Available online at www.sciencedirect.com

"+, ScienceDirect Mty

Analysis

"

ELSEVIER Journal of Multivariate Analysis 98 (2007) 16111629

www.elsevier.com/locate/jmva

Symmetrised M-estimators of multivariate scatter

Seija Sirkid**, Sara Taskinen®, Hannu Ojab

A Department of Mathematics and Statistics, University of Jyviiskyld, FIN-40014 Jyvciskyld, Finland
bTampere School of Public Health, University of Tampere, Finland

Received 20 October 2005
Available online 17 June 2007

Abstract

In this paper we introduce a family of symmetrised M-estimators of multivariate scatter. These are defined
to be M-estimators only computed on pairwise differences of the observed multivariate data. Symmetrised
Huber’s M-estimator and Diimbgen’s estimator serve as our examples. The influence functions of the sym-
metrised M-functionals are derived and the limiting distributions of the estimators are discussed in the
multivariate elliptical case to consider the robustness and efficiency properties of estimators. The sym-
metrised M-estimators have the important independence property; they can therefore be used to find the
independent components in the independent component analysis (ICA).
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

A fundamental problem in multivariate analysis is to develop robust affine equivariant alter-
natives to the sample mean vector and sample covariance matrix. The sample mean vector and
sample covariance matrix are the maximum likelihood (ML) estimates of the symmetry centre
(location parameter) p and the covariance matrix (scatter parameter) X in the multivariate normal
model. The multivariate normal distribution is a member in a larger family of elliptically sym-
metric distributions. A k-variate random vector x is elliptically symmetric with location vector
and symmetric scatter matrix X > 0 if its density function is, for some function p, of the form

Fe) =27 exp{—p(IZ~ 2% — pll}. (1)
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(Throughout the paper C'/? means a symmetric square root of a positive definite symmetric
matrix C.) The distributions in this elliptical family are denoted by £ (i, X, p). Scatter matrix X
is proportional to the covariance matrix (if it exists) and it determines the shape of its concentric
elliptical contours. Note that if x is a random variable having an elliptical distribution £ (i, Z, p),
then the standardised variable z = X ~!/?(x — ) has a spherical distribution with symmetry centre
0, and z can be decomposed as z = ru, where r = ||z|| and u = ||z|| "'z are independent with u
being uniformly distributed on the unit sphere.

Assume first that x1, ..., X, is a random sample from an elliptical distribution £(y, X, p). In
this paper, we are interested in the scatter matrix estimation only, and we therefore assume that the
location vector is known. Without loss of generality, we assume that ;o = 0. For any k x k matrix
C > 0, write ;(C) = C™'2x;, r;(C) = |z;(C)|| and u; (C) = ||z; (O)|| 'z (C),i = 1,...,n.
Then the ML estimator minimises the objective function

1 ¢ 1
= p(ri(C)) + 5 log [C]| @
n = 2

or solves the estimating equation

l n
= Wi ©)ui(Couf (€) = I, 3)

i=1

where w(r) = p’(r)r. Huber [7] proved the consistency and asymptotic normality of the estimators
(2) and (3) under weaker conditions: the observations were no more assumed to come from the
specific elliptical target population £(u, X, p). Huber [8] later called this estimator the ML type
estimator, or M-estimator, either based on the criterion function (2) or on the estimating equation
(3). Maronna [14], Huber [8] and Kent and Tyler [10], for example, considered the existence and
uniqueness of the estimate.

Maronna [14] defined a more general class of M-estimators for an elliptical population with
the estimating equation

1 o 1 o
= w1 (O (O] (€) = = > wy(ri(C) . )
n n

i=1 i=1

Maronna [14] and Huber [8] proved the existence and uniqueness of solutions under some general
assumptions on weight functions w; and w, and the observed sample. Maronna [14] proved the
consistency and asymptotic normality utilising Huber’s [7] results. The influence functions and
upper limit for breakdown point were also derived. Later, Tyler [21] studied the breakdown
properties of M-estimators in detail. R

Tyler [22] considered a limiting form of Huber’s type M-estimator. His estimator C solves

k n T
- Zui(C)ui (C) = I.
i=1

This corresponds to choosing wi(r) = k and w,(r) = 1 in Maronna’s definition. It is remarkable
thatA, in the elliptical model £ (u, X, p), the finite sample distribution (and the limiting distribution)
of C does not depend on p at all. The estimator is then the most robust estimator among the set
of consistent and asymptotically normal estimators in the sense that it minimises maximum
asymptotic variance over the elliptical model. For these results, see Tyler [22].
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In this paper we introduce a family of so-called symmetrised M-estimators of scatter which are
defined to be M-estimators computed on pairwise differences of the observed data. A special case,
the symmetrised version of Tyler’s M-estimator, has been earlier proposed by Diimbgen [3]. A
symmetrised version of S-estimator of scatter has also been suggested, see Croux et al. [2]. In the
univariate case taking the pairwise differences is a well-known operation; it makes the distribution
symmetric, with location at 0. In the multivariate case taking pairwise differences makes all
univariate projections symmetric with location at 0, thus it is not necessary to impose any arbitrary
definition of the location in a situation with a non-symmetric distribution. Pairwise differences
are also useful for other reasons. Estimators of scatter in the elliptically symmetric family usually
require the location either be known or estimated simultaneously. With the estimators at hand,
this is no longer needed as the location centre of the pairwise differences is always the origin. A
similar advantage is obtained in Croux et al. [2].

Maybe the most interesting point is that a symmetrised M-estimator of scatter, or indeed any
symmetrised scatter matrix, has the so-called independence property: the scatter functional is a
diagonal matrix if the components of the random vector are independent. The covariance matrix
naturally has this property but for example regular M-estimators do not. In the literature, this
property has not received much attention so far.

The independence property is highly important, for example, in independent component anal-
ysis or ICA, see Hyvirinen et al. [9]. Briefly, the ICA problem consists of finding an original
random vector, or source, s with independent components when only an unknown linear mixture
x = As is observed. Previously proposed solutions to the ICA problem are usually based on an
idea justified by the central limit theorem that linear mixtures of non-normal random variables
are closer to the normal distribution than any of the original ones. The solution to ICA is then
found as a solution to the optimisation problem concerning some measure of non-Gaussianity.
Oja et al. [15] proposed a method that is based on the use of two different scatter matrices that
both have the independence property. Thus, the concept of independence is used itself to solve
the ICA problem.

The plan of this paper is as follows. In Section 2 the scatter matrix estimators based on pairwise
differences are introduced and their basic properties are discussed. The influence functions are
derived in Section 3 and the limiting distribution as well as numerical values for the asymptotic
and finite-sample efficiencies are given in Section 4. The paper is concluded with some final
comments in Section 5.

2. Definitions and basic properties

Throughout the paper we assume that the k-variate random variables x with cumulative distri-
bution function (cdf) Fy are continuous implying that P(a’x + b = 0) = 0 for all k-vectors a
and scalars b. A scatter functional is denoted by C(-) and is defined as follows.

Definition 1. A k x k matrix valued functional C (-) is a scatter matrix if it is symmetric, positive
definite and affine equivariant in the sense that, for any nonsingular £ x k matrix A and k-vector
b, C(Fpx1p) = AC(Fx)AT.

We also assume that the scatter matrix functional C (-) can be applied to the empirical distribution
function F;,. The resulting estimator is then denoted by C = C(F,).

Consider now two independent vectors x; and x, with the same distribution F and their differ-
ence x| — x».



1614 S. Sirkidi et al. / Journal of Multivariate Analysis 98 (2007) 1611—1629

Definition 2. A symmetrised scatter functional Cs(-) is a symmetrised version of a scatter matrix
functional C(-) defined by Cs(F') = C(Fx,_x,) where x| and x; are independent random vectors
with cdf F.

A symmetrised scatter functional is indeed a scatter functional as it is affine equivariant, sym-
metric and positive definite, see Oja et al. [15]. The symmetrised version of a scatter estimator is
obtained by replacing Fy,_y, in the above definition with the empirical distribution function of
pairwise differences of the observations or, alternatively, using pairwise differences instead of the
observations in the original scatter estimator. Such an estimator is often asymptotically equivalent
to a U-statistic. See Chapter 5 in Serfling [17].

Note that in the elliptically symmetric case the distribution of the difference is also elliptically
symmetric with the scatter parameter proportional to the original scatter parameter. Thus both the
original and symmetrised versions of any given estimator estimate the same population quantity,
up to a constant.

The following theorem and its corollary show an important property of the symmetrised scatter
functionals.

Theorem 1. Let C(-) be a scatter matrix functional and F be the cdf of a random vector with
symmetric and independent components. Then C (F) is diagonal.

The following corollary is implied by the fact that x; — x, always has symmetric components.

Corollary 1. A symmetrised scatter matrix functional Cs(-) has the independence property, that
is, when F is the cdf of a random vector with independent components, Cs(F) is diagonal.

As a special case of symmetrised scatter matrices, we will consider in the following the so-
called symmetrised M-estimators, which from now on will be denoted by C(-). Let x1, ..., x,
be a random sample from a k-variate elliptical distribution. For a simplicity, write z;;(C) =
C712(x; —x), 11j(C) = ||zi; (O) || and u;; (C) = ||zi; (C)||~'2;;(C), 1 <i < j<n,where Cisa
positive definite symmetric k x k matrix.

As in the regular M-estimation, we consider three different types of symmetrised M-estimators:

Definition 3. Let C be a positive definite symmetric k x k matrix. The symmetrised M-estimator
of scatter C is (i) the choice of C that minimises

(;) ZZP(U/(C))—FEIOQCL (5)
i<j
or (ii) the choice that solves
-1
<'§) S wey©my©ulio) - 1} =o, ©
i<j
or (iii) the choice that solves
-1
<’§ ) >3 w0 )iy €l (©) = watry ) 1} =0, o
i<j

where p, w, wi and w; are real valued functions on [0, 00).
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If w(r) = p/(r)r, then the estimators (5) and (6) coincide. If w = w; and wy (r) = 1, estimators
(6) and (7) are the same. Kent and Tyler [10,11] considered a class of M-estimates of scatter that
minimise the objective function for a given function p. The existence and uniqueness of so-called
redescending M-estimates and constrained M-estimates was proven under very light conditions
on function p and the observed sample. In Kent and Tyler [11], the existence and uniqueness of
CM-functionals was also shown and the asymptotic distributions were derived. Further, Tatsuoka
and Tyler [18] and Kent and Tyler [12] considered the uniqueness of different M-functionals under
broad class of symmetric distributions.

The symmetrised M-estimator based on the estimation equation (7) is indeed the same as for
the regular M-estimators of scatter by Huber [8], Section 8.4, with the exception that pairwise
differences are used. This removes the need for any explicit location vector in the definition. The
existence and uniqueness of a solution then follow from Huber’s corresponding proofs for the
case of known location in Section 8.6, taking into account that what is needed of the sample is
now needed of the set of pairwise differences of the sample. The assumptions used in Huber’s
proof for the existence are, using the current notation, as follows:

(E-1) wi(r)/r?is decreasing, and positive when r > 0.

(E-2) wy(r) is increasing, and positive when r > 0.

(E-3) w;(r) and wy(r) are bounded and continuous.

(E-4) wi(0)/w2(0) < k.

(E-5) For any hyperplane H, let P(H) be the fraction of pairwise differences belonging to that
hyperplane.

(1) For all hyperplanes H, P(H) < 1 — kw3 (00)/w1(00).
(i1) For all hyperplanes H, P(H) < 1/k.

For the proof of uniqueness the following assumptions are needed:

(U-1) wi(r)/r?is decreasing.

(U-2) wq(r) is continuous and increasing, and positive when r > 0.

(U-3) wy(r) is continuous and decreasing, non-negative, and positive when 0 <r < ro for some
ro.

(U-4) For all hyperplanes H, P(H) < 1/2.

Because of assumptions (E-2) and (U-3), to prove both the existence and uniqueness simul-
taneously the second weight function w; has to be constant. This is, however, not a neces-
sary condition, since in case of several solutions, some rule for choosing the solution can be
used. Therefore, in this paper wy is not assumed to be a constant. Further, for the influence
function and asymptotic normality the existence of Taylor expansions of the weight functions
and certain expectations are needed. These are assumed implicitly as the question is mostly
technical.
To find a solution to the estimating equation an iterative algorithm of the form

33w (i (O)zi (O)z],(O)))

C ,
Y Y wy O

can be used. This is similar to the one commonly used to find regular M-estimates (see
Huber [8]).
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The symmetrised M-functional C (F’) corresponding to C is defined as the solution of

E [wl(rlz(C(F)))u12(C(F))M1T2(C(F)) - w2(rl2(C(F)))1k] =0, ®)

where x1,x, ~ F are independent. The proofs for the existence and uniqueness of C(F') are as
those for the estimator, with the exception that in assumptions (E-5) and (U-4) the probability
of a hyperplane P (H) is according to the true distribution of the differences. To guarantee the
Fisher-consistency of C(F) to 2 under the specific elliptical distribution F, the M-functional
C(F) should be uniquely defined at F and in addition the weight functions wj and w, should be
scaled so that, for that specific F,

E[wi(ri2(2)] = kE[wa(ri2(2))]. )
In this paper, we will consider the following M-estimators in more detail:

(i) Weight functions w;(r) = r2 and wy (r) = 2 yield the regular sample covariance matrix.
(ii) The choices w1 (r) = k and w2 (r) = 1 and an additional condition that Tr(C) = k give the
estimator already introduced by Diimbgen [3]. This is the symmetrised version of Tyler’s
[22] M-estimator.
(iii) The weight functions for symmetrised Huber’s M-estimator are given by w»(r) = 1 and
2,2 22
re/o°, r-<c”,
wi(r) = {C2/027 2> 2,
where c is a tuning constant defined so that ¢ = Pr(;(,% <¢?/2) for a chosen ¢. The scaling
factor ¢ is such that E[w(|lx; — x2|])] = k, where x1,x ~ N¢(0, Ix). For the relationship
between the tuning constant and asymptotic breakdown point of regular M-estimator, see
Tyler [21].

Note that the assumptions (E-1) to (E-5) and (U-1) to (U-4) hold for the symmetrised Huber’s
M-estimator but (E-4) does not hold for the Diimbgen’s estimator. However, as the symmetrised
version of Tyler’s M-estimator, it does exist and is unique.

3. Influence functions

The influence function measures the robustness of a functional T against a single outlier, that
is, the effect of contamination by a distribution with its whole probability mass located at a single
point x (see Hampel et al. [5]). Consider hereafter the contaminated distribution

Fo= (1 —¢eF + eAy,

where Ay is the cdf of a distribution with probability mass 1 at a singular point x. Then the
influence function of 7 is defined as

T'(Fo) —T(F)

IF(x; T, F) = lim
e—0 €

Hampel et al. [5] showed that, for any scatter functional C(F), the influence function of C at a
spherical Fj, symmetric around the origin and with C(Fy) = I, is given by

xxT
IF(x; C, Fo) = OCC(IIXII)W — Bl Ik, (10)
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Fig. 1. Functions a¢ and fi for sample covariance matrix, symmetrised Huber’s M-, Diimbgen’s estimators, regular
Huber’s M- and Tyler’s M-estimators at the bivariate standard normal distribution.

where o and ff- are two real valued functions (depending on Fp). It can be seen that function o,c
measures the effect of an outlier on the off-diagonal element of C, while the influence function
of a diagonal element of C depends on both o and f-. For robust estimator a.c and 5~ should
be continuous and bounded.

It is worth noting that the influence function of a symmetrised M-functional is not the same as
the influence function of the corresponding regular M-functional on the symmetrised distribution.
Instead, for the symmetrised M-functional defined in (8), we obtain the following.

Theorem 2. Assume that a symmetrised M-functional C(-) is Fisher-consistent. Then at
spherical Fy, its influence function is given by

1 k(x1)3
ac(lxl) = — Ex; [ wi(llx1 — [Ix[lerl) | 1 — -———=—5
m 1 — llxllexll

1 1 1
Be(lxl) = Efxc(llxll) + —Ex, [wz(llxl — [lxllerll) — -wi(llx; — IIxIIelll)]
k) k

if 1, # 0, where (x1)2 denotes the second component of x1,e1 = (1,0, ..., 07 and
_ EQwi(llxr —x20D ey — x21l + kwi (llx1 — x2[D)]
= 2k +2) ’
E[w|(lx1 —x2Dllxr — x2]l — k2w (1 — x20) 1 — x21]
M= Ik ,

where x1 and xp are independent and have the distribution Fy. Additionally, if the
symmetrised M-functional C(-) has a fixed trace Tr(C(F)) = k then oc is as before and . =

(Xc/k.

Note that f~ = ac/k holds for other estimators with fixed trace, like Tyler’s M-estimator,
as well and not just for symmetrised M-estimators. Fig. 1 illustrates functions o¢c and i for
the sample covariance matrix, Diimbgen’s estimator, Tyler’s M-estimator, the regular Huber’s
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M-estimator with ¢ = 0.94 and the symmetrised Huber’s M-estimator with ¢ = 0.72 at the
bivariate standard normal distribution. The values for ¢ in both Huber’s M-estimators are chosen
so that the asymptotic relative efficiency with respect to the regular sample covariance matrix is
0.95 under normal distribution model (see Section 4). The influence function for regular Huber’s
M-estimator is given in Huber [8] and for Tyler’s M-estimator, oc (r) = k + 2 (Ollila et al. [16]).

As seen in Fig. 1, functions a¢c and . of regular Huber’s M- and Tyler’s M-estimators are
clearly continuous and bounded. The boundedness of the influence functions of symmetrised
Huber’s M- and Diimbgen’s estimators is implied by the following theorem.

Theorem 3. The functions oc and P of a symmetrised M-estimator are bounded when the weight
Sfunctions w1 and w» are bounded.

4. Limiting distributions and efficiencies

In this section we give the limiting distribution of symmetrised M-estimators and consider
their efficiency properties. In Maronna [14], the consistency and asymptotic normality of regular
M-estimators of location and scatter were proven partly based on Huber’s [7] results. In Huber’s
approach, it is assumed that the objective function is the sum of i.i.d observations, therefore his
results cannot be applied here. Arcones et al. [1] extended Huber’s results to the case where the
objective function is a U-process. In their paper, the asymptotic normality of estimators based
on such a U-process is proven under some technical conditions. These results can be applied to
the estimator defined via the objective function (5). The proofs for the estimators based on the
estimating equations (6) are still to be done.

In the following we give the result of asymptotic normality of symmetrised M-estimators
assuming that our estimator is /n-consistent. In this paper, the problem of consistency is left
open.

Theorem 4. Let x1, ...,x, be a random sample from a k-variate spherical distribution Fy and
denote C = C(F,) where F, is the empirical distribution function of the sample. Assume that C
is «/n-consistent, then

ﬁvec(a — I) =>4 Ni(0, E[vec(IF(x; C, Fy))vec(IF(x; C, Fo))T]).

According to Tyler [19], the covariance matrix of a scatter matrix in the spherical case may be
written as

ASV(C1a; Fo)(y2 + Ir k) +ASC(Ch1, Ca; Fo)vec(Iy)vec(I)T,

where I is a k2 x k2 matrix with (i, J)-block being equal to a k x k matrix that has 1 at entry
(j, i) and O elsewhere, AS V(a 12; Fp) denotes the asymptotic variance of any off-diagonal element
and ASC(a 1, 622; Fp) the covariance of any two diagonal elements. Here, these variances and
covariances are as in the following corollary to Theorem 4.

Corollary 2. Inthe k-variate spherical case the asymptotic variance of any off-diagonal element
of a symmetrised M-estimator C is

2
ASV(Ci2; Fo) gLt (ll AR ke,
: = - wi(llx; —x S — )
T Rl Pl R et — leallen |2
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the asymptotic variance of any diagonal element, if 1, # 0, is

2k — 1)
k

ASV(Cyy; Fo) = ASV(Ci2; Fo)

1 1
+k_2Ex2 |:’7_2Exl [wi(llxr —x2l)) — kwa([lx1 —x2||)]2:|
2

and the asymptotic covariance between any two distinct diagonal elements is

ASC(C\1, Caz; Fo) = ASV(C11; Fo) — 2ASV(C)a; Fo).

Note that due to the affine equivariance of C and properties of vec-operator and Kronecker
product, the limiting distribution of /7 vec(C — C) at elliptical F is multivariate normal with
zero mean and covariance matrix

ASV(C1a; Fo)(Iz + I 1) (C ® C) + ASC(C1y, Caa; Fo)vec(C)vec(C)T

where ASV(az; Fp) and ASC(a 1, 622; Fy) are as in Corollary 2.

It should be noted that the assumption about condition (9) is essential. The limiting distribution
when that condition does not hold could also be given but this is not sensible as in practice
the real underlying distribution is unknown. Because of this, the estimators are tuned under one
reference distribution, usually the normal distribution. Different scatter matrix estimators are thus
comparable only in the normal distribution case. For other elliptical distributions, a correction
factor is needed in order to have Fisher consistency towards X and further to make scatter matrices
comparable.

In the following we compare limiting efficiencies of different M-estimators. To circumvent the
problem of Fisher consistency, we compare different shape matrix estimators instead of scatter
matrices. The shape matrix functional V (-) associated with the scatter functional C(-) is defined
by

k
V(F) = TrCF)) C(F).
Note that both Diimbgen’s and Tyler’s estimators estimate the shape without any modifications.
At elliptical F, all shape estimators estimate the same population quantity and are comparable
without any correction factors. Moreover, in most applications it is enough to estimate the scatter
only up to a constant. The limiting distribution of \/n vec(V — V) at elliptical distribution is given
by the following theorem; the result follows from Theorem 1 in Tyler [20].

Theorem 5. Let C be a scatterAmatrix and V = (k/ Tr(a ))6 the associated shape matrix. The
limiting distribution of «/n vec(V — V) at elliptical F is multinormal with asymptotic covariance
matrix

1 1
1 (Ikz — Evec(V)vec(Ik)T) e+ L)(VRV) (Ikz — Evec(lk)vec(V)T) ,
where t| = ASV(Vi2; Fo).
The limiting distribution of the shape matrix estimator is thus characterised by one single

number, that is, the variance of any off-diagonal element of V at spherical Fy (Ollila et al. [16]).
The asymptotic relative efficiencies of shape matrix estimators are in turn ratios of these variances.
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Table 1

Asymptotic relative efficiencies of the shape estimators based on regular Huber’s M-estimator (H) and symmetrised
Huber’s M-estimator (S) relative to the regular shape estimator at different #-distribution cases with selected values of &
and v

v k=2 k=3 k=4 k=5
H S H S H S H S

5 2.28 2.31 2.34 2.41 2.39 2.47 2.44 2.51

6 1.56 1.60 1.60 1.64 1.63 1.68 1.66 1.71

8 1.22 1.22 1.24 1.28 1.26 1.31 1.27 1.32
15 1.03 1.04 1.04 1.06 1.04 1.07 1.04 1.08
00 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95
Table 2

Asymptotic relative efficiencies of the shape estimators based on Tyler’s M-estimator (7") and Diimbgen’s estimator (D)
relative to the regular shape estimator at different #-distribution cases with selected values of k and v

v k=2 k=3 k=4 k=5
T D T D T D T D
5 1.50 2.37 1.80 2.44 2.00 2.50 2.14 2.53
6 1.00 1.61 1.20 1.66 1.33 1.69 1.43 1.71
8 0.75 1.25 0.90 1.27 1.00 1.30 1.07 1.31
15 0.59 1.03 0.71 1.05 0.79 1.06 0.84 1.07
00 0.50 0.92 0.60 0.93 0.67 0.94 0.71 0.95

The variance of an off-diagonal element of the Tyler’s estimate is (k+2)/ k, for the shape estimate
based on regular Huber’s estimate (see Huber [8, Section 8.7]). To find the variances of the oft-
diagonal elements of the symmetrised M-estimators considered here we used a combination of
numeric integration and Monte Carlo simulation.

Table 1 lists the limiting efficiencies of shape estimators based on the regular Huber’s
M-estimator and symmetrised Huber’s M-estimator with respect to the shape estimator based
on the regular sample covariance matrix, or in other words the regular shape estimator. The effi-
ciencies are considered under different 7-distributions with selected values of dimensions k and
degrees of freedom v, with v = oo referring to the normal case. The variances of the off-diagonal
element of the regular shape estimator is equal to (v —2) /(v —4) in the #-distribution case and 1 in
the normal case. In order to make the two considered estimators comparable, the tuning parameter
g was chosen so that for both estimators, the resulting efficiency in the normal case with respect to
the regular shape estimator is 0.95. These values for g are 0.94, 0.91, 0.87 and 0.84 for the regular
Huber’s M-estimator and 0.72, 0.56, 0.39 and 0.30 for the symmetrised Huber’s M-estimator,
for dimensions 2, 3, 4 and 5, respectively. In Table 2, the limiting efficiencies of the Tyler’s
M-estimator and its symmetrised version, the Diimbgen’s estimator, with respect to the regular
shape estimator are given. The distributions considered here are the same as in Table 1.

Table 1 shows that when shape estimators based on the regular and symmetrised Huber’s
M-estimators are tuned to the same efficiency with respect to the regular shape estimator, the
symmetrised Huber’s M is slightly more efficient in the considered #-distribution cases. From
Table 2 it can be seen that when Tyler’s M-estimator is symmetrised the increase in efficiency is
considerable under these distributions. The price to pay is a loss of some robustness, see discussion
in Section 5.
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Table 3

Asymptotic relative efficiencies of the symmetrised Huber’s M-estimator relative to the regular Huber’s M-estimator (5)
and of Diimbgen’s estimator relative to Tyler’s M-estimator (D) at different #-distribution cases with selected values of k
and v

v k=2 k=3 k=4 k=5

S D S D S D S D
1 0.91 1.26 0.85 1.16 0.76 1.10 0.74 1.07
3 0.99 1.45 1.01 1.26 1.00 1.18 0.99 1.11
Table 4

Finite sample efficiencies of the shape estimators based on symmetrised Huber’s M- (S), Huber’s M- (H), Diimbgen’s
estimators (D), regular Huber’s M- (H) and Tyler’s M-estimators (7") with respect to the regular shape matrix

n k=3 k=5
S H D T S H D T
20 1.25 1.28 1.25 0.98 1.31 1.36 1.33 1.15
V=>5 50 1.48 1.48 1.50 1.12 1.59 1.60 1.60 1.38
200 1.78 1.77 1.80 1.35 1.93 1.93 1.95 1.72
0 2.41 2.34 2.44 1.80 2.51 2.44 2.53 2.14
20 1.10 1.13 1.07 0.83 1.12 1.15 1.12 0.92
V=28 50 1.19 1.18 1.17 0.83 1.20 1.20 1.19 0.99
200 1.22 1.21 1.21 0.84 1.26 1.24 1.26 1.04
00 1.28 1.24 1.27 0.90 1.32 1.27 1.31 1.07
20 0.96 0.99 0.91 0.62 0.95 0.99 0.93 0.70
V=00 50 0.96 0.96 0.93 0.62 0.96 0.96 0.94 0.72
200 0.95 0.94 0.92 0.62 0.95 0.94 0.94 0.71
0 0.95 0.95 0.93 0.60 0.95 0.95 0.95 0.71

Since using the regular shape estimator as a reference estimator requires the existence of fourth
moments, Tables 1 and 2 cannot be extended to 7-distribution cases with less than 5 degrees of
freedom. However, the two pairs of M-estimators can be compared to each other even under these
long-tailed distributions. This is done in Table 3 (the same tuning parameters as before were
used). It can be seen that the symmetrisation gives more efficiency to the Huber’s estimator only
when the distribution considered is not extremely long-tailed. There is a similar effect between
Tyler’s and Diimbgen’s estimators although under the cases considered in Table 3 Diimbgen’s
estimator is still more efficient. However, this is at least partially due to Tyler’s estimator being
rather inefficient in low dimensions.

Table 4 lists the results of a small simulation study concerning finite sample efficiencies of
the same shape estimators as in Tables 1 and 2 with respect to the regular shape estimator. One
thousand five hundred samples of three different sample sizes and two different dimensions were
drawn from ¢-distributions with 5 and 8 degrees of freedom and from the normal distribution. For
every estimator and distribution, the mean squared errors

1 1500

. 7 (k) 2

MSE(V;;) = 1500 E Vi " = 1ij)
k=1

were computed for every off-diagonal element, that is, i # j (/;; is then of course equal to 0).
Since the off-diagonal elements have equal variances and are uncorrelated, a further mean of
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their MSEs was taken. The listed finite sample efficiencies are then ratios of these means. The
corresponding asymptotic relative efficiencies (denoted by n = 0o) from Tables 1 and 2 are also
listed for easy reference.

The results of the small sample study show that the convergence to the limiting efficiency is
reasonably fast in the case of v = 8. In the case of v = 5 the convergence is clear but much
slower. Especially for small sample sizes, the loss in efficiency is remarkable, but also in the case
n = 200, the efficiencies are far from the asymptotical ones. In the normal case the finite sample
and the limiting efficiencies are naturally the same.

5. Final remarks

We have shown that the use of pairwise differences in M-estimation of scatter may lead to
increase in efficiency. Another benefit is the fact that the location need not be estimated nor
known. This offers one solution to the problem of finding simultaneous M-estimates of location
and scatter. Previously proposed algorithms either have restrictions on the weight functions or do
not have rigorous proofs of convergence, see Hettmansperger and Randles [6]. Symmetrising the
scatter estimator of an existing pair of estimators or combining a symmetrised scatter estimator
with a location estimator gives a pair of affine equivariant location and scatter estimators with
certainly converging algorithms.

Symmetrised M-estimators of scatter were shown to have a property that regular M-estimators in
general do not. It is well known that when the components of a random vector are independent, the
regular sample covariance matrix is diagonal. This is not true for M-estimators of scatter in general
but the symmetrisation of marginal distributions inherent in the symmetrised M-estimators of
scatter ensures it. This independence property can be used in the so-called independent component
analysis (see Oja et al. [15]) to find a random vector with independent components when only an
unknown linear mixing of it is observed. A new class of estimators using robust or non-parametric
estimators of scatter such as the symmetrised M-estimators of scatter may be therefore used to
solve this problem. However, it should be noted that the forms of the influence function and the
limiting distribution derived in Section 4 apply only to the elliptic distribution family. Within
this family the only random variables with independent components are in fact those with the
spherical normal distribution and in that special case any scatter functional is diagonal. The detailed
analysis of symmetrised scatter functionals under the so-called IC-model, or the one containing
distributions with independent components and their affine transformations, is an open question
and will be studied in the future.

The breakdown properties of Diimbgen’s estimator have been studied by Diimbgen and Tyler [4]
and the breakdown point was found to be 1 — /1 — 1/k in case of special kind of contamination.
If the type of contamination is restricted, the breakdown point becomes 1/k, that is, the same
as for Tyler’s M-estimator. The breakdown behaviour of symmetrised M-estimators in general is
left open but it is apparent that when an estimator is symmetrised, its breakdown point drops as a
single outlier affects n — 1 pairwise differences. However, in the light of the efficiency studies in
Section 4, it could be argued that a symmetrised version of a highly robust estimator loses some
of the robustness but gains efficiency instead.
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Appendix A. Proofs of the results

Proof of Theorem 1. Assume thatx is a random k-vector with independent and symmetric com-
ponents and let p be the vector of symmetry centres. Let I, be a k x k diagonal matrix that has
—1 the ith diagonal element and 41 as all other diagonal elements. Now because x — p and
I (x — p) have the same distribution and C(-) is a scatter matrix functional it holds

C(Fx) = C(Fe—p) = C(Fp- ) = [T C(RI
foralli = 1,...,k, which implies that all off-diagonal elements of C(Fy) are equal to their
opposite, that is, are equal to 0. [J

To prove Theorem 2, we need the following lemma.

Lemma 1. Assume thatx is a random vector with a spherical distribution Fo and for an arbitrary

x write x = ru, where r = |x|| and u = ||x|| " 'x. Then

1 —x)(x; —x)"
llxg — x|?

= (m(r) = kg(r)uu’ + g,

M (x) := Ey, [wl(llxl —x|) — wa(Jlx —xII)Ik]

where
m(r) = Ex, [wi(lx; —re1|l) — kwa(llx; — req|)]
and

@13

g(r) = Ex; | wi(llxr —rei)-——=—
1 —req|

—wa(llx; —re; ||):| ,

where in turn (x1)2 and ey are as in Theorem 2.

Proof of Lemma 1. First consider the case x = rej. Due to spherical symmetry of x; M (re;)
is diagonal and all diagonal elements except the first are equal to

x1)3

g(r) == Eyx, [wi(llx; —reil)-——=——
lx1 — req]

—wa(flx; — ”el||):| .

The trace of M (rey) is equal to

m(r) := Ex, [wi(|lx1 —rei]) — kwa(llxr —rerlD)].
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Now, the first diagonal element is equal to m(r) — (k — 1)g(r) and so
M(rer) = (m(r) — kg(r)eie] + g(r)lx.

For an arbitrary x there exists an orthogonal matrix A such thatx = A(re;). Note that x| and Ax
have the same distribution and that || As|| = ||s|| for any vector s. We then have that

M(x) = AM(re))AT = (m(r) — kg(r)Huu’ + g(r)Ix. 0

Proof of Theorem 2. Inserting Fe = (1 — €) Fy + €Ay to Eq. (8) (and adopting the convention
that 0/0 = 0) and taking the derivative with respect to € at e = 0 yields to

0
—E [wi(ri2(CEuia(CENUT(C(F) = wa(ria CF ]|

€=l

—2E [w1(r2(C(F)u12(CFNUT(C(F) = wr (2 CFON |

e=l

F2E [1 02(CFOux (CFUL (C(F) = w2 (C(FONL]| _ =0,

€=

where
re(C(F)) = [|C(F)™(x1 — )|
and
ux(C(Fe)) = re(C(F)) ™' C(F) ™ (x1 — ).

In the following, write IF(x; C, Fy) = IF(x) for simplicity. Note that the second term above is
equal to 0. Now (assuming that the order of differentiation and integration can be changed) one
has that

1 —x2)(x1 —x2) ey —x)TIF(x) () — xz)]

E [wl(||x1 —x2[) T

—E [wi([er —x2])

(1 —x2)(x1 — x2)TIF(x) + IF(x) (x1 — x2) (x] — xz)T}
2|lx1 — x2|2

—E | wi(llx1 —x20Dllx1 — x2]]

(1 —x2) (1 —x2)T (1 —x2)TIF (%) (x —xz)}
2]lx; — x2l*

+E [ wh(|lxr —x20D [lx1 —x2|

(1 —x2)TIF(x) (x; —xz)I :|
2|lx1 — x2|1?

1 —x) @ —x)7
e — x]|?

+2E [W1(|IX1 —x[) — wa([lx —XII)Ik} =0.

Notice next that as x| and x» are spherically distributed, also x; — x> is spherical, that is, [Jx; —x2 |
and ||x; —x2] " (x] —x2) are independent. To simplify notations write 712 = ||x; — x2]|,

_E[wi(ri)ria + kwi (r12)]
k(k +2)
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and

b B E [w/l (V12)1’12 — 2w1 (rlz) — (k + 2)w/2(1’12)"12]
- 2k(k +2) '

Then using Lemma 1 together with

) Fe — x2) (1 — x2)T ey — 2T IF GO (2 —xz):| _ 2UF@) + TrdF)) I
L 1 —x2* Kt
and
— _ T —
[ e =2 IRy xz)} — L aro),
I 1 —x2 12 k

the above equation simplifies to
alF(x) = 2(m(|x|) — kg(xI)uu" + 2g(|x|) Ik — b Tr(IF(x))Ix. (11)

Now taking the trace on both sides and solving T'r (IF(x)) we get Tr (IF(x)) = 2(a +bk) " m (x|
if a + bk is not 0. Together with (11) this gives

2 ;o2
IF(x; C, Fo) = —(m(llxl) — kg(llx[D)un — — (

p o D = g(llXII)) Ik.

Denote next #; = a/2 and n, = (a + bk)/2. The result then follows using Lemma 1. Note that
if a + bk is O then Eq. (11) is identically true with respect to trace of the influence function. This
means that the trace and thus also - cannot be found this way. On the other hand, if the trace of
C(F) is known to be k then it is also known that Tr(IF(x; C, Fp)) = 0. Taking the trace in (11)
shows that then also m (||x||) = 0 and so

2 2
IF(x; C, Fo) = ;(—kg(llxll))uuT + =8 UxID k. u

Proof of Theorem 3. It suffices to show the finiteness of

k(x1)3 }

X1 — rex|?

Ey, |:w1(||x1 —retl))

and since wi (|lx; — re1|]) < K for some K it is sufficient to consider only

£ 13
ey —req)? |’

which is obviously finite since
2 2
O<@a<lxy —reg|”. O

To prove Theorem 4, we need the following Lemma.
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Lemma 2. Letx;, ..., x, be asample from a spherically symmetric distribution and write x;; =
x;i —xj, rij = |lxijll and uijj =r, ]x,] for simplicity. Assume that the symmetrised M-estimator

Cis J/n-consistent, then

Jn(C - I)
A[(3) S e ) 3

i<j

where 1, and 1, are as in Theorem 2.

Proof of Lemma 2. At first, write C* = /n(C — Ii). Since C is /-consistent, C* is bounded
in probability. Further,

1
CV = — —C" 40,7,

2n
~—1/2 1/2
ZijZC /x,-jzx,-j 2«/_C x,j—i-op(n /)
and
T
Zij%ij I 7 T 1 in
= u; u 4+ —u Crujiuiiu;; — ——(C*u; u Pt C +o0,(n"
g2 = 0 i C ity — o (it i O+ op(n .

Using the Taylor series expansion, we get

1 _
wi(llzij ) = wi(rij) — ﬁw/l(ri,-)rl-j ul;,C*ujj+0,(n”"/?)
and
I B
w2 (|lzij 1) = wa(rij) — mw/z(rij)”ij ul'TjC*uij +op(n 1/2).

Now (omitting the o0, (n’l/z)—terms)

( > ZZ{"”(HZ’/”) ]|l|]2 w2(||Zij||)Ik}

1<j

1 |
:\/E <Z> ZZ{wl(rij)uijuiTj _w2(rij)1k} fwl(rt/)u C* ujjujju ,7;

i<j

T
wl(r,j)r,, u; C ujjuiju;

1
- wl(rlj)(c ulju +uiju; C ) — ij

1
2yn 2yn
2«/_u)z(r,])rlju .C u,])) =0.
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Then proceeding as in the proof of Theorem 2, we get

1 -
«/ﬁ (g) ZZ {wl(rij)uijuiTj — wz(r,-j)lk} =FE [@} c*

i<j

B w) (rij)rij N w (rij)rij — 2wy (rij) N N
E [—Zk ] Tr(CIy + E [ TS ] (2C* + Tr(CH L)

= aC* + bTr(CHIL.
Now taking the trace on both sides and solving Tr(C*) yields to Tr(C*) = (a + bk)~'\/n

((;)71 2 i lwi(rij) — wa(rj)k}). Therefore,
C*=n(C — I)

n\ ! wi (ri5) T b wa(ri5)
=n (2> ZZ{T<uijuij_a+bk>_a—l—bklk}

i<j

and the result follows since #; = a/2 and n, = (a + bk)/2. Note that, for the Diimbgen’s
estimator, the terms including #, reduce to 0 and

—1
ﬁ(f_lk):\/ﬁ(k+2)(;> ZZ[uijuiTj—killk]‘f‘op(l). O
i<j

Proof of Theorem 4. Lemma 2 shows that \/n vec(a — Iy) has the same limiting distribution as
/n U, where

-1
U= <g> ZZ(P(xi»xj)
i<j

with

(1. x3) = 1(11)1(7’12) vec(upuTy) — ((772 —npwi(r2) n wz(mz)) Vec([k)>
2 n ki P

= @(x2,x1)

is a k>-variate U-statistic. A straightforward generalisation of univariate result given in Lehmann
[13], Appendix A, states that

VU = 0) =4 N (0, 4E[ () (x)"]),

where 0 = E[¢@(x1,x2)] and Y(x) = Ey [@(x1,x)] — 0. The subindex x; means again that the
expectation is with respect to x;. Here & = 0 which follows from noting that rj» and u, are
independent, E[ujoul,] = k~'I; and E[w1(r2) —k~'w; (r12)] = 0. The idea of finding y(x) is
the same as in Lemma 1, resulting in

Y(x) = LIF(x; C, Fy),

from which the result follows. [
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Proof of Corollary 2. Using the same notation as in Theorems 2 and 4 and noting that |lx|| and
lx]|~'x are independent it is possible to write the asymptotic covariance matrix of C as

Eloc(IxI)*1E[vec@uu” yvecuu™ )" ]
—Elac(lx)Bc(IxDIEvecuu” yvec(I)" + vec(lx)vecu’)"]
+E[Bc (el Ivec(Irvec(h) .
Since E[uu”] = k11 and
Elvecuu” yvecuu™)T] = (k(k 4+ 2)) " (L2 + Ik + vec(I)vec(I)T),

the covariance matrix is equal to

1 1 2
) 2)E [occ(||x||)2] (I + Ik) + E |:<Eocc(||x||) - ﬁc(||x||)>

2 1
-2 (mmnxufﬂ vee(Ivee(Ip)T. O

Proof of; Theorem 5. The result follows from Theorem 1 in Tyler [20]. Write 71 = AS V(a 12; Fo)
= ASV(V12; Fp) and let V(C) = kvec(C)/Tr(C). Then V(aC) = V(C) for all @ > 0 and as
V/(C) = %{dV(C)/dvec(V)}(Ikz + Ji), where J; = ZLI eie.T ® e,-e.T, one has that

1 k
V(€)= [T e (L2 + Ik + Ji) — 7 2(C)vec(C)vec(Ik) i| (L2 + Ji)
k 1
=370 [”* - EV“(V)"“(”‘)T} (o Tk = oo Wlkia + i)

Now Theorem 1 in [20] implies that the limiting distribution of \/n vec(V — V) is multivariate
normal with mean O and asymptotic covariance matrix

ASClYnvec(V — V)} = 20{V/(O)}(V & V){V'(O)}

T1k2

= 27200 e (€O O + LW’

T
= %W(Ikz + L) VRV + L)W =ty Wl + L) (VR V)WT,

The last equality follows, since (V ® V) I = I x(V ® V) and (I;2 + Ik)k)2 =22 + Ik k).
O
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