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Abstract

We consider a general class of asymmetric univariate distributions depend-
ing on a real-valued parameter a, which includes the entire family of univariate
symmetric distributions as a special case. We discuss the connections between
our proposal and other families of skew distributions that have been studied
in the statistical literature. A key element in the construction of such families
of distributions is that they can be stochastically represented as the product
of two independent random variables. From this representation we can readily
derive theoretical properties, easy-to-implement simulation schemes as well as

extensions to the multivariate case. We also study statistical inference for this
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class based on the method of moments and maximum likelihood. We give spe-
cial attention to the skew-power exponential distribution, but other cases like
the skew-t distribution are also considered. Finally, the statistical methods are

illustrated with three examples based on real datasets.

KEY WORDS: Kurtosis; Skewness; Stochastic Representation; Symmetric Distri-

butions.

1 Introduction

There has been an increasing interest over the last decade in the construction of flex-
ible parametric families of distributions that exhibit skewness and kurtosis differing
from those of the normal distribution. Many of these efforts have been motivated by
the need to improve on modelling capabilities in connection with linear and nonlinear
regression models. In this regard, a very popular choice is given by the family of ellip-
tic distributions introduced by Kelker (1970) and systematically studied in Cambanis,
Huang and Simons (1981). This class contains a vast set of known distributions such
as normal, compound normal, ¢-Student, power exponential and logistic. A compre-
hensive review of elliptic distributions can be found in Fang, Kotz and Ng (1990)
and in Arellano-Valle (1994). However, the main disadvantage of the whole class
of elliptical distributions is that they include only symmetric distributions, so their
practical application is restricted to situations where the symmetry assumption seems
reasonable.

Consequently, a major research effort has been focused in the study of parametric
families of asymmetric distributions which are analytically tractable, accommodate
practical values of skewness and kurtosis, and have the normal distribution as a par-
ticular case. Such distributions are particularly useful for data modelling, statistical
analysis and the study of robustness of methods based on normal theory. The works

by Azzalini(1985, 1986) introduced a class of asymmetric univariate normal distribu-



tions, called skew-normal (SN), which includes the normal distribution as a special
case. See also Henze (1986). The construction inherent to the SN distribution has mo-
tivated several extensions. Azzalini and Dalla Valle (1996) and Azzalini and Capitanio
(1999) introduced multivariate versions of the SN distributions. See also Genton, He
and Liu (2001). The idea was further extended in Branco and Dey (2001) who in-
troduced the class of multivariate skew-elliptical (SE) distributions, which contains
the SN and coincides with Azzalini’s construction in the univariate case. Indeed, the

univariate SE is obtained as

9(x[A) = 2f (z) F(Az), (1)

where F is the cdf of a symmetric density f on R, i.e. f(z) = f(—x), and X\ € R is the

22
asymmetry parameter. The SN corresponds to the case f(z) = ¢(z) = © \/27?2. Recent

extensions of theses ideas are discussed in Genton and Loperfido (2002), Arellano-

Valle, del Pino and San Martin (2002), and Arellano-Valle and Genton (2003).

The work by Ferndndez and Steel (1998) presents an alternative procedure for
generating skew distributions from symmetric kernels, based on the introduction of a
positive asymmetry parameter (see also Ferndndez et al. 1995). They define a family

of distributions with density given by

h(zx|y) = (f (ye) I{z < 0} + f(z/y)I{z = 0}), (2)

v+
where f is a symmetric density (around the origin) and 7 > 0. Bayesian inference
for a regression analysis under the skew-t distribution obtained from this class is also
considered there. More recently, Mudholkar and Hutson (2000) study the epsilon-
skew-normal (ESN) distribution, a form of which can be tracked back to Fechner
(1897). They study parameter estimation using the moment and maximum likelihood
methods. We note here that the ESN distribution is a special case of a more general

family with density defined as

h(zle) = f(z/(1+ ) [{z < O} + f(z/(1 = €))[{x > 0}, (3)
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where |e| < 1. The ESN follows by choosing f(z) = ¢(x).

This work introduces a general family of skew distributions that includes (2) and
(3) as special cases. A key element in our construction is that the members of the
new class can be stochastically represented as the product U, -V, where V is the
absolute value of a random variable with symmetric distribution, and U, is discrete
and independent of V| with support {—b(«), a(«)}, where a(«) and b(«) are known
positive asymmetry functions and the asymmetry parameter « is defined on some
subset of R. The asymmetry functions are such that a(«) = b(a) reduces down to
the symmetric case. Thus, the whole class of symmetric continuous distributions
is obtained as a particular case. Furthermore, the construction can be equivalently
formulated in terms of densities supported on R*.

The rest of the article is organized as follows. Section 2 gives the definition of
the new family, showing how this can be expressed as a class of location-scale dis-
tributions. At the same time, we discuss connections between the sub-families (2)
and (3). We also obtain the stochastic representation, which turns out to be quite
useful for the study of properties of the proposed family, such as moments, skewness
and kurtosis. In Section 3 we briefly describe the results of applying the construc-
tion to some relevant special cases, such as the normal, ¢ and logistic distributions.
Statistical inference for the new family is discussed in Section 4. In particular, we
study the properties of moments estimates for the general case, and maximum like-
lihood estimation for the important case of the skew-power exponential distribution.
Section 5 shows how the methods apply in three examples, and final discussions and

multivariate extensions are given in Section 6.

2 A General Family of Skew Distributions

The basic idea in Fechner (1897) is to form a distribution by joining at = 0 two

half normals with different scale parameters. This is crucial for the developments pre-



sented in Mudholkar and Hutson (2000). The same principle applies to the construc-
tion given in Ferndndez and Steel (1998). We extend both families of distributions

as follows:

Definition 1 Let f be a symmetric density. We say that X is a skew random variable

if its density function is given by

h(zla) = m {f (ﬁ) Iz >0} +f (b(x—a)) Iz < 0}} Y

where « is an asymmetry parameter and a(a) and b(«) are known and positive asym-

metry functions. We denote this by X ~ S(f,a), or alternatively, by X ~ Sf(a).

It follows that if the asymmetry functions are chosen to be equal, then (4) reduces
down to a scale family based on f, which does not modify the underlying symmetry.
Hence, the entire class of symmetric densities is a special case of (4). Since any
symmetric density on R can be uniquely determined from a density on R*, the entire
S f(a) family can be defined in terms of densities supported on R™ only.

From (4), and letting F' denote the cdf of f it is immediately seen that the cdf of

a skew distribution is

_2e) p <L> if z <0
B a(a)+b(a) b(a)
H(z|a) = bla)-a(a) | _Zala) p (L) if >0 i
a(@)Fb(@) T a(@+b(@)" \a(@) B

Some basic properties of the S(f, «) family are stated next. The proofs are straight-

forward and therefore, omitted.

Proposition 1 With the above notation, the following properties hold:

1. The median of the skew family is obtained as
b(a)F! (%) if a(a) < b(a)

a()F! (%) if a(a) > b(a)

H(1/2]a) =

bla
2. H(0lo) = 718



3. If X ~ S(f,a) then
P(X >0la)  a(a) 7)

P(X <0la)  bla)’
Remark 1 The skew class (2) of Fernandez and Steel (1998) is a special case of (4),

obtained by choosing a(y) = v and b(y) = %y’ for v > 0. In turn, (3) follows by
choosing a(e) = 1 — e and b(e) = 1 + ¢, with |¢] < 1. It is interesting to compare
the behavior exhibited by these two special cases. First note that both sub-families
retain the mode at + = 0. Under (2), we have symmetry if and only if v = 1.
Besides, h(—z|y) = h(z|y™1), i.e. if X ~ h(z|y) then =X ~ h(z|y™'), and (7)
becomes 2. In contrast, under (3), symmetry is obtained if and only if ¢ = 0, and
h(—z|e) = h(xz| — €) so that X ~ Sf(e) implies —X ~ Sf(—e). Also, (7) becomes
(1 —€)/(1+¢€). One may be tempted to think of (3) as a reparametrization of (2),
by simply matching the expressions for (7), which yields € = (1 —~%)/(1 ++?), a
one-to-one transformation between R* and (—1,1). This is of course not true. For
instance, taking f as the U(—1,1) density, (2) yields the U(—1/~,~) distribution,
while (3) gives, using the above transformation, the U(—2/(1 + 7?),2+%/(1 + 7?))

distribution. These are clearly different. Besides, under (2),

lim h(z|y) =0 and lim h(x|y) =0,
Y—00

y—0t

while under (3)

lim h(zle) = f (g) {z>0} and  lim h(zle) = f (g) I{z < 0},

e——11 e—1—
so that the asymptotic behavior when the corresponding asymmetry parameter ap-

proaches the extremes is radically different.

We next show that any random variable X with density function given by (4) can be

represented as the product of two independent random variables.

Proposition 2 Let f be a symmetric density and consider known and positive asym-
metry functions a(«) and b(a). Then X ~ Sf(a) if and only if there are two inde-
pendent random variables V' and U, with V ~ 2f(x)I{z > 0} and P(U, = a(«)) =
a(a)/(a(a) + b(a)), P(Uy, = —b(0)) = b(ar) /(a(er) 4+ b(a)) such that X = U, V.
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Proof: The sufficiency of the condition can be obtained by direct computation of the

density function of U,V. To show necessity, define

ala) ifX >0 X i X >0
U, = v =4 o
—b(a) fX <0 oy X <0

Then it follows that X = U,V , U, and V are independent and have the appropriate

marginal distributions. [J

Remark 2 The stochastic representation depicted in Proposition 2 and its proof
show an alternative way of constructing random variables X ~ S(f,«), which is
particularly useful for simulation purposes: simply generate Y ~ f, and U, with
P(U, = a(a)) = a(a)/(a(a) + b(a)) = 1 — P(U, = —b(«)) independent of Y, and
set X = U,|Y'|. Moreover, we may think of the family (4) as the result of generating
first a random variable V' with the same distribution as |Y|, followed by a random
assignment of the sign and a rescaling, as indicated by the U, factor. Furthermore, we

can rewrite U = U, /|U,| = X/| X|, where P(U = 1) = 58— = 1-P(U = —1), and

letting R = |U,|V = | X| we get X = RU, with R and U being independent. Note that

the sign of X is, in general, chosen with unequal probabilities. When a(«) = b(a) = 1
the rescaling vanishes, and (4) is generated by choosing the magnitude first, followed
by a random reflection about the origin. This is just the stochastic characterization
of any symmetric distribution about 0, as discussed in Fang et al. (1990), and later

generalized to a C-class of symmetric distributions by Arellano-Valle et al. (2002).

We next extend the family of skew distributions to include location and scale

parameters.

Definition 2 Let X ~ S(f,«). The family of location-scale skew distributions, is
defined as the distribution of Z = 4+ ¢ X for 4 € R and ¢ > 0. The corresponding
density is given by

119 = i () 12+ () 1<} @

7



where 8 = (u, 0, ) and we denote this by Z ~ S(f, u,0,a), or Z ~ Sf(u,0,a) or
Z ~ Sf(0).

Basic properties of the location-scale skew distributions can be obtained exactly

as before. For instance, the median is given by
j+ ob(a)F! (%) if a(a) < b(a)

p+oala)Ft (%) if a(a) > b(a).

H'(1/2]a) = (9)

The stochastic representation in Proposition 2 allows to easily compute moments

of the skew distributions. For r € {1,2,...} denote

b= [ et e

i.e., d, = E(V") in the notation of Proposition 2. It is clear that d, < oo is a necessary
and sufficient condition for the existence of moments up to order r of (4) or (8). Thus,

assuming existence, expressions for these moments are given next.

Proposition 3 Let X ~ Sf(0,1,«a) and Z ~ Sf(u,o0,a), and denote p, = E(X")
and p,. = E(Z"). Then we have, for r =1,2,...

. {a(a)’”z(;t)(;lljz;b)(a)m } 4 ad - ; (;) ot

Proof: The result follows by using the independence of U, and V in Proposition 2,
and the Binomial Theorem. L.

In what follows we will specialize our discussion to the sub-family (3), i.e. we
assume a(a) = 1 — « and b(a) = 1 + a. This is motivated mainly by two reasons.
First, (4) is quite general, and any practical application of such distributions require
adopting specific forms for the asymmetry functions. And secondly, (3) is an inter-
esting class by itself, which has more stable behavior than, e.g. (2). See Remark 1
above. It is then an immediate consequence of Proposition 3, that expectation and

variance of the corresponding location-scale skew distribution are given by
E(Z) = p—2a0d; and Var(Z) = 0> {(1 + 30%)dy — 4(ady)?} . (10)
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Likewise, the (standardized) skewness and kurtosis coefficients are given by

fis — 3ty + 243

- pa — Apps + 63 s — 3pud (11)
T {14 3a2)dy — 4(ad,y )23

d —
o YT T+ 30)ds — 4(ad)2)?

where p,., 7 =1,2... is defined in Proposition 3.

3 Some Special Cases

Table 1 gives specific results for the following particular cases of density f in (4),
assuming a(a) = 1 — « and b(a) = 14+ a: (i) f(z) = c1exp{—1|z[**P} with
eyt =26+921((3+4 3)/2) (Power Exponential); (i) f(z) = co(1+ 22 /v)~0+)/2 with
co = (vm)"V20(v/2) 7T ((v+1)/2) (Student’s t); (iii) f(z) = e /(14+e7%)? (logistic);
and (iv) f(z) = (2T'(v)) ' 8% |z|*~ e P1#l (symmetrized gamma).

flx) d, E(Z) Var(Z)
2 B /20(148)(141)/2) 2G+8)/2 46T (14 8) 520148 2 3(1+P)
Power 11572 S (=) T(1+5)/2) {(1 + 3a2)T (42 )
. 4a’I(144)?
Exponential _W}

r—1

r—1-2j
2

ril K (—1) 2
2co1 72 j;o =21 ( ; )7

t (%) if 7 is odd j — Acavao o2 {u(l;_s;% _ 16((;2?)@2}

v"/2.1.3...(r—1)
(v—r)(v—r+2)---(v—2)°

if r is even

dy = 2log(2)
Logistic d, = w, u— 4daolog(2) o2 {% - 16(ozlog(2))2}
r=2,3,...
2 —4(av)?
Symmetrized g(%m - 2aﬂou o2 {(1+3a )V(r;zrl) 4(av) }
Gamma

Table 1: Summaries for some particular cases of interest. Here Z ~ S(f,u,o,a) for

f(z) indicated in the first column. (*) In this case, d, < oo if and only if v > r.



Remark 3 We note here that the power exponential distribution has a “strict inclu-
sion” property. Indeed, the normal and double exponential distributions are obtained
by taking 8 = 0 and § = 1 respectively. In addition, great flexibility in the specifi-
cation of skewness and kurtosis coefficients is obtained. For instance, setting g > 0
yields heavier tails than the normal distribution, and the contrary is true for g < 0.
We also note that the moments shown in Table 1 for the logistic distribution (iii)
involve the Riemann Zeta function ((r) = i j%, which exists for integers r = 2,3, ...
j=

Table 2 illustrates the wide ranges of skewness and kurtosis computed as (11)
that can be obtained for different choices of the generating density f(x). We remark
here that the ranges for the S(¢,a) distribution coincide with those for Azzalini’s
SN(A) (Mudholkar and Hutson 2000). From (4) we can also see that the mode of
the S(¢, ) is always located at x = 0, while for the SN(A) distribution this varies
with A. In addition, if X ~ SN()) then X? ~ x?(1), the chi-square distribution

with 1 degree of freedom. Therefore, the even moments of X do not depend on the

asymmetry parameter A\, which is not the case for the S(f, &) model.

f(x) Skewness Kurtosis

Power Exponential(0) —0.995 < a3 < 0.995 | 3.000 < a4 < 3.869
Power Exponential(0.5) —1.504 < a3 < 1.504 | 4.200 < oy < 6.008
Power Exponential(-0.5) —0.443 < a3 < 0.443 | 2.180 < oy < 2.440
t(5) —2.550 < a3 < 2.550 | 9.000 < avg < 23.109
Logistic —1.540 < a3 < 1.540 | 4.200 < ay < 6.584
Symmetrized Gamma(6,3) | —0.816 < a3 < 0.816 | 1.714 < ay < 4.000

Table 2: Possible values for the standardized coefficients of skewness and kurtosis for

some particular cases when the asymmetry parameter o ranges over (—1,1).
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Figure 1: Ezamples of S(f,«) density for a« = 0 (dashed line), o = —0.4 (dotted
line) and a = —0.8 (solid line). From left to right, upper panel shows the cases
when f(x) is: (i) the t) density; (i) the symmetrized I'(6,3) density; and (iii) the
SPE(0,1,«,0) density. From left to right, the lower panel shows the cases when f(x)
is the SPE(0,1,a, 3) density with (i) B = 0.5; (ii) 5 = —0.2; and (iii) = 1.
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Figure 1 shows plots of the skew densities S(f, ) for different choices of o and
f(x). The left plot in the upper panel corresponds to the t( distribution, which is
a heavy-tailed version of the case f(z) = ¢(x), studied by Mudholkar and Hutson
(2000). The middle plot in the upper panel depicts the case when f(z) is the sym-
metrized ['(6, 3) density, which results in bimodal shapes. We note that these modes
are not symmetrically located with respect to the origin, and the locations depend on
the value of . The remaining plots represent the various shapes that the resulting
distributions may adopt when f(x) is the skew-power exponential density for different

choices of 3.

4 Inferential Aspects

We discuss now issues concerning statistical inference in the location-scale skew fam-
ily (8), under the assumption a(a) = 1 — a and b(a) = 1 + a. In the general case,
we discuss estimation via the method of moments as well as some asymptotic results.
For the particular case of the power exponential distribution, we study maximum
likelihood estimation. Our developments follow the methodology discussed in Mud-
holkar and Hutson (2000), thus extending some of their results, particularly those

concerning asymptotic theory, to a larger class of distributions.

4.1 Estimation by the Method of Moments

Let Z1,...,Z, be a sample from the Sf(u, o, ) density (8). Then

Var(Z)
= E(Z) + 2aod d 2 = . 12
H (2) + 200d, an 4 (14 302)dy — 4a2d? (12)

When f does not depend on additional parameters, the d; coefficients are completely
specified, so we use the sample skewness coefficient v, and solve

 —4a(1 4 a2)ds + 66(1 + 362)dydy — 16432

= 13
' {(1+ 3a2)ds — 46242} 13)
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for &, using an appropriate numerical method. Let aj; be the solution. Next, we
substitute in (12) a by du, E(Z) by the sample mean and Var(Z) by the sample

variance, from which the moments estimates (fias, 63;, &pr) are readily obtained.

Remark 4 A similar procedure can be applied when the d; coefficients are unknown,
i.e., f depends on an additional real-valued parameter 5. In this case, we resort to

the sample skewness (1) and kurtosis (72), adding to (13) equation

o = (L4108 + 56", — 326%(1 + a%)biby + 246°(1 + 3a%)bby — 48a%h} |
2 {(1+3a2)dy — 462d3}° ’

where b, = d,(3). Solving (13) and (14) for o and 3, using some numerical method,
we obtain &, and ﬁM, which are later used in (12) to produce fiy; and 63,. Note in

this case that d, in (13) needs to be replaced by by, r = 1,2, 3.
Asymptotic normality of these estimates is established next.

Proposition 4 Let Z;,...,Z, be a sample from the Sf(u,o,a) distribution with
known f. Let 8 = (u,0% ) and for k = 1,2,3, write uj, = u,(0) = E(Z*). If

114(8) < 0o and @y,(n) is the corresponding moments estimate, we have

p D

V(0 (n) — 6) = N5(0,1(6))
as n — oo, where I'(0) = H'(0)X[H1(0)]", X = {(uiy; — pin})i;} and H(O) is
given by

1 —ady —20d;

o

2uad 2
2 — doady T3dy — T —4pody + 60*ads )
3u2—12uaad1+3027'3d2 3u73d2—3“i%d1—60a7'1d3 18u02ad2—6u20d1 —403713d3

with 7, = (1 + ka?).
Sketch of the Proof: Define A(0) = (11(0), 115(0), 115(0)) and H(0) = 0A(0)/06.

It follows that H (@) is a continuous function of @ and has complete rank. Then the

13



result is a consequence of a standard Taylor series expansion of A(8):
Vi (M, — A(8)) = v/n (8, — 0) H(8)" + 0,(n),

where M, is the vector of the first three sample moments. [

4.2 Maximum Likelihood Estimation for the Skew-Power Ex-

ponential Distribution

Maximum likelihood estimation (MLE) for the Sf(u,o,«) family is, conceptually,
straightforward. In practice, however, computations require some care. To illustrate
these calculations, we analyze here the skew-power exponential (SPE) distribution
with known (3. The methodology extends the results presented in Mudholkar and
Hutson (2000), who considered the particular case of the skew-normal distribution
(i.e., B =0).

Let z(1) < 2z@2) < -+- < 2(,) be the order statistics associated to a random sample
Z1,...,Zy from the SPE(y, 0, «, 3) distribution. Denote z(g) = —00 and 2(,41) = o0.
Let k = k(2q), .., 2mn), 1) be the random integer such that z) < pt < Z(k41). By the
continuity of the SPE distribution, k is well defined with probability 1, and ranges

over {0,1,...,n}. The log-likelihood function can then be expressed as
2 n 2 1
l(MaU 7a) = nlog(cl) - 510g(0’ ) o 2 gk(,ua 05)7 (15>
20 +8)
where
2 i 2 2 1 2
(i) = {(1 Fa) T Y Ja — T 4 (1—a) T Y [z u|<w>} .
i=1 i=k+1

(16)
To compute the MLE of 8 we need to maximize (15), which we can do by fixing
k first, and then finding the corresponding optimal values 0. The MLE, is é,: =

arg max [(0},) over the set k =0,..., n.

14



The cases k = 0 and k = n can be easily solved. When k = 0 then (15) reduces to

2
n 1 L ’Z N — HJ| (1+8)
_5 10g(0’2) - 2 Z 2 2 )
2005 = (1 — )09

which, in terms of «, is maximized at &y = —1. In addition, u < z) which implies

that fip = 2(1), and from this it follows that

Similarly, when k& = n we obtain &, = 1, fi, = 2(,) and

148
- [ -]

21+’8n 1+ 6 1=1
When 1 < k < n, we need to solve the likelihood equations

2

0 0 0
%gk(ﬂa O[) = 07 %gk“ta a) = Oa @l(/% o ,O[) =0.

In terms of a and 02 we can easily find that

k R 2 % n R 2 %
(Z |Z(i) — fu| 1”) - ( > |Z(i) - Mk|1+5)
. i=1 i=k+1
Eo = 1+6 148
k o \ 3P n 2 \ 38
(Z |2y — Mk|”5> + ( > |Z(i) - Mk|”5)
i=1 i=k+1
2 |2( )_Nk’H"B |Zz)_:uk|1+ﬁ
- Dy
i=1 I+ ak 1+ﬁ i=k+1 1 - ak 1+ﬁ

Additionally, it follows that gi(-) is differentiable with respect to p provided that
—1 < # < 1. However, this does not imply that %gk(,u, a) = 0 can be solved in the
interval (z(), Z(k+1)). If this is the case then fi, will be either zy) or z(z41) according
to wether 879’?(”7 «) is negative or positive over (), Z(x+1)). On the other hand, if
gr (11, o) does have a local minimum at an interior point of the interval (2(x), z(k+1))

then this point is a solution of

k 1-8 1-3
Solzay —plF X Jze) — p|T
=1

k 1
> le — X Jaw — pl
=1

i=k+1

Putting the pieces together, we have shown the following:
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Proposition 5 The MLE of 6 is (jix, 6%, &), where k is such that [(fx, 67, &) >

I(f1j,63, &) for all j € {0,...,n}.
Asymptotic properties of the MLE are established next.

Proposition 6 Let Z ~ Sf(u,o,«). Assume that f has two continuous derivatives

and that the following quantities exist for : = 0,1,2 and j =0, 1:
/ > ((f’(t))2
0 ft)
/ 7 f'(t) dt.

0

Then the MLE 6 = (1,62, &) is consistent and asymptotically normal: /n(6 — 6) Z

- f”(t)) t dt

N3(0,V) as n — oo, with

o?(1—a?)(ra—2s1) 0 a(1—a?)(sp—k1)
2[ko(Kk2—2s1)—(s0—K1)2] 2[(so—K1)2—ko(k2—251)]
— 20.4
V - 0 ko—3s1—1 0
o(1-a?)(so—K1) 0 ro(1—a?)

2[(s0—r1)2—ko(k2—251)] 2[ko(k2—2s1)—(s0—k1)?]

Proof: Straightforward (e.g. Lehmann 1999) and therefore omitted. O

Table 3 shows the values of x; and s; for the examples considered in Section 3.

f(x) So | S1 Ko K1 K2
1| ad=pgIr({(1-p)/2) ca(1-5) 1-8
Power —C -3 1 2(1+B)/2(1+ﬂ) 7 11+6 m
Exponential g <1
1 +1 ca2(v—1) -3
tw) —C2 | 3 2078 T3 | 369
. log(2 2
Logistic -11-3 1 -+ + %() N,
. 2 v
Symmetrized | — % 0 ﬁ , g ’ Tl
Gamma, v>2 v>1

Table 3: Values of k; and s; for the examples
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Corollary 1 If Z ~ SPE(u,0,«, ) with known [ then the asymptotic covariance

matrix V' from Proposition 6 is given by

(1—ﬁ><3+5>F( ") ( ") —4 (- ﬁ)(3+ﬁ)F(L)F(¥)—4
V= 0 2(1 + B)o 0
+8
277 (1+8)(1—a2)
) 0

(1-8*)(1—a®)r (%@N#)
(1-8)(3+8)r (152 )1 (22) -4

mw

(- 3+ﬁ( )(

)4

Remark 5 We can also extend the result of Theorem 4.11 in Mudholkar and Hutson
(2000). Indeed, taking the transformation

[ko — 351 — 1 2 —26)) — (50 — K1)?
g, 6%,8) = | f, Femon =2 281 log(52)>\/ ol 81/20 (50 Kl)]arcsin(@) )

then as n — oo

o2 (1—a?)(ka—2s1) 0 o(k1—s0)V1—a?
2[ko(r2—2s1)—(s0—k1)?] \/2[/@0(!‘&2*281)*(807!{1)2}
A D
Vn(g(0) — g(8)) — Ns |0, 0 1 0
o(k1—s0)V1—a? 0 1

\/2[!{0(/{27281)7(30*%1)2]
This result can be used to construct approximate confidence intervals for individual

parameters. For instance,

(Sin {arcsm(d) —ot (1) \/ 2l (s — 2:()) ~ (50— )] } :

sin {arcsm( )+ @ (1 - %) \/gn[mo(@ — 2::()) — (s0 — K1)?] }>

is an approximate 100(1 — )% confidence interval for c.

Finally, the case where (3 is unknown can be conceptually handled with no extra
difficulty. This simply requires solving an enlarged set of likelihood equations that
includes the extra variable and the additional equation given by l (u,0% a, 3) = 0.
Asymptotic theory for this new scenario requires deriving the corresponding and also

enlarged Information matrix, which can be easily done using standard calculations.
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5 Examples

We now apply the methods discussed earlier to three examples. The first one is
the dataset of 219 heights of volcanos used in Mudholkar and Hutson (2000). The
second example is taken from a dataset consisting of several variables recorded on
202 Australian athletes and reported in Cook and Weisberg (1994). Concretely, we
analyze here measurements of the plasma ferritin concentration. The third example
considers the dataset provided by the Chilean National Institute of Statistics (INE),
consisting of births that resulted in death of the child before reaching the age of 1
year. Data on an equal size sample of births that survived 1 year are also available.
Specifically, we analyze here a random subsample of 250 of the mother ages.

Table 4 presents some summary statistics for the three datasets. These summaries
suggest that the first two examples correspond to leptokurtic densities, while the third

one is platykurtic. Additionally, in all the three cases positive skewness is present.

Example | n X S? 901 V2

1 219 | 70.246 | 1850.56 | 0.840 | 3.482
2 202 | 76.876 | 2256.37 | 1.290 | 4.486
3 250 | 26.408 | 49.27 | 0.283 | 2.398

Table 4: Summary descriptive statistics for each of the examples. Here, v1 and 7

represent the sample skewness and kurtosis.

We fitted the skew-power exponential (SPE) distribution to the examples, us-
ing the method of moments (MM) and maximum likelihood (ML) as described in
Section 4. The results are summarized in Table 5, also including asymptotic 95%

confidence intervals for all estimates.
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Estimation Method
Example | Parameter MM ML
1 27.773 (-8.929,64.476) 26.774 (16.251,37.298)
1 o? 1588.71 (133.74,2983.42) | 1768.43 (872.38,2664.48)
(n = 219) @ -0.6789 (-1.000,-0.084) -0.684 (-0.835,-0.534)
I} -0.009 (-0.605,0.586) -0.076 (-0.356,0.204)
L (*) 35.000 (28.814,41.186)
2 o? (*) 615.98 (122.11,1109.85)
(n =202) @ (*) -0.695 (-0.806,-0.584)
I} (*) 0.503 (0.107,0.899)
i 23.333 (20.445,26.222) 21.523 (18.299,24.747)
3 o? 70.63 (39.23,102.03) 89.62 (58.96,120.28)
(n = 250) @ -0.271 (-0.495,-0.046) -0.426 (-0.673,-0.179)
¢ -0.237 (-0.499,0.026) -0.422 (-0.627,-0.216)

Table 5: Parameter estimates and asymptotic confidence intervals for each of the three
examples described in Section 5, using the skew-power exponential model. Estimation

is done via the method of moments (MM), and mazimum likelihood (ML). (*) In this

case there is no solution to the equation defining the MM estimators.

We remark here that for the second example there is no solution to the set of
equations determined by the MM, despite the fact that the sampling skewness and
kurtosis are well within the ranges that correspond to the SPE distribution with
B = 0.5 (see Table 2). In contrast, computing the MLE poses no practical difficulties,
and in fact, B is close to the value 0.5 quoted above. This suggests that the MM

needs to be used with caution, particularly in the case of highly skewed leptokurtic

datasets.
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Figure 2: Fitted SPE densities for each of the three examples considered. FEstimation
procedures are: mazimum likelihood (solid line), method of moments (dotted line) and
mazximum likelihood restricted to 3 = 0 (dashed line). Top plot represents the volcano
heights dataset, middle plot corresponds to the plasma ferritin concentration dataset
and bottom plot is the age of Chilean women who gave birth in 1996. Note that for

middle plot no estimated density could be obtained using the method of moments.

Graphical display of the data and the estimated densities can be found in Figure 2.
For the sake of comparison we also included the MLE of the skew-normal distribution
obtained by imposing 3 = 0 in the general SPE distribution. For the first example,

the three densities are nearly identical. The corresponding (asymptotic) confidence
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interval for 8 suggests the adequacy of the skew-normal distribution, for which esti-
mation via MM works generally well. In contrast, for the plasma ferritin data, the
MLE for the general SPE distribution is seen to yield the most satisfactory results,
with 3 being significantly different from 0. In the third example we have again a value
of (3 significantly negative, which is convenient for fitting the model to a platykurtic

dataset.

6 Discussion and Extensions

We have introduced a new class of asymmetric distributions that is generated from a
symmetric density f acting as a kernel function. When the asymmetry parameter o
is such that the asymmetry functions are both equal to 1, the skew density reduces to
symmetric kernel f. The stochastic representation given in Proposition 2 yields both,
a simple interpretation, and a method to generate arbitrary members of the class.
The class of distributions (4) can be further extended as follows. Consider U, as

defined in Proposition 2, independent of

flz+5)
1—F(3)

and let X = U,V. This induces a new type of asymmetric densities, which we denote

Vo~ I{zx >0},

by X ~ Sf2(a, 3), a two-parameter distribution with 5 € R. From this notation we
immediately have that Sf(a) = Sf2(«,0). It can be shown that when 5 > 0, the
Sf2(a, B) distribution has more flexible asymmetries than (4), both to the left and
the right. When (8 < 0 the shapes of the S f2(«, 3) densities are very similar to those
obtained using (4).

Another relevant extension concerns the multivariate case. The basic idea consists
of applying construction (4) to each coordinate of a density f with the property of
being symmetric in each coordinate when holding the remaining ones fixed. We make
this explicit for the case a(a) = 1 — o and b(a) = 1 + a. Note first that (4) can be

rewritten as h(z|a) = f(x/(1—sgn(z)a)), where sgn(z) = xz/|z| if x # 0 and sgn(0) =
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0. Let now f be a k-variate density with the property that f(x;,x_;) = f(—z;, x_;)
foralli=1,...,k, z; € R, and _;, € R*!, where _; denotes the k-dimensional

vector & with the ith coordinate removed. The class of k-variate skew distributions

with asymmetry parameter o = (ay, ..., ax) € (—1,1)F is defined as
T Tk k
h ) € R*. 17
(@la) = f (1 —sgn(zy)ay 1-— sgn(xk)ak> v (17)

We denote a vector X = (Xi,..., X)) drawn from (17) as X ~ SM(f,k, ). In the

bivariate case (17) spells out as

T i)
1+CY171+CY2

h(ml,x2|a):f( )I{xl <0,z <0}

T T2

)]{:131 ZO,ZEQ <0}

—CY171+CY2

I o)
I <0 >0
+f<1+a1’1—a2) {IL'1 ¥z = }+f<1

+f(1f1 2 )I{azlz(),a:gz()}.

a1l —ay
The stochastic representation from Proposition 2 can be also naturally extended to
the multivariate SM(f, k, o) family. Indeed, using essentially the same proof, we can
show that a random vector X = (X1,..., Xx) ~ SM(f, k, ) can be expressed as (U; -
Vi,...,Ux- Vi) where U = (Uy, ..., Uy) is independent of V- = (Vi, ..., V). Moreover,
the components of U are independent with P(U; =1—«a;) =1—P(U; = -1 — ;) =
(1—a;)/2fori=1,....kand V 2 (|Y,...,|Ys]), where Y = (Yi,...,Y}) ~ f.
Based on the work by Arellano-Valle et al. (2002), we say that X is a C,-vector,
which extends the symmetric class of C-random vectors to include asymmetry. Many
properties of the C class can be easily extended to the G, class. For instance, the
marginal distributions of a €,-random vector belong to the €, class. Because the C
class includes as special cases independence and spherical symmetry, it follows that
the @, class contains many interesting cases and can be used for modelling purposes

as a flexible and general class of distributions.
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