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Abstract

In this paper we extend the method of simulated quantiles (MSQ) of Dominicy and
Veredas (2013) to a multivariate framework (MMSQ). The MSQ like alternative
likelihood—free procedures is based on the minimisation of the distance between
appropriate statistics based on the true and simulated data. Those statistics are
functions of the quantiles providing an effective way to deal with distributions
that do not admit moments of any order like the a—Stable or the Tukey lambda
distribution. The lack of a natural ordering in the multivariate setting requires a
careful definition of the concept of quantile. Here, we rely on the notion of pro-
jectional quantile recently introduced by Hallin et al. (2010) and Kong and Mizera
(2012). We establish consistency and asymptotic normality of the proposed es-
timator. As a further improvement we introduce the smoothly clipped absolute
deviation (SCAD) ¢;1—penalty of Fan and Li (2001) into the MMSQ objective func-
tion in order to achieve sparse estimation of the scaling matrix which is the major
responsible for the curse of dimensionality problem. We extend the asymptotic
theory and we show that the sparse-MMSQ estimator enjoys the oracle properties
under mild regularity conditions.

Keywords: directional quantiles, method of simulated quantiles, quantile matching,
sparsity.
JEL Classification Code: C130, C150, C390.

1 Introduction

Model-based statistical inference primarily deals with parameters estimation. Under
the usual assumption, of data being generated from a fully specified model belonging to
a given family of distributions Fy, indexed by a parameter ¢ C © € RP, inference on the
true unknown parameter ¥y can be easily performed by maximum likelihood. However,
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in some particular situations the maximum likelihood estimator (MLE) is difficult to
compute either because of the complexity of the model or because the density of the
postulated model is not analytically available. For example, the computation of the
log—likelihood may involve numerical approximations or integrations that highly dete-
riorate the quality of the resulting estimate especially when the dimension of the data
increases. In some other situations, instead, the dimension of the model prohibits the
computation of the likelihood or, even its maximisation in a reasonable computational
time. In all those situations the researcher should resort to alternative solutions. The
method of moments or its generalised versions (GMM), Hansen (1982) or (EMM), Gal-
lant and Tauchen (1996), may constitute feasible solutions when expressions for some
correctly specified moment conditions are available and provided that they identify the
parameters of interest. When this is not the case, simulation—based methods, such as,
the method of simulated moments (MSM), McFadden (1989), the method of simulated
maximum likelihood (SML), Gouriéroux and Monfort (1996) and its nonparametric ver-
sion Kristensen and Shin (2012) or the indirect inference (II) method Gouriéroux et al.
(1993), are the only viable solutions to the inferential problem. Jiang and Turnbull
(2004) give a comprehensive review of indirect inference from a statistical point of view.
Despite their appealing characteristics of only requiring to be able to simulate from the
specified DGP, some of them suffer from serious drawbacks. The MSM, for example,
requires that the existence of the moments of the postulated DGP is guaranteed, while,
the IT method relies on an alternative, necessarily misspecified, auxiliary model as well
as on a strong from of identification between the parameters of interests and those of the
auxiliary model. The quantile-based estimation method (QM), Koenker (2005), instead
exploits the idea of the MM by choosing as estimates those parameters that match the
empirical percentiles with their theoretical counterpart. The QM method has several
drawbacks the main being the knowledge of the quantile function in a closed form.

This paper focuses on the method of simulated quantiles recently proposed by Do-
minicy and Veredas (2013) as a simulation—based extension of the QM of Koenker (2005).
As any other simulation-based methods, the MSQ estimates parameters by minimising
a quadratic distance between a vector of quantile-based summary statistics calculated
on the available sample of observations and that calculated on synthetic observations
generated from the model. Specifically, in this paper we further extend the method of
simulated quantiles to deal with multivariate data, originating the multivariate method
of simulated quantiles (MMSQ), hereafter). Of course, there are many similarities be-
tween MMSQ and IT method. MMSQ only implies to be able to simulate from the model,
relaxing any assumption about its analytical tractability or the existence of moments or
any specification of the quantile function. As its univariate counterpart, MMSQ min-
imise the distance between summary statistics based on quantiles of the observed and
synthetic data. However, unlike II, MMSQ only relies on appropriately chosen functions
of quantiles that drive information from data to the parameters of interest, while II
uses the likelihood of the auxiliary model as a replacement to the intractable generative
model likelihood. Another interesting property of MMSQ estimates is that they inherits
the robust properties of quantiles while retaining levels of efficiency comparable with
the II estimators.

The extension to multivariate data is not easy because a unique definition of mul-
tivariate quantile does not exist given the lack of a natural ordering in R™ for n > 1.
Indeed, only very recently the literature on multivariate quantiles has proliferated, see,
e.g., Serfling (2002) for a review of some extensions of univariate quantiles to the multi-



variate case. The MMSQ relies on the definition of directional and projectional quantiles
of Hallin et al. (2010) and Kong and Mizera (2012). This latter definition is particu-
larly appealing since it allows to reduce the dimension of the problem from R™ to R by
projecting data towards given directions in the plane. Moreover, the projectional quan-
tiles incorporate information on the covariance between the projected variables which
is quite interesting in order to relax the assumption of independence between variables.
An important methodological contribution concerns the choice of the relevant directions
to project data in order to summarise the information for any given parameter of in-
terest. Although the inclusion of more directions can convey more information about
the parameters, it comes at a cost of a larger number of expensive quantile evaluations.
Furthermore, the efficiency of the MMSQ decreases as the number of quantile functions
increases. Of course the number of quantile functions is unavoidably related to the
dimension of the observables and strictly depends upon the specific distribution con-
sidered. We provide a general solution for elliptical distributions that are closed under
linear combinations.

Throughout the paper, we also establish consistency and asymptotic normality of
the proposed MMSQ estimator under weak conditions on the underlying true DGP.
The conditions for consistency and asymptotic Normality of the MMSQ are similar to
those imposed by Dominicy and Veredas (2013) with minor changes due to the employed
directional quantiles. Moreover, for the distributions considered in our illustrative ex-
amples, full details on how to calculate all the quantities involved in the asymptotic
variance—covariance matrix are provided. The asymptotic variance—covariance matrix
of the MMSQ estimator is helpful to derive its efficient version, the E-MMSQ.

An issue frequently observed in high dimensions is the curse of dimensionality, i.e.,
the situation where the number of parameters grows quadratically or exponentially with
the dimension of the problem. In those circumstances, the right identification of the
sparsity pattern becomes crucial since it reduces the number of parameters to be esti-
mated. Those reasonings motivate the use of sparse estimators that automatically shrink
to zero some parameters, such as, for example, the off diagonal elements of the variance—
covariance matrix. Several works related to sparse estimation of the covariance matrix
are available in literature; most of them are related to the graphical models, where the
precision matrix, e.g., the inverse of the covariance matrix, represents the conditional
dependence structure of the graph. Friedman et al. (2008) propose a fast algorithm
based on coordinate—wise updating scheme in order to estimate a sparse graph using
the least absolute shrinkage and selection operator (LASSO) ¢;—penalty of Tibshirani
(1996). Meinshausen and Bithlmann (2006) propose a method for neighbourhood selec-
tion using the LASSO ¢;—penalty as an alternative to covariance selection for Gaussian
graphical models where the number of observations is less than the number of vari-
ables.Gao and Massam (2015) estimate the variance—covariance matrix of symmetry—
constrained Gaussian models using three different ¢;—type penalty functions, i.e., the
LASSO, the smoothly clipped absolute deviation (SCAD) of Fan and Li (2001) and the
minimax concave penalty (MCP) of Zhang (2010). Bien and Tibshirani (2011) proposed
a penalised version of the log—likelihood function, using the LASSO penalty, in order
to estimate a sparse covariance matrix of a multivariate Gaussian distribution. In this
paper, we penalise the quadratic objective function of the MMSQ by adding a SCAD
{1—penalisation term that shrinks to zero the off-diagonal elements of the scale matrix of
the postulated distribution. We extend the asymptotic theory in order to accommodate
sparse estimators, and we prove that the resulting sparse-MMSQ estimator enjoys the



oracle properties of Fan and Li (2001) under mild regularity conditions.

The MMSQ is illustrated and its effectiveness is tested through examples where syn-
thetic datasets are simulated from the Elliptical Stable distribution already considered
by Lombardi and Veredas (2009).

The remainder of the paper is organised as follows. In Section 2 the basic concepts
on directional and projectional quantiles are recalled. Section 3 introduces the method
of simulated quantiles, while in Section 4 we establish consistency and asymptotic nor-
mality of the proposed estimator. The asymptotic variance of the estimator is necessary
to select the optimal weighting matrix for the square distance in order to obtain the
efficient MMSQ estimator. Section 5 deals with the curse of dimensionality problem, in-
troduces the penalised MMSQ estimator that induces sparsity in the scale matrix using
the SCAD /¢;—penalty and shows that the Sparse-MMSQ enjoys the oracle properties.
Finally Section 6 illustrates the method on simulated datasets and Section 7 concludes.

2 Directional quantiles

The MMSQ requires the prior definition of the concept of multivariate quantile, a notion
still vague until quite recently because of the lack of a natural ordering in dimension
greater than one. Here, we relies on the definition of directional quantiles and projec-
tional quantiles introduced by Hallin et al. (2010), Paindaveine and Siman (2011) and
Kong and Mizera (2012). In this section we first recall the definition of directional quan-
tile given in Hallin et al. (2010) and then we introduce the main assumptions that we
will use to develop MMSQ.

Definition 1. Let Y = (Y1,Y3,...,Y,) be a m—dimensional random vector in R™,
u € S™ ! be a vector in the unit sphere S*! = {u e R™ : uu=1} and 7 € (0,1).
The Tu—quantile of Y is defined as any element of the collection 11,4 of hyperplanes

P = {Y 1B, Y — gra =0}, 1)
such that
(¢ru,bly) € {arg gl’ib% V. u(g,b) st bu= 1} , (2)
where
W (0,0) =E[pr (B'Y — )], (3)

and pr (2) = z (T — 1(—o0,0) (z)) denotes the quantile loss function evaluated at z € R,
g€R, beR™ and E(-) denotes the expectation operator.

The term directional is due to the fact that the multivariate quantile defined above is
associated to a unit vector u € S™1.

Assumption 2. The distribution of the random vector Y is absolutely continuous with
respect to the Lebesgue measure on R™, with finite first order moment, having density
fy that has connected support.

Under assumption 2, for any 7 € (0, 1) the minimisation problem defined in equation (2)
admits a unique solution (gry, bry), which uniquely identifies one hyperplane 7, € Il;y,.



A special case of directional quantile is obtained by setting b = u; in that case the
directional quantile (¢,y,u) becomes a scalar value and it inherits all the properties
of the usual univariate quantile. This particular case of directional quantile is called
projectional quantile, whose formal definition reported below is due to Kong and Mizera
(2012) and Paindaveine and Siman (2011).

Definition 3. Let Y = (Y1,Ys,...,Y.,) be a m—dimensional random wvector in R™,
u € S™L be a vector in the unit sphere St and 7 € (0,1). The Tu projectional
quantile of Y is defined as follows.

Gru € {arg min Uy (q)} : (4)

where U,y (¢) = Ury (g,0) in equation (3).

Clearly the Tu—projectional quantile is the 7—quantile of the univariate random variable
u’Y. This feature makes the definition of projectional quantile particularly appealing in
order to extend the MSQ to a multivariate setting because, once the direction is properly
chosen, it reduces to the usual univariate quantiles. Given a sample of observations
{y:};—, from Y, the empirical version of the projectional quantile is defined as

O {arg min 7, <q>} , (5)
q

where U7 (¢) = 230 | [pr (uy; — q)} denotes the empirical version of the loss func-

n

tion defined in equation (3).

3 The method of simulated quantiles

The MSQ introduced by Dominicy and Veredas (2013) is likelihood—free simulation—
based inferential procedure based on matching quantile-based measures, that is partic-
ularly useful in situations where either the density function does is not analytically avail-
able and/or moments do not exist. Since it is essentially a simulation—based method it
can be applied to all those random variables that can be easily simulated. In the contest
of MSQ, parameter are estimated by minimising the distance between an appropriately
chosen vector of functions of empirical quantiles and their simulated counterparts based
on the postulated parametric model. An appealing characteristic of the MSQ that makes
it a valid alternative to other likelihood—free methods, such as the indirect inference of
Gouriéroux et al. (1993), is that the MSQ does not rely on a necessarily misspecified aux-
iliary model. Furthermore, empirical quantiles are robust ordered statistics being able
to achieve high protection against bias induced by the presence of outlier contamination.

Here we introduce the MMSQ using the notion of projectional quantiles defined in Sec-
tion 2. Let Y be a d-dimensional random variable with distribution function Fy (-, 9),
which depends on a vector of unknown parameters ¥ C © € R¥, andy = (y1,y2,...,¥n)
be a vector of n independent realisations of Y. Moreover, let g™ = (¢3'", ¢, ..., ¢5°")
be a s x 1 vector of projectional quantiles at given confidence levels 7, € (0,1) with
k=1,2,....s, and u € S"™!. Let &,y = ®(qj;") be a b x 1 vector of quantile
functionsassumed to be continuously differentiable with respect to 9 for all Y and mea-
surable for Y and for all ¥ C ©. Let us assume also that ®, y cannot be computed



analytically but it can be empirically estimated on simulated data; denote those quan-
tities by ‘i>:ﬂ9. Let ™% = (™", 4™"Y,...,4™") be a s X 1 vector of sample projectional
quantiles with u € S™~1 and 7, € (0,1) with k = 1,2,...,s, and let b, =d (@™") be
a b x 1 vector of functions of sample quantiles, that is measurable of Y.

The MMSQ at each iteration j = 1,2, ... estimate <i>u,19 on a sample of R replication

. ~ R ~p
simulated from yj ; ~ Fy (~,19(J)), forr=1,2,..., R, as <I>uﬂ9j = % Zle 113;,19]_, where

@;’ﬁj is the function ®, 4 computed at the r—th simulation path. The parameters
are subsequently updated by minimising the distance between the vector of quantile
measures calculated on the true observations ®,, and that calculated on simulated real-

c = R
isations @, ,. as follows
Vi

¥ = arg min (iu - @fﬁ)lwﬂ (@u - @fﬁ) , (6)
vey ’ ’
where Wy is a b x b symmetric positive definite weighting matrix. The method of
simulated quantiles of Dominicy and Veredas (2013) reduces to the selection of the first
canonical direction u; = (1,0,...,0) as relevant direction in the projectional quantile.
The vector of functions of projectional quantiles ®,, y should be carefully selected in
order to be as informative as possible for the vector of parameters of interest. In their
applications, Dominicy and Veredas (2013) only propose to use the MSQ to estimate
the parameters of univariate Stable law. Toward this end they consider the following
vector of quantile-based statistics, as in McCulloch (1986) and Kim and White (2004)

B, — <QO.95 +q0.05 — 2905 40.95 — 90.05
9 =

/
) »40.75 — 40.25, %.5) . (7
40.95 — 40.05 q0.75 — 40.25

where the first element of the vector is a measure of skewness, the second one is a measure
of kurtosis and the last two measures refer to scale and location, respectively. Of course,
the selection of the quantile-based summary statistics depend either on the kind of
parameter and on the assumed distribution. The MMSQ generalises also the MSQ
proposed by Dominicy et al. (2013) where they estimate the elements of the variance-
covariance matrix of multivariate elliptical distributions by means of a measure of co—
dispersion which consists in the in interquartile range of the standardised variables
projected along the bisector. The MMSQ based on projectional quantiles is more flexible
and it allows us to deal with more general distributions than elliptically contoured
distributions because it relies on the construction of quantile based measures on the
variables projected along an optimal directions which depend upon the distribution
considered. This can be done by choosing the optimal direction u* according to the
following Definition 4 which allows to maximise the information contained in the chosen
measure.

Definition 4. Let us consider a given parameter of interest 9* C ), € R* and consider
the subset Y* = (Yy*,...,Y,*,...,Y}) of h variables of Y € R™ assumed to be infor-
mative for the parameter ¥*, and the projectional quantile ¢ of Y* at a given T, with
u € S"1. An optimal direction u* € S for Y* is defined as the vector whose i-th
coordinate is

. oy
* { Umax,l Zf Yz YV[ (8)

0 otherwise,



where Umax,i 15 the [-th coordinate of the vector

Umax € {arg max q“‘}. (9)

ueSh—1
If for example, h = 2, then the optimal direction is
u* = (0,...,Unax,1,0,--.,0, Umax2,--.,0), (10)

where Umax,1 and Umax 2 are the i—th and j—th coordinate respectively, which is infor-
mative for the covariances between Y; and Y;. The optimal solutions defined in (9) are
computed using the Lagrangian function as follows

L(w,A) = gra = A([[ul] = 1), (11)
by solving
VL (u,\) =0, (12)

where V stands for the gradient. This equation can be solved analytically, for instance
when m = h = 2 for ESD distribution as shown in section 6.1, or numerically.

Let U* collect all the optimal solutions u} for ¢™*, j =1,2,...,s and all the canonical
directions and let

LY = (@Y7, By, 8y T) eRE (13)

g = (B Bl By ) €RP (14)

By = (Bug Buy, - By, ) €RP, (15)

where K is the cardinality of U*, B = Zfil b; and b; is the dimension of ®,,, ¢ for
1=1,2,..., K, then the MMSQ minimises the square distance defined in equation (6)

- =R
between ®,- and ®,,. , along the optimal directions U*.

4 Asymptotic theory

In this section we establish consistency and asymptotic normality of the proposed MMSQ
estimator. The next theorem establish the asymptotic properties of projectional quan-
tiles.

Theorem 5. Let Y € R™ be a random vector with cumulative distribution function
Fyv and variance—covariance matriz Xv. Let {Yi}?:l be a sample of iid observations

from Fy. Let uj,us,...,ux € S™ ! and Z, = u}Y be the projected random vari-
able along uy, with cumulative distribution function Fyz,, for k = 1,2,...,K. Let
Tk = (Tl’vaQ,kH s 77—5’]9) where Tjk € (07 1); Aryu, = (qu,kuk7q7'2,kuk7 e '7q7's‘kuk) be

the vector of directional quantiles along the direction vy and suppose Var (Zy) < oo, for
k=1,2,...,K. Let us assume that Fyz, is differentiable in q;; ,u, and Fy, (Gr; pun) =
fz. (qu,kuk) >0, fork=1,2,....,.K and j =1,2,...,s. Then



(i) for a given direction uy, with k =1,2,..., K, it holds

. d
\/ﬁ(q"'k;uk _q"'k7uk) —)N(O,’l’]), (16>
as n — oo, where 1 denotes a (K x K) symmetric matriz whose generic (r,c)
entry s
Tr N\ Te — TpTe
Nre = , 17
e ka (QTruk) ka (chuk) ( )
forr,e=1,2,...,K;
(i1) for a given level 7;, with j =1,2,...,s, it holds
. d
\/ﬁ(qu _qu) —>N(07T’)a (18)
as n — oo, where qar; = (qull17 s 7quuK);
B T2 Fz, 2. (qu,r,mEZT,,ZC)
_ er <QT7~u7~)fZC(QT7'uC) + fZ7.(Q7'ju7~)ch (quuc) ’ for " 7& ¢ (19)
e = 7 (1-75) ' ' '
. for r=c¢,

er (QTjuT)Q ’

and Xz, 7. denotes the variance—covariance matriz of the random variables Z,
and Z. and Ar;,rc = (quurv quuC); fO’f’ r,e=1,2,...,K;

(i) given T; and 7 with j,l = 1,2,...,s and j # | and given us and vy with s,t =
1,2,...,K and s # t, it holds

. . d
\/ﬁ (QTJUS —d4rjusy druy — quUt) - N(07 7’) ) (20)
as n — 0o, where
e = — TiTi FZS7Zt ((QTjus7quut) 7EZS7Zt) . for ?é c.
fz. (4r,) [z, (4r) fz. (4r;) [z, (4n)
(21)
Proof. See Appendix A. O

Remark 6. The expression a A b stands for the minimum of a and b. As regards the
calculation of the sparsity function s (1) = f (F~' (7)) we refer to Koenker (2005) and
Dominicy and Veredas (2013).

To establish the asymptotic properties of the MMSQ estimator we need the following
set of assumptions.

Assumption 7. There exists a unique/unknown true value 99 C © such that the sample
function of projectional quantiles equal the theoretical one. That is ¥V =1y & ® = By, .

- ~ R\’ S ~R
Assumption 8. ¥ is the unique minimiser of (<I> — <I>19> Wy <<I> — @19).

Assumption 9. Let Q be the sample variance—covariance matriz of & and Qy be the
variance—covariance matrix of ®y, then Q converges to y.



Assumption 10. The matriz Qy is non—singular.

Assumption 11. The matriz (%‘g? Wy 851:;9) is mon—singular.

The asymptotic properties of functions of quantiles and projection quantiles are estab-
lished by the next theorem.

Theorem 12. Under the hypothesis of Theorem & and assumptions 6-9, we have

\/ﬁ(«i—%) 4 N (0,9)
\/ﬁ(&»—%) 4 N(0,9),

as n — 0o, where Qy = %z?nag;ﬁ , 4= (Qry,uys Arpougs - - - ,q,.K,uK)/, 7 is the variance—
covariance matrix of the projectional quantiles q defined in Theorem 5 and % =
diag{ Gomri B T}

Proof. See Appendix A. O

Next theorem shows the asymptotic properties of the MMSQ estimator.
Theorem 13. Under the hypothesis of Theorem 5 and assumptions 6—10, we have

vn (19 - 19) N (07 (1 + II{) D19Wq9Q19W:9D29> ) (22)

-1 . .
asn — oo, where Dy = (%Wﬁ ‘9;9’9) %, Qy is defined as in Theorem 12 and Wy

is an appropriately chosen positive definite weighting matriz.
Proof. See Appendix A. O
The next corollary shows how to choose the optimal weighting matrix Wy.

Corollary 14. Under the hypothesis of Theorem 5 and assumptions 6-10, the optimal
weighting matriz is

Wi =9, (23)

where Sy is defined as in Theorem 12. The efficient method of simulated quantiles
estimator E-MMSQ has the following asymptotic distribution

v (19 _ 19) 4N (0, (1 n ]1%) <8£}9 Qﬁla(%)_l) , (24)

as n — Q.

5 Handling sparsity

In this section the MMSQ estimator is extended in order to achieve sparse estimation
of the scaling matrix. Specifically, the smoothly clipped absolute deviation (SCAD) ¢;—
penalty of Fan and Li (2001) is introduced into the MMSQ objective function. Formally,



let Y € R™ be a random vector and ¥ = (Ui’j)zjzl be its variance—covariance matrix
and we are interested in providing a sparse estimation of 3. To achieve this target
we adopt a modified version of the MMSQ objective function obtained by adding the
SCAD penalty to the off-diagonal elements of the covariance matrix in line with Bien
and Tibshirani (2011). The SCAD function is a non convex penalty function with the
following form

el if [y <A
2 2 .
(D) = { 24 (6l = %) - 522 A< <an (25)
Xla+l) if aX < |y,

which corresponds to quadratic spline function with knots at A and a\. The SCAD
penalty is continuously differentiable on (—o0;0) U (0;00) but singular at 0 with its
derivatives zero outside the range [—a);a)]. This results in small coefficients being
set to zero, a few other coefficients being shrunk towards zero while retaining the large
coeflicients as they are. The penalised MMSQ estimator minimises the penalised MMSQ
objective function, defined as follows

0 = arg n%in o* (v), (26)

/

where Q* (¥) = (‘iu - &’5,19) Wy (‘iu - @f’ﬁ) +n3_;.;Px(|ois]) is the penalised dis-
tance between ‘i>u and éfw and i’u, i’ﬁﬂ are those defined in Section 3. As shown in
Fan and Li (2001), the SCAD estimator, with appropriate choice of the regularisation
(tuning) parameter, possesses a sparsity property, i.e., it estimates zero components of
the true parameter vector exactly as zero with probability approaching one as sample
size increases while still being consistent for the non—zero components. An immediate
consequence of the sparsity property of the SCAD estimator is that the asymptotic dis-
tribution of the estimator remains the same whether or not the correct zero restrictions
are imposed in the course of the SCAD estimation procedure. They call them the oracle
properties.

Let ¥ = (0§,99) be the true value of the unknown parameter 9, where 9§ € R is the
subset of non—zero parameters and 93 = 0 € R¥=* and let A = {(i,j) 11 < 4,045,0 € 193}.
The following definition of oracle estimator is given in Zou (2006).

Definition 15. An oracle estimator ngracle has the following properties:
(i) consistent variable selection: lim, . P (A, = A) =1, where

Aw=40) 1< 4,855 € D}

oracle

(i) asymptotic normality: \/n (191 - 19(1)) 4 N (0,%), as n — oo, where X is the

variance covariance matriz of 93.

Following Fan and Li (2001), in the remaining of this section we establish the oracle
properties of the penalised SCAD MMSQ estimator. We first prove the sparsity property.

Theorem 16. Given the SCAD penalty function py (|oi;]), for a sequence of A, such
that A\, = 0, and \/n)\, — 00, as n — oo, there exists a local minimiser ¥ of Q* (¥) in

10



(26) with, ||0 — V|| = O, (n*%). Furthermore, we have
. AO _ _
Tim P (19 - o) ~ 1. (27)

Proof. See Appendix A. O

The following theorem establishes the asymptotic normality of the penalised SCAD
MMSQ estimator; we denote by ¢! the subvector of ¥ that does not contain zero
off-diagonal elements of the variance covariance matrix and by 9! the corresponding
penalised MMSQ estimator.

Theorem 17. Given the SCAD penalty function py (|osj]), for a sequence A, — 0 and
VA, — 00 as n — oo, then V' has the following asymptotic distribution:

. 1 ® dy\ "
() S (0, (1 + R) (Zﬁ;ﬁ Q] %ﬂf) > 7 (28)

as n — Q.

Proof. See Appendix A. O

6 Simulated experiments

6.1 Elliptical transformation of Stable distributions

A random vector Y € R™ is elliptically distributed if
Y =% ¢+ RIU, (29)

where € € R™ is a vector of location parameters, ' is a matrix such that Q = I'T” is
a m X m full rank matrix of scale parameters, U € R™ is a random vector uniformly
distributed in the unit sphere ™! = {u € R™ : w'u=1} and R is a non—negative
random variable stochastically independent of U, called generating variate of Y.

If R = \/Z1\/Z3 where Z; ~ x2, and Z3 ~ Sq (§,w,0) is a positive Stable distributed
random variable with kurtosis parameter equal to § for a € (0,2], location parameter
& = 0, scale parameter w = 1 and asymmetry parameter 6 = 1, stochastically indepen-
dent of x2,, then the random vector Y has Elliptical Stable distribution, denoted as

follows
Y ~ ESDy, (o, €,9), (30)
with characteristic function
by (t) = E (exp {it'Y})
= exp {it'& —(tat)? } . (31)

See Samorodnitsky and Taqqu (1994) for more details on the positive Stable distribu-
tion and Nolan (2013) for the recent developments on multivariate elliptically contoured
stable distributions.

11



Among the properties that the class of elliptical distribution possesses, the most rel-
evant are the closure with respect to affine transformations, conditioning and marginal-
isation, see Fang et al. (1990) and Embrechts et al. (2005) and McNeil et al. (2015) for

o

further details. Simulating from an ESD is straightforward, indeed let w, = (cos %) ,
then Y ~ £8D,, (a, &, Q) if and only if Y has the following stochastic representation
as a scale mixture of Gaussian distributions

Y =€+ (C3X, (32)

where ¢ ~ Sa (0,@q,1) and X ~ N (0, ) independent of ¢. Following the Proposition
2.5.2 of Samorodnitsky and Taqqu (1994), the characteristic function of Y is

by (8) = E (exp {it'Y})
— E(E (exp {it’£ + ig%t’x} | <)

=EE <exp {it’£ — Ctzﬂt} | C)
~ exp {it’{ _ (;) : (t'm)?} , Q£ (33)

which is the characteristic function of an Elliptical Stable distribution with scale matrix
/2. The last equation follows the fact that the Laplace transform of ¢ ~ Sa (0,@a, 1)
with 0 < o < 2is

¥¢ (A) = E (exp {-A(})

_ [oo{-Gamat), az1 (34)
exp{%=Alog(A)}, a=1.

The Elliptical Stable distribution is a particular case of multivariate Stable distribution
so it admits finite moments if E[¢?] < oo for p < a. For a € (1,2), E (C%) < 00, 80

that by the law of iterated expectations E(Y) = &, while the second moment never
exists. Except for few cases, @ = 2 (Gaussian), a = 1 (Cauchy) and o = % (Lévy),
the density function cannot be represented in closed form. Those characteristics of the
Stable distribution motivate the use of simulations methods in order to make inference
on the parameters of interest. In particular we concentrate our interest on the use
of the multivariate method of simulated quantile to make inference on the Elliptical
Stable distributions since alternative likelihood—based or moments—based methods are
not analytically available.

In order to apply the MMSQ, we first need to select the quantile-based measures
which are informative for each of the parameters of interest (a, &, Q) where the shape
parameter « € (0,2) controls for the tail behaviour of the distribution, while & € R™
and  denote the location parameter and the positive definite m x m scaling matrix,
respectively. Since the quantile-based measures should be informative for the correspon-
dent parameter, we select for o a measure related to the kurtosis of the distribution, for
the locations the median and for the elements of the scaling matrix we opt for a measure
of dispersion, and all the measures will be calculated along appropriately chosen direc-
tions, as it will be discussed later in this section. Summarising, for kurtosis, location

12



and scale parameters we choose respectively
_ 90.95u — 40.05,u
" 40.75,u — 40.25u

My = (qo.5,u
Su = 40.75,u — 40.25u;

where u € 8™~ ! defines a relevant direction. Next, we need to identify the optimal
directions. To this end we can consider the relevant properties of the ESD. Specifically, as
shown for example by Embrechts et al. (2005), the ESD is closed under marginalisation,
ie,Y; ~ESDy (o, &, wii), for i = 1,2,...,m, where wy; is the i—th element of the main
diagonal of the matrix 2. By exploiting the closure with respect to marginalisation, we
can conclude that the optimal directions for the shape parameter «, for the locations
& and for the diagonal elements of the scale matrix w;;, for ¢« = 1,2,...,m are the
canonical directions. It still remains to consider the optimal directions for the off-
diagonal elements of the scale matrix w;;, with ¢,7 = 1,2,...,m and ¢ # j. Again we
exploit the closure with respect to marginalisation. Specifically, let Z;; = (Y,Y;), then
Zij ~ SSDQ (Oé,{ Qij)7 where

&= (6,8) Q= (Wu wm) _

Wwij  Wjj

79

Moreover, let u € S' and Ziju = WZ;; be the projection of Z;; along u, then Z;;, ~
ESD, (a, u'g,;, u’Qiju), (see Embrechts et al. 2005), from which we have the following
representation of the projected ESD random variable

Zij,u = u/£ij + 4/ u’ﬂijuZ, (35)
where Z ~ £8D1 (a,0,1). Following Definition 4, in order to find the optimal directions
we need to compute

Umax = aI'g Ilf}:_%)l( dru (sz) y (36)

where ¢y (Z;;) is the projectional quantile of Z;;, i.e., the 7-th level quantile of the
random variable Z;; . Exploiting representation (35), it holds

Unax = arg max w'é;; + /U Qju, (37)
uc

which is a quadratic optimisation problem that can be solved using the method of
Lagrangian multiplier, as follows

L(u, ) :u’{ij—i-\/u’ﬂiju—)\(HuH -1). (38)
The solution requires to set to zero the gradient of the Lagrangian VL (u, A) = 0, that
is

oL u1 + wij
= (i + wijuo) — 2\u; =0
U1 \/wiziu% + w]zju% + 2wijU1UQ
oL w2.u + w;iu
—= (wFjua i) —2\ug =0
U2 \/wiu% + w3 us + 2wijug g
oL
) =i tui—1=0, (39)

13



and from the first two equations, we obtain

(5 (O’%ul —+ wl-ju2) — Uz (wjszQ + wijul) =0

2 2
Wi — Wis
K23
u2 + uguy w2 =0
j
w [ w2 -2 w2 — w2\
(Z3 22
2 Wij Wij

where the sign of u; depends on the sign of w;;. The optimal direction upax is then
plugged into u* = (0,. .., U1 max, - - - ; U2,max; - - - , 0) as explained in Definition 4.

To illustrate the effectiveness of the MMSQ we replicate the simulation study considered
in Lombardi and Veredas (2009). Specifically, we consider two dimensions of the random
vector Y, m = 2,5 and, for each dimension, we consider three values of the shape
parameters « = (1.7,1.9,1.95), while the location parameter £ is always set to zero and
the scale matrices are

s _ (0.5 09
for m = 2, and
0.25 025 04 0 0
025 05 04 0 0
=04 04 1 0 0o |, (42)
0 0 0 2 255
0 0 0 255 4

for m = 5. We also consider two different sample sizes n = 500, 2000 and we fix R = 200.
We also consider a simulation example of dimension m = 12, with n = 500 and R = 50
where the location parameters are equal to zero, as in previous examples, while the scale

14



matrix is that considered in Wang (2015) and reported below

R
12 —
0.239 0.117 0 0 0 0 0 0.031 0 0 0 0
0.117 1.554 0 0 0 0 0 0 0 0 0 0
0 0 0.362 0.002 0 0 0 0 0 0 0 0
0 0 0.002 0.199 0.094 0 0 0 0 0 0 0
0 0 0 0.094 0.349 0 0 0 0 0 0 —0.036
0 0 0 0 0 0.295 —0.229 0.002 0 0 0 0
0 0 0 0 0 —0.229 0.715 0 0 0 0 0
0.031 0 0 0 0 0.002 0 0.164 0.112 —0.028 —0.008 0
0 0 0 0 0 0 0 0.112 0.518 —0.193 —0.09 0
0 0 0 0 0 0 0 —0.028 —0.193 0.379 0.167 0
0 0 0 0 0 0 0 —0.008 —0.09 0.167 0.159 0
0 0 0 0 —0.036 0 0 0 0 0 0 0.207

(43)

In Table 1, we report estimation results obtained over 1,000 replications for m = 2,
for all the values of o with n = 500,2000 while in Tables 2, 3, we report results for
m = 5, for the different values of the shape parameter a = (1.7,1.9,1.95). Specifically,
each table reports the bias (BIAS), the standard error (SSD) and the empirical cover-
age probability (ECP) of the estimated parameters. Our results show that the MMSQ
estimator is always unbiased, indeed the BIAS is always less than 0.25 in dimension
m = 2 and less that 0.15 in dimension m = 5. The SSDs are always small, in partic-
ular for n = 500 it is always less then 0.5. The empirical coverages are always in line
with their expected values for all but the diagonal elements of the scale matrix ,/w;; for
i =1,2,...,m for which they display lower values than expected, which means that in
those cases the asymptotic standard errors are underestimated.

7 Conclusions

In this paper we present the multivariate extension of the method of simulated quantiles
proposed in Dominicy and Veredas (2013). The method is useful when either the density
function does not have an analytical expression or/and moments do not exits, provided
that it can be easily simulated. Projectional quantiles along optimal directions are
then introduced in order to carry the information over the parameters of interest in
an efficient way. We establish the consistency and the asymptotic distribution of the
proposed MMSQ estimator. We also introduce a penalised version of the MMSQ using
the SCAD {;—penalty of Fan and Li (2001) into the MMSQ objective function in order
to achieve sparse estimation of the scaling matrix. We extend the asymptotic theory
and we show that the sparse-MMSQ estimator enjoys the oracle properties under mild
regularity conditions. The method is illustrated using synthetic datasets from Elliptical
Stable distribution. Further simulation studies on the penalized version of the MMSQ
and real data applications will be considered in further developments.
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A Appendix A: Proofs
Proof. Theorem 5.
1. The proof of this result can be found in Cramér (1946).

2. Without loss of generality we can consider 71,7 and Z1, Zs. Under the hypoth-
esis of the theorem, the sample quantiles ¢, .z, and §¢r,,z, admit the Bahadur

representation:
o R ]I-[Zi‘1<(17-1]
qr,zy —49r,2, = — — 4+ R 1
n ; fZ1 (qu) "
1=~ Meinsan)
(j‘r Zy — Qry,Zy = — _— 4 Rn, 44
2,42 2,42 n; sz (qu) 2 ( )
where R, 1 =0 (ﬁ) and Rp2 =0 (ﬁ)
Let us start from the variance of ¢, z, — ¢r, 2, -
1 n Tl_]l[zi1<q-r]
Var (¢- —qr, =Var | - — + R, =
(q 1,21 — 4 1,21) (n ; le (qﬁ) ,1
i 2
1T e
=E - — +Rn 1
(77, LZZI le (qu) ’
i 2
1 - Tl_]]'[zi1<qr] 1 i T1_1[2'1<q ]
=K - _ +2Rn1* — +Rn
(nz—zl fZl (qu) ’ ’I'LZ:ZI le (qu) !
i 2
1 « Tl_]]'[zi1<qr] 1 < Tl_]]‘[z'l<q ]
=E((=) ————— | | 2R E|=Y ———— 1 4 R?
<n 2 e an) Ty )
] 2
B n2fZ1 (qﬁ) <Z " ZZ 1SqT1]> "
2Rn 1
anl qu ZTl z lqul] +Rn1
- n2fZ1 (qu Var (Z L z 1§‘Z7—1]> + Rn 1=
1—
= i 7712) Ry (45)
le (qu)

where Rn 1= (l .
The same holds for the variance of ¢, z,

n

- qu,Z2°
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Let us consider the covariance:

cov (QTLZl —d4r,721,4972,Z5 — q'TQ,ZQ) =

1 T ]]'[Zi 1<qu] 1 t T2 l[zi 2<q-. }
cov | = - -V O R 1, — —‘—QR“2 —
(n; f(gr,) " n; f(gr,) L

_ IR ]l[zi,lﬁq-rl] 1"~ ]l[zi,2Sqr2]

- [(me +Rm> (Zf(q) + B
n T ﬂ[zi,léqu} n\ T2~ ]l[zi,QSQTg]
Z f(ar) Z f(ar,)

i=1 i=1

1

1 -T2 ]]'[Zi,zﬁqu]

leﬁz f(4gr,) *

+

LE nt i ]]-[zi‘lgq,-l] nty i ]l[zi,ggqﬂ-z}
flan) = flan) flam) = flan)

ZTQ o ]1[27:,2§¢IT2]
ZTl - ]]'[Zi,lﬁqn]
_1lg { ) TG } _lg|mm Zn: Tuozen] |
n? far) f(ar,) n? f(gr) i1 f(ar,)

iE nty i ]]'[Zi,ISQ7—1] n

72" | Flam) 2= Flan)

iE i ]l[zmgqu] i ]l[zi,2gq7—2]
n? f(ar) F(qn,)

i=1 =1

+

+ Rn,an,2 =

B f ) f(gr,) - nf (qu)f(qu)E [gﬂ[zi’2<qT2}‘| -

n

Z ]l[ziJSQTl]

i=1

Z ]l[zi,l Squ] ; 1[%‘,29172]

i=1

T2

nf () f (a)
1

n?f (q7'1)f(q7'2)E

E

+ Rn,an,Q =

T172 T1

= Fa) f ) T i@ [ﬂ[zmﬁﬂ -

T2 1

T raE o] + 7 s Mo Hsenl] +
R,1Rp2 =
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_ T1T2 B T1T2 Fz, 2, (ar,22,.2,) _
~ flan) flan) Qf(qﬁ)f(qur F (@) f (@) + Rp1 R 2

- _ T172 Fz,.2,(dr, 22, 2,)
= Tt T T fae) Fay B (46)

where q, = (qu7qT2)/ and R, 1R, 2 =0 ( 1).

n

3. Using the Bahadur representation

cov (qfk,u — 4r,ur qrj,u — qu,u) =

1T e, ) 1 on T Veisar, o
=cov | — ——— +Rp1, — ———— + Rppo | =
(n Z f((JTk-"-l) ! n Z f (quvu) ’

i=1 i=1
1 2 Tk — ]]-[Zi<QT u} 1 ~ T] - ]]-[211<Q7'> u]
—E|[ - e R ) (S S R | =
(n ; f (@7 ) n zzzl f (qu,u)
1 [ Maoru] o 7 7 Yo, ]
= _F — "k 3’ +
n2 ; f(QT;mll) ; f (qu,u)
1T~ Uaizr,
Ry E| =) —F————|+
w2 )
n o1 —1 2
Ruok |S — e\ g g,
i1 [ (ar,.u)
0t ) (S )]+ o
- f(@ru) f (quyu) & [z:<ar ] ) T [2i<ar; ] 1 tn,2 =
yionl
= TRTi — TR {IL . } — 7 E {]l . H +
f (QTk,u) f (qu’u) J [ quTj,u] J [ 1Sq7k,u]

1
T Ty Mo o ]|+ Rra P
T NTJ — TKT;

- R R 47
Flm) f (ara) |2 (47)

O

Proof. Theorem 12. The function ® is assumed to be continuously differentiable, so
Delta method applies

0Py

b~ P —(a— 4
"t Bq (@—a) (48)
Then
~ 8‘1’9 N - 5’1’9/ ~ 811)9
Var ('I’) ~ Var <8qq> = oq Cov (q) 0q (49)
where €1= ((Al‘rluly-“a(i‘l'KuK)' -

18



6) is
R =T R
1 6@9 Ll 1 =T

where 0 is a consistent estimate of §. Let us consider the first order Taylor expansion
around the true parameter 6

RZ a<1>90 (

acpeo

r

- o (0 60) =0, (1) (51)

r=1

From this equation we get

~ ~ —1 ~
; 0By 0B\ 0B (i 1 mar
\/ﬁ(ae())N(aa W, ae) Wi (@ - =D&, (52)

From Theorem 12
1R
- . 4
ﬁ(@-R;%D) — N(o <1+R> Qg) (53)

=T . n . . .
and ®, converges to ®y. Moreover since 6 is consistent the matrix W converges to
Wy. From these results we get

Var (Vi (5-9))

/ —1
(1+ ) <8<I>W8<I>9> 0Py

o0 " o6 a9
Proof. Theorem 16. We prove this theorem following Fan and Li (2001) and Gao and
Massam (2015). In the following we denote by 0’% and o;; respectively the zero and non
zero off-diagonal elements of the variance covariance matrix.
Let us consider a ball || — dg|| < Mn~2 for some finite constant M. In order to prove
the result in equation (59), let us consider the first order condition of equation (26) and
its first order taylor expansion

!

WoQyW’

0B, 0By ' 0By
( 26 " 99 ) a6 (54)

O

9Q09) _ _ aq’gwﬁ(rb ‘I>19)+nv

a0 a0
oL . R o0&y, 0d,
~ -2 Wﬁ(‘ﬁ—%o)mww S (=) v, (55)

where v = (0;p (loy;|) sgn (045) ,i < j). The first two terms are O, (n*%) Regarding

the penalisation term, let us first consider the zero off-diagonal element 0 . For a given
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An, the first derivative p (|oi;]) with respect to |oy;| is given by

)\n if |O’ij‘ S )\n
Ph, (o) = § “@razloul i\ < Joy;] < ad, (56)
0 if a), < |Uij|7
and it holds
P, (oiz])

~1. (57)

|0'ij|HO )\n

Then, for a generic ¢?;, the corresponding element in nv can be written as

959

/ ..
nApsgn (o;;) M = nApsgn (045) . (58)
We rewrite (55) as follows
9Q09) =\ {N v =0, (n72N 1), ) (59)
oY
p/\n(|‘711|)

Since liminf,, o liminf),, |0 > 0 and y/nA,, — oo, the term nv has asymp-
totic order higher that O, (n 2) and dominates the equation (59). This means that

the sign of 8(9@7(?) is determined by the sign of ¢;;, i.e. for any local minimiser it holds
ij

6;; = 0 with probability 1. Now consider the case in which o;; is not a zero element,
then using the Taylor approximation we can calculate the following

Q(90) ~ Q) = (& - éﬁo)/w% (8- &y,) (- @ﬁ)’wﬁ (¢ - &5)
+n Y [pa (16%1) = pa (|oi;])]

i<j

09
~R ~R
/ 8@190 3@190
+ (¥ — ) 50 Wy, 59 (¥ — )
2
-n>y (p'An (loij|) sgn (o45) (035 — o) + X, (lois]) (055 — o3;) ) ,
1<J

where pY (|oy;]) stands for the second derivative. For n large enough the summation
term in equation (60) is negligible since o;; # 0 and

Jim py, (|oi;]) =0
Jim py, (loij]) = 0. (60)
The same holds for the fist term. The matrix

0%,
00’

0%y,
90

Wﬁo (61)
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is negative definite and for n large it dominates the other terms, therefore Q () —
Q (¥) < 0. This implies that there exist a local minimizer ¥ such that ||¥ — Jo| =

O, (n_%). O

Proof. Theorem 17. Let us consider the first order Taylor expansion with respect to 9§
of the first order condition computed in equation (60)

- R
QW) 0Py . =R
<=2 ot W (& - &) +nv
- R ~R
= 8191 W,,gl (@ @190> (Ml/w,ﬂéaﬂl (191 — '196)
+ nvo +nPqy (9" —95) =0, (62)

where v = (0;p} (|oy;]) sgn (035) ,i < j) and v is v computed at the true value of the
variance covariance matrix; P = diag {0, Py (loil),i <y } and Pg is P computed at
the true parameter of the variance covariance matrix.

=R
) (a%o aq%

5t Vol gt > (0" = 05) +nv +nP (9" — )

~R ~R
0P oP
2 (aﬁf?“’%aﬁ‘)) +nPo

~ ~R
8<I> 0P
2 ( Yo ng Yo ) +7lP0

= a;ﬁ W, (@ %O)\f

—1

x <9t — 95+ nvo

o9y’ o gyl

a%

=2 W, /n (<1> q>ﬁ> 4N <0, Oy,

oYl

0B,
2t W 1 g, Wiy 2 ) . (63)

o9’

Since vy and Py vanish asymptotically, we apply the same argument of Theorem 13 to
complete the proof. O
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Appendix B: tables

n = 500 n = 2000
Par. True BIAS SSD ECP BIAS SSD ECP

a 1.70 -0.0075 0.0996 0.7970 -0.0041 0.0535 0.7650

& 0.00 0.0016 0.0443 0.9380 0.0013 0.0201 0.9500

& 0.00 0.0088 0.0841 0.9440 0.0021 0.0385 0.9590
wir 050 0.0112 0.2904 0.6030 -0.0046 0.0605 0.5330
woa  2.00 -0.0409 0.3599 0.6870 -0.0059 0.1439 0.6910
wi2 090 -0.1044 0.2841 0.8090 -0.0369 0.1680 0.8280
Par. True BIAS SSD ECP  BIAS SSD ECP

a 1.90 -0.0315 0.0876 0.8750 -0.0141 0.0626 0.8760

& 0.00 -0.0003 0.0444 0.9390 0.0010 0.0209 0.9440

& 0.00 0.0029 0.0891 0.9240 0.0005 0.0401 0.9510
w11 0.50 -0.0069 0.2040 0.6480 0.0045 0.4682 0.6120
woo 2.00 -0.0412 0.3563 0.7700 0.0002 0.4357 0.7380
wie  0.90 -0.1862 0.3717 0.7530 -0.1373 0.3110 0.7730
Par. True BIAS SSD ECP BIAS SSD ECP

a 1.95 -0.0628 0.0974 0.8580 -0.0310 0.0586 0.8580
& 0.00 0.0006 0.0436 0.9360 0.0047 0.1060 0.9490
& 0.00 0.0038 0.0862 0.9220 -0.0008 0.0645 0.9520
w050 0.0111 0.5107 0.6270 -0.0014 0.2008 0.6310
woo 2.00 -0.0688 0.4903 0.7650 -0.0272 0.3358 0.7580
wig  0.90 -0.2227 0.4907 0.6980 -0.2181 0.4444 0.7190

Table 1: Bias (BIAS), sample standard deviation (SSD), and empirical coverage probability (ECP)
at the 95% confidence level for the locations g = (u1,p2,...,1q), scale matrix @ = {w;;}, with
i,7=1,2,...,dand ¢ < j and tail parameter « of the bivariate Elliptical Stable distribution. The results
reported above are obtained using 1,000 replications for three different values of o = (1.70,1.90, 1.95).
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n = 500 n = 2000
Par. True BIAS SSD ECP BIAS SSD ECP

a 1.70 -0.0055 0.0613 0.7958 -0.0001 0.0352 0.8006
p1 o 0.00 -0.0008 0.0281 0.9409 0.0010 0.0470 0.9376
ne  0.00 0.0011 0.0406 0.9479 -0.0001 0.0625 0.9315
nz 0.00 -0.0024 0.0533 0.9550 0.0021 0.0984 0.9406
g 0.00  -0.0055 0.0785 0.9409 0.0177 0.5072 0.9527
pus  0.00  0.0023 0.1149 0.9389 0.0278 1.0030 0.9436

o11 0.5000 -0.0047 0.0312 0.7688 -0.0015 0.0160 0.8187
o2 0.7071 0.0040 0.0393 0.7678 0.0019 0.0214 0.7795
o33 1.0000 -0.0058 0.0547 0.7247 -0.0033 0.0316 0.7402
oaa 1.4142 0.0022 0.0801 0.7337 0.0040 0.0479 0.7422
os5 2.0000 -0.0091 0.1144 0.7047 0.0011 0.0681 0.7382
pi2 0.7071 -0.0171 0.1312 0.9650 -0.0080 0.0706 0.9778
p1z 0.8000 -0.0490 0.1764 0.9469 -0.0219 0.0983 0.9748
pia  0.00 0.0124 0.1292 0.9269 0.0071 0.0657 0.9275
p15  0.00 0.0178 0.1456 0.8859 0.0085 0.0724 0.8751
po3  0.5657 -0.0167 0.1558 0.9289 0.0010 0.0841 0.9527
p24  0.00  0.0103 0.1168 0.9109 0.0050 0.0708 0.8207
p2s  0.00  0.0252 0.1336 0.8749 0.0100 0.0723 0.8258
pza 0.00 0.0101 0.1194 0.9600 0.0031 0.0648 0.9587
p3s  0.00 0.0119 0.1194 0.9660 0.0046 0.0619 0.9527
pas 0.9016 -0.1466 0.2975 0.9489 -0.0253 0.0981 0.9778
Par. True  BIAS SSD ECP  BIAS SSD ECP

a 1.90 -0.0387 0.1539 0.9891 -0.0092 0.0571 0.7480
pr o 0.00  0.0030 0.0920 0.9659 -0.0007 0.0142 0.9540
pe  0.00  0.0052 0.0768 0.9628 -0.0028 0.0192 0.9560
ps 0.00 0.0123 0.3309 0.9566 -0.0012 0.0275 0.9580
ta 0.00 0.0130 0.3594 0.9395 0.0029 0.1348 0.9570
ps  0.00 0.0306 0.5551 0.9333 0.0000 0.2171 0.9410

o11 0.5000 -0.0062 0.0297 0.7628 -0.0024 0.0160 0.8150
o2 0.7071 -0.0021 0.0375 0.7736 0.0000 0.0180 0.7790
o33 1.0000 -0.0063 0.0499 0.7271 -0.0034 0.0249 0.7420
o044 1.4142 -0.0021 0.0779 0.7876 0.0017 0.0367 0.7520
os5 2.0000 -0.0123 0.1070 0.7426 0.0005 0.0523 0.7690
pi2 0.7071 -0.0260 0.1174 0.9643 -0.0043 0.0577 0.9890
p1z 0.8000 -0.0751 0.1486 0.9271 -0.0155 0.0703 0.9870
p1a  0.00 0.0123 0.1158 0.9519 0.0056 0.0615 0.9600
pi5  0.00 0.0266 0.1506 0.8992 0.0060 0.0669 0.8900
po3  0.5657 -0.0318 0.1193 0.9287 0.0018 0.0631 0.9750
p24 0.00 0.0116 0.1151 0.9442 0.0010 0.0613 0.8920
p2s  0.00  0.0182 0.1184 0.9240 0.0039 0.0634 0.8780
p3a  0.00 -0.0013 0.1107 0.9674 0.0014 0.0538 0.9750
p3s  0.00 0.0029 0.1103 0.9767 0.0014 0.0579 0.9740
pas 0.9016 -0.1425 0.2389 0.9659 -0.0208 0.0903 0.9950

Table 2: Bias (BIAS), sample standard deviation (SSD), and empirical coverage probability (ECP)
at the 95% confidence level for the locations g = (p1,p2,...,1q), scale matrix Q = {w;;}, with
i,7=1,2,...,d and ¢ < j and tail parameter « of the Elliptical Stable distribution in dimension 5. The
results reported above are obtained using 1, 000 replications for three different values of a = (1.70, 1.90).
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n = 500 n = 2000
Par. True BIAS SSD ECP BIAS SSD ECP

a 195 -0.0662 0.2190 0.9854 -0.0278 0.1222 0.9910
p1 0.00  -0.0011 0.0284 0.9610 -0.0010 0.0140 0.9550
o 0.00  0.0012 0.0415 0.9463 -0.0029 0.0193 0.9565
ps 0.00 -0.0051 0.0572 0.9382 -0.0019 0.0274 0.9475
pa  0.00 -0.0162 0.2342 0.9431 -0.0025 0.0400 0.9520
pus - 0.00  -0.0221 0.4252 0.9496 -0.0094 0.0596 0.9385

o11 0.5000 -0.0040 0.0293 0.7724 -0.0031 0.0136 0.8186
o2 0.7071 0.0004 0.0416 0.7333 -0.0012 0.0184 0.7676
o33 1.0000 -0.0005 0.0516 0.7561 -0.0033 0.0254 0.7481
o044 1.4142 -0.0010 0.0728 0.7577 0.0012 0.0409 0.7271
os5 2.0000 -0.0042 0.1085 0.7236 0.0021 0.0493 0.7661
o2 0.7071 -0.0276 0.1349 0.9496 -0.0043 0.0602 0.9880
o1z 0.8000 -0.0783 0.1569 0.9154 -0.0231 0.0670 0.9835
o1a 0.00 0.0183 0.1326 0.9463 0.0044 0.0574 0.9550
o5 0.00 0.0226 0.1373 0.8862 -0.0034 0.0548 0.9100
o923 0.5657 -0.0339 0.1248 0.9171 -0.0064 0.0614 0.9805
o024 0.00 0.0146 0.1123 0.9496 0.0019 0.0632 0.9220
o5 0.00 0.0168 0.1233 0.9268 -0.0036 0.0684 0.9280
o3¢ 0.00 0.0068 0.1100 0.9659 -0.0006 0.0507 0.9805
o35 0.00 0.0055 0.1053 0.9707 -0.0078 0.0524 0.9835
os5 09016 -0.1245 0.1787 0.9447 -0.0416 0.0724 0.9910

Table 3: Bias (BIAS), sample standard deviation (SSD), and empirical coverage probability (ECP)
at the 95% confidence level for the locations p = (u1,p2,...,M1q), scale matrix Q@ = {w;;}, with
i,7=1,2,...,dand i < j and tail parameter « of the Elliptical Stable distribution in dimension 5. The
results reported above are obtained using 1, 000 replications for a = 1.95.
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