the Expectation Conditional Maximization (ECM), represented by [18]. Mean-
while, we compute the standard errors for the NMVBSFA mixture. In Sections 5
and 6, the proposed methodology is demonstrated with extensive application of a
real data set and simulation studies.

2. Statistical models

This section reviews the formulation and some properties of the NMVBS distri-
bution to describe the motivation and parameter of estimation. NMVBS distri-
bution followed by a p-dimensional random vector Y € RP, denoted by Y ~
NMVBS,(p, %, X, «), with location, scale and shape parameters p € RP, 3 €
RP*P and X € RP, respectively, can be depicted as:

Y L+ WA+ VWX, (1)
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in which X depicts a p-dimensional normal random vector with N, (0, 33) represen-
tation, W a positive random variable, independent of X, with Birnbaum-Saunders
distribution [19] with BS(«a, 8 = 1) representation and £ shows the identically dis-
tribution. The probability density function (pdf) of W is given by:

fw;a, B) = A(w, a, B)¢(a(w,a, B)),  w>0, a>0,3>0,

where ¢(+) is the pdf of the standard normal distribution, a(w, a, 8) = (v/w/B8 —

v/ B/w)/a, and A(w, «, B) is the derivative of a(w, o, 8) concerning w. Specially,
the NMV BS,(p, 2, A, ) distributed random vector Y in (1) indicated hierarchi-
cally as:

YIW=w~N,(pp+wkwX) and W ~ BS(a,1). (2)

The pdf of Y is according to

Inuves (Y A X, a)
1 1

1 1 1 1 1 1
- AT, = ) s A, o, —
2fGH (yallﬂ ) ’2’()[27062>+2fGH <yallﬂ 5 iy 270(27042>7 (3)

where fop is the pdf of GH distribution that represent in Appendix A [20]. It is
clear that

EY)=p+EW)XA and Cov(Y)=EW)Z + Var(W)AXT.

Proposition 2.1. Let Y and W be the random vector and variable distributed by
NMVBS ,(pn, 3, X, a) and BS(«,1), respectively. Then, for any y € RP, the pdf
of W given' Y =y is represented by

Ja X(ywu') 2,@)7¢(A7 E,O{))

fwly) = wlo)for (w5

H = ) fore (0 5L B v R0 ) @)

where fara(.) is the pdf of generalized inverse Gaussian (GIG) distribution that
represent in Appendix A,

XY, 0) = (y—p) " 2 (y—p)+a?,
YA E,a) = AT A+ a2
B fen, (Y, A, 2,0.5,a72, a7 2)
fam, (Y 1, X, 2,0.5,072,a72) + fam, (Y; 1, A, 2, —0.5,072,a72)’

m(y)

()
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Furthermore, forr =+1,4+2, ...

) W m [ Eappe (VIR D )XW, 1.5, 0))
EW v =Cnze ) "
» K(l—p)/2 (\/TP(A727@)X(Q,H,27@))
K—(1+P)/2+7‘ (\/1[)()\, 25 Q)X(y7 M, 27 Oé)) }
I(f(ler)/2 (\/71}(/\7 Ea Oé)X(y7 K, 27 Oé))
where K,;(+) denotes the modified Bessel function of the third kind of order k.
Proof. See Hahsemi et al. [15]. O

+ (1 —=7(y)) (6)

3. The mixture of NMVBSFA model

3.1 The formulation of the model

Consider Yj is a p-variate random vector of the jth individual for j =1,...,n. In
the finite mixture modeling, it is assumed that observations are categorized into g
classes. Therefore, the set of unobservable allocation vectors Z; = (Zyj, ..., Zgj)T
for j = 1,...,n is usually defined for the sake of investigating statistical properties
and computational purposes. Here, the elements of Z; are the binary outcomes
where Z;; = 1 if the jth observation belongs to the ¢th component and otherwise
Z;; = 0. It follows the point that Z; has a one-trail multinational distribution
with probabilities (71, ...,7,), denoted by M(1;7,..., 7). In the mixture of
NMVBSFA, we assume that each observation Y; can be shown as:

Y, = p; + B,U;; + ¢;; with probability =; (i =1,...,9), (7)
where
Ui —ag. AN [ATY 0] (A2
|:Ei;:| ZLJZINNMVBS(I"FP([ ‘ 02 | 0 D’L ) ZO 0,

(8)

D; is a positive diagonal matrix and 7 +...+m; = 1. Bear in mind that, by con-
sidering an, = E(W;|Zi; = 1) and by, = Var(W;|Z;; = 1), A; = aa, Iy + ba, NN,
the mixture of NMVBSFA model (8) performs E(U;;) = 0 and Cov(U;;) = I,. By
McNicholas and Murphy [13], we fulfill an eight-member parsimonious mixture of
NMVBSFA (PM-NMVBSFA) similar to eight parsimonious mixture of Gaussian
factor analyzer (Table 1). By taking into account two representations (2) and (8),
the hierarchical representation of the postulated factor analyzer can be written as:

Yj | WJ = U}j7 Zij =1~ ]\/vp([,l,Z — aaiBiA;l/ZAi + wJBlA;l/ZA“U}JE,L),

Wj|Zij =1~ BS(OZZ', 1), with probablhty TG (9)
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Table 1: Nomination and covariance structures for the parsimonious mixture of
Gaussian factor analyzer [13].

Model B, =B D, =D D; = d;I, number of parameters
CCC Constrained Constrained Constrained [pg—q(g—1)/2) +1
CCU Constrained Constrained Unconstrained pg—q(g—1)/2] +p
cucC Constrained Unconstrained Constrained [pg—q(g—1)/2]+¢
(61000} Constrained Unconstrained Unconstrained [pg —q(g—1)/2] + gp
UCC Unconstrained Constrained Constrained glpg —qlg—1)/2] +1
UCcu Unconstrained Constrained Unconstrained glpg —qlg—1)/2] +p
UucC Unconstrained Unconstrained Constrained glpga—q(g—1)/2]+g
Uuu Unconstrained Unconstrained Unconstrained glpg —qlg—1)/2] + gp
Thus, the PM-NMVBSFA model has the pdf of Y}:
g
F:0) =Y mifvmves Yy, i — da,mi, iy i, i), (10)
=1
where 3; = BZ-Ale;r +D;, n; = BiAi_l/Q)\i7 and for w = (m,...,mg—1) and
0; = (i, N\i, Bi, D;, o), the parameter set of the model is @ = (m,01,...,0,).

Alternatively, using incomplete data, the PM-NMVBSFA can be presented as:
Y| Zij =1~ NMVBSy(p; — a;Mi, Xis i, i), (11)
Z; ~ M1y, ...,mg).

To facilitate mathematical and computational procedures, the scaling transforma-

tions N
B, 2BAY? and U, 2 AV Uy, (12)

are considered on the matrices of factor loadings B; and the common factors
U;j. Therefore, the high-level representation of the PM-NMVBSFA model can
alternatively be written as:
Y | (ﬁz‘jijazij =1) ~ Np(pi
Uij | (wj, Zij = 1) Nq((
Wj | Zij =1~ BS(O[Z‘, 1),
ZjNM(l;ﬂ'l,...,ﬂ'g). (13)

.+ B; w5, w; D;),
— aq,) Al,wJIq)

Proposition 3.1. Under conceptualized representation (13), we have:

i) The distribution of common factors Uy; given (yj,w;, Zi; = 1) is Ny(qij, w;C;),
where
i = Ci{€ij + Xi(wj —aa,)}, & =B D (y; — ),
Ci=(I,+B/D;'B;)!
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__________________________________________________________________________________________________________|]
i) The conditional distribution of W; given (y,;, Z;; = 1) is obtained as:
L—p
Flwi lys, Ziy = 1) =7ifare | wis —5— Xij» Yi

1
+ (1 —7j) fara (wj; p7Xija"/}i> ) (14)

2
where
Xij = (W —ti+ae,m) By — pi+aa,m) o % i =nf B7n+a; %,
fan, (vis i — aaymimi, 20,05, 0772,a772)
Ti]‘ =

iit) Consequently forms (i) and (i1), we have

. xii 72 Kapyzer (Vixis)
POV Tw) = <1/’i ) { K1-p)/2 (V/¥ixij)
K_(14p) /240 (V¥iXig) } R
E_ipy2 (Vixig) | ’
E(U;; | y;) =Ci {&; + X (BE(W; | y;) — aa,)}
EW;'Uij | y;) =Ci {&; EWV; " [ y) + Ai(1 = aa, EW; " | y))) },

_|_

and
—177. 71T _ —17; T 7
EW; U;U;; | y5) _{E(Wj Uij | y))€ + [EU; | ;)
— CLaiE(Wjilﬁij ‘ yj)] A;r + Iq}Cl (15)

Proof. See Hahsemi et al. [15]. O

3.2 Identifiability issue

Before developing an EM-type algorithm for the ML parameter estimation of (7),
it is important to examine the model identifiability. A finite mixture model is
identifiable if two sets of parameters cannot yield the same mixture distribution,
that is, f(y; ©1) = f(y; ©3) for all y € R? implying that @; = @,. Naderi et al.
[21] proved the identifiability of finite mixtures of NMVBS distributions based on
earlier work by Browne and McNicholas [3]. By using Naderi et al. [21], we provide
a sufficient condition for the identifiability of the PM-NMVBSFA (7) in Theorem
3.2 for the most general UUU structure. Based on Hashemi et al. [15], we add

fen, (yj;ui - aaim,nmzi,0~57a¢_2,ai—2) + fan, (yj;m — aq; Mi,Miy 24, —0.5

-2
y O

—2
Q;

1
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the restriction that B, D; !B, is a diagonal matrix with its elements arranged
in descending order of magnitude. A sufficient condition for the identifiability of
class C is established where

g
¢ Z{f(% 0): f(y;0) = ZﬂifNMVBS(ijlLi — a,Miy X, Miy ),

i=1

g
with m; > 0; Zﬂ'i =1, [[(tr — aa,mr) — (01 — ao,m)||, forr £1 €

i=1

B;D;lBiis a diagonal matrix, p; # by, \; # N\, By # B,., D; # D,.,«; # ar}.

Theorem 3.2. Suppose that pdf of the PM-NMVBSFA for the general UUU struc-
ture is parameterized in o different way as:

g
f(y; 9) = Zﬂ—rfNJ\l\/BS(ya“r = Ao, My X,y My ar)a and
r=1
~ g ~
F;0) =Y mfnmves(Y, i — as i, 21,0, ).
=1

For the considered PM-NMVBSFA model in (7), if condition C is hold, then the
equality f(y;©) = f(y; ®) implies that g = g, and there are r,l € {1,2,...,g}
such that p; = i, N\f = A, By = B, Dy = D,., and a; = &,

Proof. We first note that the finite mixture of our considered special cases of the
NMVBS distributions is identifiable, see, for instance, Naderi et al. [21] for the
identifiability issue of the finite mixture of the NMVBS distributions. Now, if
conditions class C are fulfilled and the proof can be obtained directly from the
proof of Theorem 1 Dang et al. [22]. O

3.3 Parameter estimation via the ECM algorithm

In this section, the parameter estimation of the PM-NMVBSFA model is carried
out via an expectation conditional maximization (ECM) algorithm. Meng and
Rubin [18] considered the ECM algorithm as an extension of the EM algorithm
[17]. Several properties of this algorithm include stable features, implementation
simplicity, and monotone convergence.

To simplify notation, we denote the complete data by y. = (y, UW,Z),
where y = (y1,...,Yn), U = (Uy,...,U)T, W = (Wy,...,W,) and Z =
(z{,...,21)7. From (13), the log-likelihood function of ® for y,., without con-

r T n
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sidering constant terms is

@ ! (W 1)2 —1
1 Ye) Z ZZU{ logm; — log a; — o277, 3 log |D;| — ftr (D;'Yy;)
1=1 j=1

—%((Wj—Qaai+W;1a§i)>\i>\j—2>\i(&j —a, WU+ WO, UT)}

(16)
_ 5 - ~ - T
where Yi; = W, (y; — mi — BiUy) (y; — pi — BiUy;)

After that, as conditional expectations, we have the following:

+(k . (k N

5 =E(Zy | y;:0W), @) = EOW; | Zy; = 1,y;,0%), (17)
k A 2(k 1y B

C(()”) =E(Uy; | Zij = 1,y;,0W), di} =EW; Uy | Zij = 1,y;,0%),

Q) =EW,'UU; | Zi; = 1,y;,0W), i) = B | Zi; = 1,y;,0®).

Now, the ML parameter estimation of the PM-NMVBSFA model via the ECM
algorithm proceeds as follows:

e E-step: At the kth iteration, the so-called Q-function defined as the ex-
pected value of complete data log-likelihood (16) concerning the conditional
distribution of S given the observed data y; evaluated at © = 0 s

g n
50k)) — (k) . R SN NP NI ,
Qo6 )—ZZz” {logm log a; 20%2( 2+t;7) 2log|Dl|

i=1 j=1
1 _ k 1 k
- 5tr (Di 1r§j>) - 5(( b — 2a,, + a2 {F AN
-2 () - onél) +0) ) (1)

where

k Nk k
Tz('j) :tz('j)(yj —pi)(yj — Ni) - B, é”)( IJli)T
- (y HZ)ClzJ BT + B Q(k)BT (19)

e CM-step 1: The CM-steps obtained by maximizing (18) concerning p;, A;, B;
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and D; proceed as follows:

n Ak (k) 2(k
~ _E ﬂ<k+1) _ Z] 1 Z(])(tgj)y7 - ( )C£z]))

e SR
S0 _ Z? 1 Afjk) (Cé’f]) - adgk)clij)
Z > Al(Jk) (wz(j) — 2a, a® +a? (k>t£f)) |
n n -1
BOHD = (37 509y, - alH0)E0) )T Z%@QE? 7
i=1 =

ﬁ(’f)

i

n

A (k 1 . (k) < (k

DZ( +1) =——Diag Zz§j>T§j+1/2> ,
j=1

where T( T1/2) is obtained by substituting f A( D and BEY into (19).

(3

Then, the factor loading can be calculated by B(kﬂ) l(kH)A(k“‘l) where
AR+ — g, Lg + bdi(k+1)A(k+1)A(k+l)T that a;® evaluated in the next

CM step. Also, we have the following estimates for different cases of covari-
ance structures:

e If B; = B, then

-1

o If Dz = dzIp; then

ey 1 (k) (ke 1/2)
3 j:1

e If D, = D, then
. 1 g
DD — 25 (k)T(kJrl/?)

o If D; = dI,, then

. 1 I L .
(k+1) _ — ~(k) S~ (k+1/2)
dr = DD AT

i=1 j=1
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e CM-step 2: The update of o; can be gained by maximizing Q(© | ©%)) or
equivalently by solving the root of the following equation:

) B o )
Z { — afﬁ(wij — 241

- % (20@@% EJ) 200\ )\T + QaLATChJ } =0.

Moreover, when «;s are assumed to be the same, say a; = a with ¢ =
1,...,g, the estimator of « is evaluated using functions such as uniroot in
R programming by

S aRNC R SRR k)
PIPIE {_5+$(wij —2+41t;)

i=1 j=1

- % ((2aaalt( ) 20) A, + 2a/\TC“]) } =0.

For calculating and predicting factor scores and missing information, denote the
ML estimates by e = (fri, -, g 1,91,-~~ ,0 ) where 0, = (/LZ,AZ,BZ,DZ,O[Z)
The estimator of factor scores can be evaluated as follows:

W = E(Uy | y;, Zij = 1,0) = A] V2 EUy; | y;. Zij = 1,0), (20)

where A; and E(Uj; | y;, Zij = 1,0) are calculated using A; = ba, Iy + bo; AiA]
and Proposition 3.1, respectively, evaluated at e. Therefore, we have

g
’lAl,j :Zéijﬁij, jil,,’ﬂ, (21)
i=1

3.4 Notes on implementation

Like any other EM-type algorithm, if the ECM algorithm is given good parameter
estimates, convergence may be speed up or made easier. When the raw data
contains missing values, after filling in the missing values of the kth variable with
the mean of the corresponding column regardless of the missing values, for 7; initial
estimate, we first divide the datasets into g groups using the k-means function in R.
Thus, the estimate of 7; parameters is the number of group members ¢ divided by
the number of sample (n). Initial value of [ (O) BZ(O), ﬁgo) and dgo) are described
in Hashemi et al. [15] datasets including the zth label.

The Akaike Information Criterion (AIC) and the Bayesian Information Cri-
terion (BIC) [23] are measures to select the number of classes and factors. It is
calculated as:

AIC = —200x +2m, BIC = =20, +mlogn,
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where m is the number of free parameters, and £, is the maximized log-likelihood
value.

Models with fewer AIC and BIC values are generally better fitted. To measure
the ability of clustering agreement, we employ the misclassification rate (MCR),
the correct classification rate (CCR) and adjusted Rand index (ARI, [24]). The
model with the highest CCR and ARI and lower MCR score is considered to
provide the most reliable classification accuracy.

4. Standard errors estimation

The hierarchical form of UUU model in PM-NMVBSFA regardless of scaling trans-
formation obtained by
}/j ‘ (U,;',Wj,Zij = 1) ~ NP(M1+B7UU,WJD1),
Ui | (W), Zij =1) ~ N, ((Wj — ag)A; A, Win—l) ;
Wj | Zij =1 ~ BS(ai, 1),
Z; ~ M(lym,... 7).
In this model, the information-based technique is exploited to compute the es-

timates of the parameter’s standard errors. Following Meilijson [25], the Fisher
information matrix can be approximated by

L(©|y) =783/, (22)

where
A~ Ec (-) Yej -
Sj =F (( | J) ‘ 'yj,@> , (23)

is the individual score vector corresponding to y;. Moreover,

g
1 _ 1 1
(0| y) = ZZ”{ —logay; — 202 (W; + w; t—2)— 510g|Di\ + 510g|A1-|
i=1 i
1 1
—gtr (W, 'D; Y(y; — pi — BaUyj) (y; — pi — BiUyj) ")
1

1
—EbaW;b\j Uy UG — §(Wj + Wi lal, — 2a0,) A A

1 _ 1/2 _
22— 5aa, W, U U + AT AU — ao, W 1Uij)},

denotes the individual complete-data log-likelihood contributed by y.; = (y;, Uiz, W;).
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Proposition 4.1. The square-root matriz of A; = aq, Iy + ba, NN = g, (I, +
BV
CaNi\; ) 1S

AP = Jan VAPV

where co, = b, /0q, and

V= [Vil Vi2"'viq}a

with vig = (=XNig—a+1/Ai1, 0...0 1 0...0 )T ford=1,...,q—1, v, =

g—d—1 times d—1 times
()\@1/)\1'7(1, Ai,2/>\i,q7 ey Ai,q—l/Ai,qy 1)T bemg eigem;ectors OfAi, and >\z = ()\7;’1, ey )\LQ)T.
Moreover, A; is a diagonal matriz which has the eigenvalues of A; along the main
diagonal. Specifically,

1 0 0
A = 0
: 1 0
0 -+ 0 1+ca [N
Proof. The proof is straightforward and hence is omitted. O

Let b; = vec(B;) denote a pg x 1 vector by stacking the column vectors of
B; and d; = Diag(D;) a p x 1 vector including entries on the main diagonal of
D;. Using differentiation of the standard matrix, the individual score vector (23)
includes the following elements:

R 2.(0 | yej) A Zrj g
i E ',9 = = ~ = 17 Y — 1 )
S, ( o, | yj ey (r g—1)
. £(© |y . (Al (2 X ..
Sj,mE( (8[,|L i) | Yy, ) :Zij{Di1{tij(yj7/1'i)*BiC1ij}}7
~ _ éc(® | ycj) A _ 2 A 1 AP 5 A
Sjb; = E ( ob; ‘ Yj, 0= Zij {VeC (Dz {(yj - /«’Jz)cllj - Bzﬂw}> }7
%m=E<

N — s, QA

(e(© | ye;) A\ o (e LAl ol -1
HO LD 1y,8) < fous (- (B -5 ) ).

~ ~ Al . ~ ~
— (Wi + tija3, — 2aa,) i + AZ (Coij — aa,Crij) + 52’;’},
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where w;; = E(W; | y;,0,Z; = 1), {;; = EW; ' | 4;,0,Z;; = 1), al;, = a;,

tij
b’di:2ai—|—5a \A|—a —&—aA, Lba ): i,

Coij = E(Uy; | y;, 0, Za—l) ATPEU; | y;, 0, Z'jzl)

Ciij = B(W; 'Uij | 95,0, Zi; = 1) = A, VPE(W; U5 | y;,©, Zi; = 1),
Quj = B(W;'U,U; | y;,0, Zi; = 1) = A, PE(W; 10,0 | y;,0, 2 = 1A,
&y = BW; U} Uij | 9,0, Zij = 1) = tr(£2;),
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g (Coij — @a,C1i5), for d=1,...,q.

A=A, a;=&;

daij = A}

To compute 6A}/2/80¢i and 8A3/2/8)\d for d =1,...,q, Proposition 4.1 and the
chain rule can be applied to gain

8Ail/2 0 {\/@ (Iq + Ca, Az')\iT)l/z] Q; 1/2 1/2
— = Qe
aOéi 80(i 2aa1 l
and
8A1/2 oV, 1/2 A1/2 1 Vo laV

i Vil 4V Vil vAl? Lyt
an, Ve [aA Vi i Vi 9,

As a result, the standard errors of © is obtained as the diagonal elements of the
square roots (22).

5. Simulations

5.1 Asymptotic properties of the ML estimations

In this experiment, we obtain the performance of the proposed ML estimations
based on the ECM algorithm to regain the true parameters for PM-NMVBSFA.
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We generate M = 500 artificial samples from model (7) with ¢ = 1, ¢ = 2 and
structure UUU under different sample size n = 100,200, 500, 1000,2000. The
common true parameters of these models include

m™ = 04, T = 06, a1 = 057 Qg — ]., )\1 = —1, )\2 =2
= (2,3,5,3,1)", pmy=(12,13,15,13,11)", By = (4,5,2,4,6)",
B; = (3757374) 7)T7 D, = diag(172537475)—r7 D, = diag(2?3747576)T'

The ECM algorithm is used to fit each simulated dataset under the UUU structure.
We computed the average values and the corresponding standard deviations of the
ML estimates across all Monte Carlo samples.

The relative absolute bias (RBias) and the root mean squared error (RMSE)
were computed for the estimation accuracy measurement:

M 5 M 5 H
. o 1 01 - etrue o Zizl(ei - 9)2
RBias = — ;le |T| and RMSE = |/ ==,

3

where 6; denotes the ML estimate of a specific parameter at the ith replication
and 04, is its true value.

In addition, investigating the standard error’s estimation consistency is inter-
est. So, by using the observed information matrix (IMSE), we measured the sample
standard deviation of parameters (STD) and the average standard errors:

) 1 (i L (X : 5
STD@) = | 37— z_;(e ) _M<;9i > and IMSE(d;) (24)

1 < 5(r)
= — ) SE(0)"),
Mr:l

where SE(@AET)) denotes the asymptotic standard errors of ; at the rth replication.
We examine the accuracies of STD estimators with IMSE as well as n increase for
the above factor model using discrepancy measures: sum of absolute deviation of
STD with IMSE computed by

SAD(6;) = |STD(é;) — IMSE(4,)|

where STD(6;) is the standard deviation of §; and IMSE(f;) is average standard

errors using the observed information matrix for parameter 8; with sample size n.

Figure 1 shows the means of RBias and RMSE for every parameter in UUU
structure of the PM-NMVBSFA model. It should be mentioned that the assumed
parameter differs for each model. Based on Figure 1, the simulation experiment’s
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Figure 1: Average RBias and RMSE of parameter estimates in the considered
EM-type as a function of sample size.

results show the effectiveness of the proposed ECM algorithm in parameter recov-
ery of all the considered sub-models. Figure 2, depicts that the empirical standard
errors (STD) differences and the theoretic results of standard errors (IMSE) tend
to get zero as well, revealing the reliability of the proposed asymptotic approxi-
mation through (22) to measure the ML estimates standard errors.

5.2 The performance of the factor models via heavy-tailed

data

In this simulation study, we examine the performance of the proposed model based
on heavy-tailed data in terms of clustering quality. These generated data sets are
simulated from a two-component normal inverse Gaussian factor model (NIGFA).

Y; = p;, + BU;; + €5

with probability m; (i =1,...,9),

(25)
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Figure 2: Value of SAD Criterion for parameter estimates in the considered EM-
type as a function of sample size.

where

Ui, —ag, A;7VPA] [ATY 0 ATV,
~ NT it 1 7 i 7 i |, 2
|: 1]:| G(I"FP <|: 0 ’ 0 Di ’ 0 y Xi 1/’ ( 6)

where A; = ag, I, + bo, \iA[, ae, = \/xi/Vi, be, = Xz/%% - 0(291.7
and NIG,(pi, Ai, Xi, X4, ;) denotes the p-variate NIG distribution, obtained as
a special case of GH distribution with k = —0.5. The four parsimonious mixtures
of NIGFA (PM-NIGFA) models generated in these simulations are: CUU, UCU,
UUC and UUU. The true parameters model for any structures are as follows:

T = 0357 T2 = 0657 X1 = 47 X2 = 67 'l/)l = ]-17 1/}2 = ]-7 )\1 = (172)T7
Xo=(5,2)", py =(10,11,12,13,14) 7, pp = (18,16,16,17,17) ",

and

e for CUU:

T
3 4 5 s -
6 0 0 ) ) D, = dlag(1a2537475) ’
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e for UCU:
po_(333 45\ 5 (22234)
1=\2 46 00) 72" \135 22 ’
D, = D, = diag(1,2,3,4,5)",
e for UUC:

.
33345
Bl<24600> ’BQ<

3 2

We generate n = 400, PM-NIGFA models with the above true parameters for four
structures. For each of the 100 replications, we fitted a full structure parsimonious
mixture of factor analysis (PM-FA), the parsimonious mixture of ¢ factor analysis
(PM-tFA), the parsimonious mixture of skew-normal factor analysis (PM-SNFA),
parsimonious mixture of skew-t factor analysis (PM-STFA) and PM-NMVBSFA
with ¢ = {1,2,3,4} and ¢ = 2. For every structure and model, the number of
selected components based on the lowest BIC is ¢ = 2. Figure 3 shows a heat
map of the average of BIC values for every structure and model based on 100
replications. The comparison of the average of model’s BIC values, shows that the
BIC is lower for the PM-NMVBSFA in every structure generated based on PM-
NIGFA. Once again, the ARI of all structures in five models is given in heat map
Figure 4 and shows that the model with the lower BIC also has better clustering
performance.

6. Analysis of the Sonar data

Sonar, navigation and distance detection by sound, is a technology that can iden-
tify other vessels or ships by using underwater sound emission. Active sonar works
by generating sound pulses (known as pings), and then listening for the return
pulse. To determine the distance from the target, one can measure the time be-
tween receiving and sending the pulse. To measure the direction and alignment
of the target, multiple hydrophones can be used, and then the time of receiving
the pulse by each of these hydrophones is measured by comparing these times, the
direction and alignment of the target can be easily determined. Sonar performance
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Figure 3: A heat map representation of the average BIC value for all eight struc-
tures in each model.

depends on the speed of sound. The speed of sound in freshwater is slower than
the speed of sound in seawater. In all waters, the speed of sound depends on the
density of the water. Density depends on parameters such as temperature, water
salts (usually water salinity) and pressure.

The performance of active sonar is similar to radar. A sound pulse is sent,
then the sound waves start moving in all directions. When these waves hit the
ground, the incident waves are reflected in all directions and some of the reflected
signals reach the active sonar sensor. These reflected signals enable sonar techni-
cians to identify parameters such as signal frequency, signal energy, depth, water
temperature, and as a result, the location of the target.

To illustrate our methodology, we consider the Sonar datasets studied by Gor-
man and Sejnowski [26]. This dataset is available at the UCI Machine Learn-
ing Repository (https://www. kaggle.com/code/martinhewing/uci-sonar-dataset).
There are n = 208 inventories with p = 60 continuous attributes between 0 and 1,
denoted by X1, ..., Xg9, that contain measurements on 111 bouncing sonar signals
off a metal cylinder and 97 bouncing signals off rocks subsets. Figure 5 shows range
of skewness and kurtosis for 60 attributes of Sonar data. The results depicted in
Figure 5 show that for the considered data most of the attributes are moderately
skewed.

To study the performance of the considered model, we implement PM-N, PM-
T, PM-SNFA and PM-STFA to compare with the PM-NMVBSFA model with the
number of latent factors ¢ ranged from 2 to 7 for ¢ = 1,...,5 to fit the Sonar
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Figure 4: A heat map representation of the average ARI value for all eight struc-

tures in each model.
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Figure 5: Range of skewness and kurtosis 60 attributes Sonar data.

data datasets. For every model, the number of selected components based on the
lowest BIC was g = 2. Figure 6 shows the minimum BIC for the eight structures
for all models based on each pair (g,q). The BIC of all eight structures in every
model was compared to the sonar data for ¢ = 2 and ¢ = 2,...,7 in the heat map
Figure 7. The model with the lowest BIC (-35307.75) was selected; this was the
CUU structure of the PM-NMVBSFA model with g = 2 and ¢ = 7. Table 2 shows
10 first attribute parameters for the 2 clusters as well as the standard errors for
the selected model, we do not show other attributes for the sake of space.
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Figure 6: A heat map representation of the minimum BIC value for each value of
(g,q) in sonar data sets, where the minimum is taken over the eight models.

The results of clustering selected structures based on Figure 7 are compared in
Table 3. The clustering performance of PM-NMVBSFA (ARI = 0.477) is better
than that of PM-STFA (ARI = 0.425). According to Table 3 and Figure 7, the
CUU structure of PM-NMVBSFA is the best model to fit and the best clustering

accuracy for this dataset.
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Figure 7: A heat map representation of the BIC value for each models with g = 2
for sonar data sets.
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Table 3: Performance estimation for factor models fitted to the sonar data.

PM-FA PM-tFA PM-SNFA PM-STFA PM-NMVBSFA

Selected model ¢ =6 uucC q=T CUU q="1 CUU q=T CCU q="1 UucC
1 2 1 2 1 2 1 2 1 2
Rock 15 82 11 86 85 12 88 9 91 6
Metal 38 73 31 80 33 78 29 82 27 84

7. Concluding remarks

A computationally feasible ECM algorithm is developed to estimate PM-NMVBSFA
model parameters under eight structures covariance matrix to accommodate asym-

metric shapes and heavy tails data. The performance of the proposed finite mix-

ture models has been investigated by model-based clustering using two Monte

Carlo simulation studies and a real data set. Numerical results reveal that the

PM-NMVBSFA model outperforms other competing models based on model fit-

ting and outright clustering when data contain and exhibit non-normal features

such as multimodality, asymmetry, and heavy-tailed data.

There are a few issues as well as possible modifications related to the proposed
methodology that deserve further attention. As has been indicated in these mod-
els, its PM-NMVBSFA under a missing-information framework as an extended tool
to accommodate incomplete data can be challenged. We have recently focused our
work on these subjects and it is expected to present the findings in future papers.
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Appendix A. The GH and the generalized inverse
Gaussian

The GH distribution of [20] showed its applicability in modeling skewed data,
despite its complicated form. Its probability density function (pdf) has the form

(SIS

K, _ (\/(1/; FATEA) (x + (2 — p) TSz — u)))

fGHp(m;uvkaEaK:?Xv’lp) =C P
(V@ A= N (ot (- ) S — )

2
xexp{(z—p) ' E7'A}, zeR?, (27)
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m, A € RP 3 € RPXP gpace of p X p positive definite matrices, where

C = (/X)W + ATETINP ) (2mP 2B P K (V).

is the normalizing constant. We shall write X ~ GH,(u, A, 3, k, X, ¢) to indicate
that the random vector X has the pdf (27). Specifically, W follows the generalized
inverse Gaussian (GIG) distribution with pdf

. _ w K/2 wnfl 1 1 0
fcza(w,mx,w)—<x> WQXP{2(W X+w¢)}7 w > 0.
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