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“A mathematician, like a painter or a poet, is a maker of
patterns. If his patterns are more permanent than theirs, it
is because they are made with ideas.”

Godfrey Harold Hardy, in Hardy (1940).

?

“Geometry is the right foundation of all painting.’

Albrecht Diirer, in Direr (1525).
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Introduction The notion of centrality — Depth

1 The notion of centrality — Depth

1.1 The origins — Multivariate medians

The notion of center of an object, be it a set of observations, a physical object or a random
variable X, is difficult to define. Whether definitions refer to a point, pivot or axis around
which anything rotates or revolves!, therefore being inseparable from the notion of symmetry
itself, or to the middle point, as the point or part that is equally distant from all points, sides,
ends or surfaces of something' there is no canonical way to define it. All definitions, however,
agree on the importance of distance or geometry in the construction of such notion.

From a mathematical point of view, many such notions of center—of a random variable X
having distribution P, say—were defined in the univariate setting and an abundant literature
of so-called univariate location measures exists. The most canonical notion, of course, is the
mean or expectation E[X] = [ zdP(x). However, due to the high sensitivity of this particular
location functional, it is often advocated that, should the focus be put on broader and more
robust applicability, the competing notion of median presents much more appeal. Indeed, it
is a well-known fact that, although it suffices to have a single point contaminating a data set
and going to infinity to force the mean to do the same, the median will require, by contrast,
50% of the data to be moved to infinity before it does as well.

The geometry of the quadratic distances that underlines the definition of the mean (that,
alternatively, can be defined as the location minimising the functional x — E[(X —z)?]) makes
it particularly amenable to generalisation in higher dimensions. This is the reason why theory
based upon the multivariate Gaussian distribution has been dominating multivariate analysis
for a long time. Indeed, the multivariate normal distribution is the sole distribution for which
the sample mean is the maximum likelihood estimate of its location parameter (a fact that
can be traced back to Gauss, 1809).

The median of a random variable X, denoted Med(X), is defined through the cumulative
distribution as the point mp such that P[X < mp] > 1/2 and P[X > mp] < 1/2. Ac-
cordingly, the median Med(X () of a dataset X" = {X1,...,X,} C R will be defined by
substituting the empirical distribution on X, P(") say, to P.

The lack of natural ordering in R* prevents a straightforward extension of the latter defini-
tions, so that one may wonder what the appropriate analogues in two or more dimensions are.
Regardless of the notion employed, there are, however, certain properties these notions should
satisfy, the first of which being, as in the univariate case, robustness®. Another such condition
is that, under symmetry, the (multivariate) median should coincide with the symmetry cen-
ter. In the univariate case, the notion of symmetry presents no ambiguity (a random vector
X is symmetric about p if X — p 24 @ — X, where 2 denotes equality in distribution) and
univariate location measures typically coincide under symmetry. This is not necessarily so in
higher dimensions as symmetry can be generalised in many ways, see Section 1.3 for details.

'"Harrap’s Dictionnary of Contemporary English.

2Many tools for measuring robustness exist. A classical way to compare robustness of location measures
is through their breakdown point (see Hodges (1967) for the univariate definition and Hampel (1971) more
generally).



Introduction The notion of centrality — Depth

Extending the concept of median to the multivariate setup (or a similar approach that
consists in ordering multivariate observations) has generated numerous publications over the
past few years; see, for example, Barnett (1976) or Hettmansperger et al. (1992) for a review
about how to order multivariate data, and Donoho & Gasko (1987) or Small (1990) for a
comprehensive summary of existing multivariate analogues of the median at that time.

The naive® attempt to take the componentwise median (first used by Hayford (1902) for
geographical considerations) showed that, despite some encouraging robustness properties,
very poor performances were to be expected, particularly in the case of highly correlated
marginals. To add on this drawback, this vector of medians is not equivariant under rotation
or arbitrary affine transformation of the data (see, for example, Bickel, 1964; Barnett, 1976), so
that the way of measuring the data will have a strong impact on the outcome of the procedure
(which is of course to be avoided).

To improve on this definition, many authors independently considered the spatial median®
as a natural generalisation of the univariate median in different situations, see, e.g. Gini &
Galvani (1929), Scates (1933) and Haldane (1948).

Definition 1.1. Let X be a random vector having distribution P on R*. The spatial median
of X is the location fig(P) € R¥ that minimises Ep[||X — ||, where ||.|| denotes the standard
FEuclidian norm.

Note that the distribution P may be that of the empirical distribution P of n i.i.d. data
points X1, ..., X, sharing the same distribution P. Locating the spatial median, in that case,
amounts to finding the solution of

n
aln = arginf ,cgr Z || X — pl]-
i=1

This problem, for which there now exist plenty of algorithmic solutions (see, for example,
Vardi & Zhang, 2001), is actually far much older than the introduction of the multivariate
median. Indeed, minimising a weighted sum of the Euclidian distances from m points in
R* was already known, in industrial applications, as the optimal location problem of Weber
(1909). The problem actually goes back to Fermat in the seventeenth century (for m = 3
and equal weights) but was only generalised to its actual form by Simpson (1750) (see Kuhn,
1973). It is interesting to note that Kemperman (1987), following the same idea, discussed the
median of a finite measure on an arbitrary Banach space and proved, under strict convexity
of the underlying space and provided the distribution is not supported on a straight line,
uniqueness of the resulting location functional®.

Other celebrated instances of multivariate medians include the simplicial volume median
from Oja (1983) and a median-functional obtained through a “peeling” approach (see Barnett

3 Actually, the second-most naive approach, if one considers the poorly defined tentative extension through
the cdf, defining “a” (non-unique) median as a location m such that P[X < m| > 1/2 and P[X > m] < 1/2,
for the partial order z < y < z; < y; for each marginal 7.

“The denomination mediancenter is used in Gower (1974) and the first reference as a “spatial median” can
be found in Brown (1983).

®Uniqueness in the Euclidian case of R¥ was treated by Milasevic & Ducharme (1987). This is in strict
contrast with the univariate case where uniqueness does not hold in general.

3
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(1976), the comment by Plackett (1976) and Green (1981)). Based on univariate measures of
outlyingness, Stahel (1981) and, independently, Donoho (1982) used projection pursuit ideas
to generalise the univariate weighted location estimator of Mosteller & Tukey (1977) and
defined a robust location estimator as a weighted average, with weights based on outlyingness
measures. A final example is the projection median, which was studied in Tyler (1994).

A classical requirement for location estimators/functionals is the affine-equivariance prop-
erty.

Property 1.2. Let X be a random vector on R¥ having distribution P € P and ji(P) be
a multivariate location functional. Then fi(.) : P — R* is said to be affine-equivariant if
/l(PAX+b) = Au(P) + b, where Pax.p denotes the distribution of AX + b for the k x k
invertible matrix A and b € R¥.

As it turns out, the median from Definition 1.1 is not affine-equivariant for a non-orthogonal
matrix A in general. This is the reason why Chakraborty & Chaudhuri (1996, 1998) and
Chakraborty et al. (1998) proposed a data-driven transformation-retransformation technique
turning the spatial median into an affine-equivariant location functional. A similar approach
was adopted in Hettmansperger & Randles (2002), where the initial data is first standardised
using Tyler’s M-estimator of scatter (Tyler, 1987).

1.2 Existing notions — Depth functions

Many of the definitions introduced in the previous section share a common construction. Most
of them indeed define a multivariate median (in R*) as a location optimising some criterion,
that, in some sense, reflects the centrality of a point z with respect to the underlying distri-
bution. This motivated the development of general ways to measure centrality via depth func-
tions. Such mappings provide, in turn, new multivariate medians. They also—and contrary
to the naive approach to multivariate location that looks only for the most central point—
allow for (i) comparing relative centrality of two locations and, consequently, (ii) providing
a center-outward ordering (that would, in turn, make possible the definition of multivariate
quantiles, see Serfling, 2002).

More precisely, letting P denote the class of distributions over the Borel sets B € BF of
R* a depth function is a mapping D(.,.) : R¥ x P — R : (z, P) — D(z, P)% that, intuitively,
associates with any location x a value reflecting its centrality with respect to distribution
P. Several recent reviews on data depth include Liu et al. (2006) (and in particular the
introductive chapter by Serfling, 2006), Cascos (2009), Romanazzi (2009), Mosler (2012) or
the theoretical approach from Zuo & Serfling (2000).

The most celebrated of these mappings, halfspace depth, is now described in its population
version.

The earliest notion of depth dates back to Tukey (1975) (see also Tukey, 1977). Initially
introduced as a tool to picture the data, the halfspace depth became increasingly popular and

5Some rare depth functions will only be defined for a subset of P. Also, the notation D(x, P) := Dp(x) is
often used to emphasise the fact thatthe depth function measure the centrality of x for the underlying, often
fixed, distribution P.
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was quickly widely used in many procedures, due to its numerous useful properties and its
intuitive interpretation.

In the univariate case, the median (of some distribution with cdf F') is univocally char-
acterised as the location maximising D(z, F') = min (F(z),1 — F(27)), where F(z™) denotes
the left-sided limit of F' at x. Generalising this last quantity to the multivariate case, the
halfspace depth of € R* is defined as the “minimal” probability of any closed halfspace
containing z”.

Definition 1.3. Let z € R*¥. Let X be a random vector on R¥ with distribution P € P. The
halfspace depth of x with respect to P is

HDp(w) = inf Pl/(X ) = 0]

Germ of this definition, in the bivariate case and only interested in the associated mul-
tivariate median, can be traced back to Hotelling (1929). The halfspace depth is actually a
special case of particular applications used in economic game theory called “index functions”;
see Small (1987). Rousseeuw & Ruts (1999) cover many of the properties of halfspace depth.

Many other such functions have been introduced in the literature. A (tentatively exhaus-
tive, in historical order of introduction) list include simplicial depth (Liu, 1987, 1988, 1990),
majority depth Liu & Singh (1993), projection depth (Zuo & Serfling, 2000; Hu et al., 2011),
Mahalanobis depth (Liu, 1992), zonoid depth (Koshevoy & Mosler, 1997), simplicial volume
depth and LP depth (Zuo & Serfling, 2000), spatial depth (Vardi & Zhang, 2000), spatial rank
depth (Gao, 2003), spherical depth (Elmore et al., 2006), and lens depth (Liu & Modarres,
2011).

A few other depth functions were defined elsewhere in the literature but were not considered
in the list above as they do not meet one of the following natural requirements: (i) Although
locating the center of a data set is important, the notion of depth should be defined as
generally as possible and should, in particular, be able to deal with continuous distributions
P. (ii) The argument is actually valid the other way around as depth should not be only
limited to the latter type of distributions. (iii) Finally, depth functions that, even under the
strongest hypothesis of symmetry on the distribution (that is, in circumstances where the
center can be unequivocally defined) may fail to assign maximal value to the symmetry center
should not be considered.

The incriminated depth functions were the likelihood /probing depth from Fraiman et al.
(1997) and Fraiman & Meloche (1999), the interpoint distance depth from Lok & Lee (2011)
(see also Bartoszynski et al., 1997) or the convex hull peeling depth and the proximity depth
(also known as Delaunay depth) from Hugg et al. (2006).

1.3 Statistical depth functions — A paradigmatic approach

Each depth function from the previous section has its own advantages and drawbacks (depend-
ing, also, on the objectives at hand), so that one might find it difficult to know which depth

"Note that the bivariate halfspace depth of a point is equivalent to the sign test statistic of Hodges (1955).
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function to use. To discriminate between the many depth definitions, Zuo & Serfling (2000)
stated four desirable properties that depth functions should ideally satisfy. Without loss of
generality, only non-negative and bounded functions are considered. The four properties are

(P1) affine-invariance: The depth of a point # € R* should not depend on the underlying
coordinate system nor on the scales used;

(P2) Maximality at center: For a symmetric distribution, the depth function should attain its
maximum value at the center of symmetry;

(P3) Monotonicity relative to deepest point: For a distribution possessing a unique deepest
point, the depth of a point = € should be decreasing as x moves away along any ray from
int, the depth of int z € R¥ should be d i 1 f

that point;

(P4) Vanishing at infinity: The depth of a point z € R¥ should converge to zero as ||z|
approaches infinity.

The notion of symmetry used in Property (P2), although defined unambiguously in the
univariate case, may differ from one concept to another. They include, in decreasing order of
generality, halfspace symmetry (X is halfspace symmetric about p if P[H| > 1/2 for any closed
halfspace containing p), angular symmetry (X is angularly symmetric about p if (X —p)/|| X —
| 2 (u—X) /|| X —pl]), central symmetry (X is centrally symmetric about p if X —p 2 u—X),
and spherical symmetry (X is spherically symmetric about u if (X — p) L O(X — ) for any
orthogonal matrix O).

Let P denote the set of all distributions on R¥ and Px the distribution of the random
vector X. In view of the previous requirements, Zuo & Serfling (2000) adopted the following
definition of statistical depth function.

Definition 1.4. The bounded mapping D(.,.) : R¥ x P — R* is called a statistical depth
function if it satisfies the four following properties :

(P1) for any k x k invertible matrix A, any k-vector b, any = € R* and any random vector
X € R¥, D(Az +b, Pax13) = D(z, Px);

(P2) if 1 is a center of (central, angular or halfspace) symmetry of P € P, then it holds that
D(p, P) = sup,cgrr D(z, P);

(P3) for any P € P having deepest point p, D(z, P) < D((1 — A\ + Az, P) for any z in R”
and any A € [0,1];

(P4) for any P, D(z, P) — 0 as ||z|| — oo.

Other proposals of such paradigmatic approach to depth functions have been introduced
elsewhere in the literature. Comparison of depth functions based on different criterions, among
which the “stochastic order preservation” was provided in Zuo (2003a). Also, Dyckerhoff
(2002) (see also Mosler, 2012) did not use property (P2) but also added the technical property

(P5) upper semicontinuity: For any P € P, the upper level sets D, (P) = {x € R¥|D(z, P) >
a} are closed for all a > 0.

Under (P3), the sets D, (P) (commonly known as the depth regions) are nested and star-
shaped about the deepest point, should it exist. They are of particular interest, as they bring

6



Introduction Depths outside the location setting: regression and parametric depths

much information about the spread, shape and symmetry of the underlying distribution (see
Serfling, 2004a). The depth contours (boundary of the depth regions) even characterise, under
very mild conditions, the underlying distribution® (see Kong & Zuo (2010) and references
therein). When the depth function D(.,.) satisfies the more stringent assumption

(P3’) Quasiconcavity: For any P € P, D(.,P) is a quasiconcave function, that is, its upper
level sets D, (P) are convex for all a > 0,

the resulting depth function is often called a convex statistical depth function. Definition 1.4
plays a central role in the literature and is the most widely accepted abstract definition of
statistical depth function. All depth functions introduced in the previous section are statistical
depth functions in that sense, although some restrictions (on P, on the symmetry used, etc.)
may be required.

Upper semicontinuity (P5) was proved to actually hold for all the depth functions intro-
duced here (see Liu & Singh, 1993; Mizera & Volauf, 2002; Mosler, 2012; Gao, 2003; Elmore
et al., 2006; Liu & Modarres, 2011). Results about convexity are more sparse. (P3’) holds for
halfspace depth (Rousseeuw & Ruts, 1999) but does not, for example, for simplicial depth.

2 Depths outside the location setting: regression and para-
metric depths

The successful story of depth in the location setup has motivated extending the concept to
other parametric setups. Several proposals exist in the regression model and a full parametric
approach to the notion of centrality has been developed in the early noughties.

2.1 Regression depths

Parallel to the extension from the univariate to the multivariate median, where a structural
property of the one-dimensional median serves as ground to define a multidimensional counter-
part, alternative characterizations of (halfspace) depth are required for proper generalisation.
A first equivalence result can be found in Carrizosa (1996), where it is proved that

HDp(r) = inf P({a:]y—al >z ~al}).

that is, the halfspace depth of = is the smallest probability (among all fixed choices of y)
of the set of points that are closer to  than to y.° The latter equality allows extension to
problems with non-Euclidian metrics or dissimilarity measures 6(x,y) by defining the depth
of an element x as

HDp(z) = irylfP[{a :0(y,a) > 6(z,a)}].

8Partial results on the question whether the depth function uniquely determines the underlying distribution
are available in the literature: see Struyf & Rousseeuw (1999); Koshevoy (2002, 2003); Mosler & Hoberg (2006);
Hassairi & Regaieg (2008).

9This quantity is often used in the Operational Research literature to address facility location problem,
much in the spirit of Weber’s problem, see Section 1.1.
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Parallel extension to the (single-output) regression setup goes as follows. Given a probability
measure P on R* x R, corresponding to a multivariate random variable (X,Y), the depth of
the hyperplane H,, = y = a’z + b is defined as

RDp(H,p) =  inf P({(:U,y) eRFxR:|Jy—dz—b> |y—c’x—d\}>.
(c,d)ERFXR

Both depths above received very little attention in the literature as only few properties were

explored.

Equivalently, in the sample case, Tukey depth of x can also be seen as the minimal relative
number of points that need to be removed before x ceases to be a Pareto optimum (for the
distance function f(z,.) = ||z — .||) with respect to the remaining dataset!?. This motivates
the celebrated regression depth introduced in Rousseeuw & Hubert (1999), admitting the

following definition in the sample case'!l.

Definition 2.1. The regression depth RD(Hgp, P(")) of an hyperplane H,; with respect to
the dataset {(z;,7;),1 <i < n} C R¥ x R (whose empirical distribution is denoted P(™) is
the minimal relative number of points that need to be removed to make (a,b) a non-Pareto
optimum of the residual function f : (R* x R)?2 — R* : ((a,b), (z,y)) — |y — a’z — b| with
respect to the remaining dataset.

As usual, maximizing the depth function will provide a median-type estimate of regres-
sion. Bounds on the minimal depth of this estimator are provided, for the bivariate case, in
Rousseeuw & Hubert (1999), through the construction of the “catline”, an hyperplane with
minimal depth 1/3. Although the population version of the latter definition does not seem
easy to define, it will be given as a by-product of the general tangent depth introduced below.

2.2 Parametric depths

Mizera (2002) based on the same ideas of Pareto optimality a concept of global depth, that
extends location and regression depths to an arbitrary parametric model. Consider a random
k-vector X with a distribution P = Py, in the parametric family P = {Pg[ ¥ €0 C Rk}
(k may differ from k). Let (¥, z) — Fy(z) be a mapping that measures the “quality” of the
parameter value 6 for the observation z. A natural definition of depth is

Definition 2.2. Let ¥ € ©. The global depth of 9, GD p)(¥), with respect to the empirical
distribution of the i.i.d random sample Xq,..., X, with common distribution P € P is the
minimal relative number of points that need to be removed before 1 is no longer a Pareto
optimum of f(¥,z) = Fy(x) with respect to the remaining dataset.

Now, while this definition still remains uninspiringly limited to the sample case, the fol-
lowing restriction will allow a full treatment of parametric depth. Assuming that the objective
function Fy(z) is differentiable and convex with respect to ¥, it is easy to show (see Mizera
(2002) for details) that GD p() (9) = minjjy =1 #{i : vV Fy(X;) > 0} = HDP%2F<0k)’ where

'0Recall that a point z is a Pareto optimum for the function f(-,-) with respect to some dataset A if there
exists no y such that f(y,a) < f(z,a) for all a € A, with a strict inequality for at least one element of A.
"Population version is easy to obtain but lacks intuitive appeal hence is omitted here.

8



Introduction Scatter, shape and concentration parameters

PéZ)F denotes the empirical distribution of VyFy(X;), 1 <i <n and 0; = (0,...,0) € R*.
This amounts to looking at the depth of 05 among the directions VyFy(X;), i = 1,...,n, of
maximal increase of ¥ — Fy(x).

The following concept then typically attributes large depth to “good” parameter values,
that is, to parameter values ¥ that are close to .

Definition 2.3. The tangent depth of ¥ with respect to P € P is TDp(9) = HDpg . ) (0),
where Py, (x) denotes the distribution of VyFy(X) under X ~ P.

Tangent depth reduces to the particular cases of classical (location) halfspace depth for
¥ =z and f(x,y) = ||x —y||, and of regression depth, for which ¢ = (a,b) and f((a,b), (z,y))
is as in Definition 2.1. Actually, any modification of the objective function F' to h(F'), with
h:R* — RT smooth and monotone increasing would lead to the same definition.

In order to make explicit the link existing between halfspace depth and parametric depth in
the location setting, we will adopt in the sequel the notation HDp(#), thereby seeing halfspace
depth as a measure of appropriateness of the location parameter 6 in P. Note the difference
with 1, symbol which will be used in a generic parametric model.

Choosing appropriately the objective function (9, z) — Fy(x) may be difficult in some
setups. Denoting Ly(z) for the likelihood function, the general, likelihood-based, approach
consists in taking Fy(z) = —log Ly(z); see, e.g., Mizera & Miiller (2004); Miiller (2005).
In the location and regression cases considered above, it can be seen that Gaussian or t,-
likelihoods lead to the halfspace and regression depth, respectively.

A particular example of application of tangent depth can be found in Mizera & Miiller
(2004), where location-scale depth of ¥ = (u,0) € R x R} with respect to the univariate
distribution P is developed, based on Definition 2.3, and explored. Interestingly, the proposed
depth can be seen as the bivariate halfspace depth of projected observations in the Poincaré
plane model embedded with the Lobachevski geometry.

3 Scatter, shape and concentration parameters

In the multivariate setting, the family of elliptical distributions plays a central role and has
dominated statistical inference (in parametric models) for the most part of the last four
decades. Recall that X is said to follow an elliptical distribution P = P¥X with location (€ R¥)
and scatter (€ Py, the set of k x k, positive definite matrices) if and only if X 2o+ »i/2z,
where Z = (Z1,...,Z;)" is spherically symmetric about the origin of R* (that is, OZ 2 7 for
any k x k orthogonal matrix O). To achieve identifiability of the model, an extra condition
has to be imposed on the density of Z; and takes different form in the literature, depending
on the statistical problem at hand, see Chapter I for one such condition.

The scatter parameter X entirely encodes the dispersion pattern of the distribution as well
as the geometry of the density contours. Next to location parameters, scatters (as well as
shape and concentration, see below) matrices are without a doubt the most central quantities
in modern statistics. Understanding these parameters is crucial in many inference problems
including, for example, linear and quadratic discriminant analysis, principal component anal-

9
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ysis (PCA), etc. Note also that scatter functionals allow to define univocally scatter matrices
in non-elliptical settings (Independent component analysis, see Oja et al. (2006) and references
therein, being one instance).

It is therefore surprising that little efforts were made to provide depth notions for dispersion
parameters. The necessity to compare scatters matrices was already acknowledged in Serfling
(2004b). The author indeed calls for an extension of the Mizera & Miiller (2004) location-scale
depth concept described above into a location-scatter one in the multivariate setting.

The only depth in that direction is the one proposed by Zhang (2002) or the concept, close
in spirit, from Chen et al. (2017). Both concepts, however, are not studied from a geometric
point of view and, in particular, pay no attention to the depth regions and their properties.
Doing so, most properties of the function are not explored.

Parallely, a scaled version of the scatter ¥, i.e. the associated shape, is the parameter of
interest in many multivariate statistics problems. It is indeed often sufficient to know ¥ up to
a positive scalar factor S(X), its scale, to conduct inference. These include, for example, PCA,
for which the eigendirections are not affected by any scaling of the scatter matrix. Moreover,
under the situation where second-order moments are infinite, shape — unlike 3 — remains well-
defined and still fixes the geometry that permits PCA. To the best of our knowledge, there
does not exist any concept of depth for shape parameters.

Lastly, the concentration parameter (formally defined, when it exists, as ¥~1), also plays a
major role in various domains of statistics, such as graphical models. For example, Gaussian
graphical models are used in economics, social sciences or natural sciences to model the rela-
tionships between different variables of interest in the form of a graph, for which (X71);; =0
whenever nodes ¢ and j are independent conditionally to all other nodes (see, for example Ho-
jsgaard et al. (2012), and references within). Again, no depth function exists for a parameter
of that type.

4 Objectives and structure of the thesis

Halfspace depth (and, to a lesser extent, simplicial depth) plays a predominant role in the depth
literature due to its geometric nature, able to capture local variations in the distributions.
Understanding the geometric properties of a depth function as well as those of its associated
depth regions proves crucial in assessing the existence of depth-based medians (that is, a value
of the parameter with maximal depth) as well as in designing efficient algorithms to compute
them.

The main hurdles in providing meaningful depth notions for dispersion parameters are
twofold. First, the set of (scatter, shape or volatility) parameters is of an intricate geometric
nature. Those sets can be formally defined as curved Riemannian manifolds. Contrary to the
location case, the non-flat structure of these sets makes the study and definition of depths not
straightforward. Second, for location, there exists a confounding between the sample space
of observations and parameter space (both are R¥). This allows to consider each observation
as a potential location parameter and to construct depth notions out of this “dual” nature.
This is not so in the dispersion setting, where the parameter sets — formally, Py, the set of
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k x k positive definite matrices for ¥ and 7!, and Vs.i, the subset of Py, of matrices satisfying
S(3) =1 for Vgy, where S is a scale functional (formally defined later) — are distinct from
RF.

The goal of this manuscript is to develop and study depth notions in, broadly, the dispersion
setting, that is, for scatter, shape or concentration matrices. This thesis consists (besides this
general Introduction) in two chapters that consider two different approaches. Each chapter has
been written in such a way that it can be read independently and provides a self-contained
study. In particular, each chapter is based on a paper that has been accepted by or is in
revision for an international journal but has been rewritten and rearranged to suit the more
detailed exposition of this manuscript.

The first chapter builds on the scatter depth concept from Chen et al. (2017) and Zhang
(2002) and provides generalised depth functions for scatter, shape and concentration param-
eters. It focuses, in particular, on the properties of the proposed depths and of their depth
regions. Of a halfspace nature, the concept requires minimal assumptions and avoids ellip-
tical or absolute continuity constraints. The detailed study requires considering Frobenius
and Riemannian topology on Pj and Vsj. In the spirit of Zuo & Serfling (2000), a paradig-
matic approach to scatter depth is also developed and all depth functions are illustrated with
simulated and real-data examples.

The second chapter introduces a depth function for shape matrices that is of a sign
nature. In particular, it involves data points only through their directions from the center of
the distribution. The resulting depth median (the deepest matrix) plays the role of estimate
of shape and is a depth-based version of the celebrated M-estimator of shape from Tyler
(1987). The terminology of Tyler shape depth is therefore used. Properties of the depth are
studied. They include invariance, quasi-concavity, and continuity of the depth function, as
well as existence and almost sure consistency of a shape median and Fisher consistency in
the elliptical setting. Depth-based hypothesis testing for shape parameters is also investigated
and the robustness properties of these tests are assessed. Again, practical illustrations are
provided throughout.

Finally, a short conclusion closes this thesis, while an Appendix collects all proofs from
both chapters.
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Halfspace depths for scatter, concentration and
shape matrices



Halfspace Depths for Scatter, Concentration and
Shape Matrices'

Abstract We propose halfspace depth concepts for scatter, concentration and shape matrices.
For scatter matrices, our concept is similar to those from Chen et al. (2017) and Zhang (2002).
Rather than focusing, as in these earlier works, on deepest scatter matrices, we thoroughly
investigate the properties of the proposed depth and of the corresponding depth regions. We do
so under minimal assumptions and, in particular, we do not restrict to elliptical distributions
nor to absolutely continuous distributions. Interestingly, fully understanding scatter halfspace
depth requires considering different geometries/topologies on the space of scatter matrices.
We also discuss, in the spirit of Zuo & Serfling (2000), the structural properties a scatter
depth should satisfy, and investigate whether or not these are met by scatter halfspace depth.
Companion concepts of depth for concentration matrices and shape matrices are also proposed
and studied. We show the practical relevance of the depth concepts considered in a real-data
example from finance.

Keywords: Curved parameter space; Elliptical distributions; Robustness; Scatter matrices;
Shape matrices; Statistical Depth.

!This chapter is a joint work with Davy Paindaveine. The manuscript has been accepted for publication,
although in a different form, in The Annals of Statistics.
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Chapter 1 Introduction

1 Introduction

Statistical depth measures the centrality of a given location in R¥ with respect to a sample of
k-variate observations, or, more generally, with respect to a probability measure P over R¥.
The most famous depths include the halfspace depth (Tukey, 1975), the simplicial depth (Liu,
1990), the spatial depth (Vardi & Zhang, 2000) and the projection depth (Zuo, 2003b), see the
Introduction to this thesis above for more details. In the last decade, depth has also known
much success in functional data analysis, where it measures the centrality of a function with
respect to a sample of functional data. Some instances are the band depth (Lépez-Pintado
& Romo, 2009), the functional halfspace depth (Claeskens et al., 2014) and the functional
spatial depth (Chakraborty & Chaudhuri, 2014). The large variety of available depths made
it necessary to introduce an axiomatic approach identifying the most desirable properties of a
depth function; see Zuo & Serfling (2000) in the multivariate case and Nieto-Reyes & Battey
(2016) in the functional one.

Statistical depth provides a center-outward ordering of the observations that allows to
tackle in a robust and nonparametric way a broad range of inference problems; see Liu et al.
(1999). For most depths, the deepest point is a robust location functional that extends the
univariate median to the multivariate or functional setups; see, in particular, Cardot et al.
(2017) for a recent work on the functional spatial median. Beyond the median, depth plays
a key role in the classical problem of defining multivariate quantiles; see, e.g., Hallin et al.
(2010) or Serfling (2010). In line with this, the collections of locations in R* whose depth
does not exceed a given level are sometimes called quantile regions; see, e.g., He & Einmahl
(2017) in a multivariate extreme value theory framework. In the functional case, the quan-
tiles in Chaudhuri (1996) may be seen as those associated with functional spatial depth; see
Chakraborty & Chaudhuri (2014). Both in the multivariate and functional cases, supervised
classification and outlier detection are standard applications of depth; we refer, e.g., to Cuevas
et al. (2007), Paindaveine & Van Bever (2015), Dang & Serfling (2010), Hubert et al. (2015)
and to the references therein.

In Mizera (2002), statistical depth was extended to a virtually arbitrary parametric frame-
work. In a generic parametric model indexed by an ¢-dimensional parameter ¥, the resulting
tangent depth Dp, (¥y) measures how appropriate a parameter value 9y is, with respect to the
empirical measure P, of a sample of k-variate observations X7, ..., X,, at hand, as one could
alternatively do based on the likelihood Lp, (). Unlike the MLE of ¥, the depth-based esti-
mator maximising Dp, (1) is robust under mild conditions; see Section 4 of Mizera (2002). The
construction, that for linear regression provides the Rousseeuw & Hubert (1999) depth, proved
useful in various contexts. However, tangent depth requires evaluating the halfspace depth of
a given location in R, hence can only deal with low-dimensional parameters. In particular,
tangent depth cannot cope with covariance or scatter matrix parameters (¢ = k(k + 1)/2),
unless k is as small as 2 or 3.

The crucial role played by scatter matrices in multivariate statistics, however, makes it
highly desirable to have a satisfactory depth for such parameters, as phrased by Serfling
(2004b), that calls for an extension of the Mizera & Miiller (2004) location-scale depth concept
into a location-scatter one. While computational issues prevent from basing this extension
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on tangent depth, a more ad hoc approach such as the one proposed in Zhang (2002) is
suitable. Recently, another concept of scatter depth, that is very close in spirit to the one
from Zhang (2002), was introduced in Chen et al. (2017). Both proposals dominate tangent
depth in the sense that, for k-variate observations, they rely on projection pursuit in R*
rather than in R¥(*+1)/2  which allowed Chen et al. (2017) to consider their depth even in
high dimensions, under, e.g., sparsity assumptions. Both works, however, mainly focus on
asymptotic, robustness and/or minimax convergence properties of the sample deepest scatter
matrix. The properties of these scatter depths thus remain largely unknown, which severely
affects the interpretation of the sample concepts.

In the present chapter, we consider a concept of halfspace depth for scatter matrices that
is close to the Zhang (2002) and Chen et al. (2017) ones. Unlike these previous works, how-
ever, we thoroughly study the properties of the scatter depth and of the corresponding depth
regions. We do so under minimal assumptions and, in particular, we do not restrict to ellipti-
cal distributions nor to absolutely continuous distributions. Interestingly, fully understanding
scatter halfspace depth requires considering different geometries/topologies on the space of
scatter matrices. Like Donoho & Gasko (1992) and Rousseeuw & Ruts (1999) did for location
halfspace depth, we study continuity and quasi-concavity properties of scatter halfspace depth,
as well as the boundedness, convexity and compacity properties of the corresponding depth
regions. Existence of a deepest halfspace scatter matrix, which is not guaranteed a priori, is
also investigated. We further discuss, in the spirit of Zuo & Serfling (2000), the structural
properties a scatter depth should satisfy and we investigate whether or not these are met by
scatter halfspace depth. Moreover, companion concepts of depth for concentration matrices
and shape matrices are proposed and studied. To the best of our knowledge, our results are
the first providing structural and topological properties of depth regions outside the classical
location framework. Throughout, numerical results illustrate our theoretical findings. Finally,
we show the practical relevance of the depth concepts considered in a real-data example from
finance.

The outline of the chapter is as follows. In Section 2, we define scatter halfspace depth and
investigate its affine invariance and uniform consistency. We also obtain explicit expressions
of this depth for two distributions we will use as running examples throughout this chapter.
In Section 3, we derive the properties of scatter halfspace depth and scatter halfspace depth
regions when considering the Frobenius topology on the space of scatter matrices, whereas we
do the same for the geodesic topology in Section 4. In Section 5, we identify the desirable
properties a generic scatter depth should satisfy and investigate whether or not these are
met by scatter halfspace depth. In Sections 6 and 7, we extend this depth to concentration
and shape matrices, respectively. In Section 8, we treat a real-data example from finance.
Numerical results are provided throughout the chapter to illustrate the various theorems,
while the global Appendix to this thesis collects all proofs from this manuscript.

Before proceeding, we list here, for the sake of convenience, some notation to be used
throughout. The collection of k x k matrices, k x k invertible matrices, and k£ X k sym-
metric matrices will be denoted as My, GLg, and Sk, respectively (all matrices in this
manuscript are real matrices). The identity matrix in Mj will be denoted as I. For
any A € My, diag(A) will stand for the k-vector collecting the diagonal entries of A, whereas,
for any k-vector v, diag(v) will stand for the diagonal matrix such that diag(diag(v)) = v.
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For p > 2 square matrices A1, ..., A,, diag(Ai,..., Ap) will stand for the block-diagonal ma-
trix with diagonal blocks Aq,...,A,. Any matrix A in & can be diagonalised into A =
O diag(A1(A), ..., \k(A)) O, where A\(A) > ... > A\(A) are the eigenvalues of A and where
the columns of the k£ x k orthogonal matrix O = (v1(A4),...,vk(A)) are corresponding unit
eigenvectors (as usual, eigenvectors, and possibly eigenvalues, are only partly identified, but
this will not play a role in the sequel). The spectral interval of A is Sp(A) := [Ax(A4), A1(A4)].
For any mapping f : R — R, we let f(A) = Odiag(f(M(A)),...,f(M:(4))O". If ¥ is a
scatter matriz, in the sense that X belongs to the collection Py of symmetric and positive
definite k x k matrices, then this defines log(X) and ¥ for any ¢t € R. In particular, %1/2
is the unique A € Py such that ¥ = AA’, and /2 is the inverse of this symmetric and
positive definite square root. Throughout, T" will denote a location functional, that is, a
function mapping a probability measure P to a real k-vector Tp. A location functional T is
affine-equivariant if Tp, , = ATp + b for any A € GLg and b € R* where the probability
measure Py is the distribution of AX 4 b when X has distribution P. A much weaker equiv-
ariance concept is centro-equivariance, for which Tp,, = ATp + b is imposed for A = —Ij
and b = 0 only. For a probability measure P over R* and a location functional T, we will
let apr :=min(spr,1 —spr), where spr = sup,cgr—1 P[{z € R* : u/(x — Tp) = 0}] involves
the unit sphere S¥~1 := {x € R¥ : ||z]|? = 2’z = 1} of R¥. We will say that P is smooth
at O(c R¥) if the P-probability of any hyperplane of R¥ containing 6 is zero and that it is

smooth if it is smooth at any 6. Finally, 2 will denote equality in distribution.

2 Scatter halfspace depth

We start by recalling the classical concept of location halfspace depth. To do so, let P be a
probability measure over R¥ and X be a random k-vector with distribution P, which allows us
throughout to write P[X € B| instead of P[B] for any k-Borel set B. The location halfspace
depth of 6(c RF) with respect to P is then

HD®() :== inf P[u/(X —60)>0].
ueSk—1
The corresponding depth regions RiS¢(a) := {6 € R : HDS°(9) > a} form a nested fam-
ily of closed convex subsets of RF. The innermost depth region, namely Mllé’c = {0 €
R : HDS¢(9) = max, c gk HD'S¢(n)} (the maximum always exists; see, e.g., Proposition 7
in Rousseeuw & Ruts, 1999), is a set-valued location functional. When a unique representa-
tive of MIISC is needed, it is customary to consider the Tukey median 0p of P, that is defined
as the barycenter of M}S’C. The Tukey median has maximal depth (which follows from the
convexity of M) and is an affine-equivariant location functional.

In this chapter, for a location functional 7', we define the T'-scatter halfspace depth of (€
Pr.) with respect to P as

HDE (%) := inf min(P[u/(X —Tp)| < Vu'Su],

ueSk-1

P[[W(X —Tp)| = Vu'Su]). (2.1)
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This extends to a probability measure with arbitrary location the centered matrix depth
concept from Chen et al. (2017). If P is smooth, then the depth in (2.1) is also equivalent to
the (Tukey version of) the dispersion depth introduced in Zhang (2002), but for the fact that
the latter, in the spirit of projection depth, involves centering through a univariate location
functional (both Zhang (2002) and Chen et al. (2017) also propose bypassing centering through
a pairwise difference approach that will be discussed in Section 5). While they were not
considered in these prior works, it is of interest to introduce the corresponding depth regions

Br(@):={2ePy: HDF1(X) 2 a}, a>0. (2.2)

We will refer to Ry (cv) as the order-oo (T-scatter halfspace) depth region of P. Obviously, one
always has RE1(0) = P. Clearly, the concepts in (2.1)-(2.2) give practitioners the flexibility
to freely choose the location functional T'; numerical results below, however, will focus on the
depth HD}S(X) and on the depth regions RjS(a) based on the Tukey median §p, that is the
natural location functional whenever halfspace depth objects are considered.

To get a grasp of the scatter depth HD}S(X), it is helpful to start with the univariate
case k = 1. There, the location halfspace deepest region is the “median interval” M ]13(: =
arg maxgeg min(P[X < 6], P[X > 6]) and the Tukey median fp, that is, the midpoint of M ¢,
is the usual representative of the univariate median. The scatter halfspace deepest region is
then the median interval M := arg Maxy, g+ min(P[(X — 0p)? < X],P[(X — 0p)? > X))
of (X — 0p)?; call it the median squared deviation interval Tysp[X] (or Tysp[P]) of X ~
P. Below, parallel to what is done for the median, MSD[X] (or MSD[P]) will denote the
midpoint of this MSD interval. In particular, if Zy;sp[P] is a singleton, then scatter halfspace
depth is uniquely maximised at ¥ = MSD[P] = (MAD|P])?, where MAD[P] denotes the
median absolute deviation of P. Obviously, the depth regions R3S(a) form a family of nested
intervals, [X7, $1] say, included in P; = R{. It is easy to check that, if P is symmetric about
zero with an invertible cumulative distribution function F' and if T' is centro-equivariant, then

HD%(Y) = HD¥1(2) = 2min (F(VE) — ,1 - F(VX))  and (2.3)

Ri(a) = Rpp(a) = [(F~H (5 +8))% (F71(1 - $))%. (2.4)

N[ =

This is compatible with the fact that the maximal value of ¥ — HD¥(X) (that is equal to 1/2)
is achieved at ¥ = (MAD[P])? only.

For k£ > 1, elliptical distributions provide an important particular case. We will say
that P = PX is k-variate elliptical with location #(€ R¥) and scatter ¥(€ Py) if and only
itx 2o+ Y27 where Z = (Zy,...,7Z;) is (i) spherically symmetric about the origin of R”
(that is, OZ 2 7 for any k x k orthogonal matrix O) and is (ii) standardised in such a way
that MSD[Z;] = 1 (one then has Tp = 6 for any affine-equivariant location functional T').
Denoting by ® the cumulative distribution function of the standard normal, the k-variate
normal distribution with location zero and scatter I is then the distribution of X := W/b,
where b := ®~1(2) and W is a standard normal random k-vector. In this Gaussian case, we
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obtain
HD¥(X) = igg _min (P[[W'X| < VWSu], P[|W'X| > Vu'Su])
ued
— 2min (2(01,*(2) - 3.1 - (A (%))). (2.5)

One can check directly that HDE(X) < HDEp(Iy) = 1/2, with equality if and only if ¥
coincides with the “true” scatter matrix Ij, (we refer to Theorem 5.1 for a more general result).
Also, X belongs to the depth region R () if and only if Sp(¥) C (G~ (53 +8)% (e (1~
ay)2

)7

Provided that the location functional used is affine-equivariant, extension to an arbitrary
multinormal is based on the following affine-invariance result, which ensures in particular that
scatter halfspace depth will not be affected by possible changes in the marginal measurement
units (a similar result is stated in Zhang (2002) for the dispersion depth concept considered
there).

Theorem 2.1. Let T be an affine-equivariant location functional. Then, (i) scatter halfspace
depth is affine-invariant in the sense that, for any probability measure P over R*, ¥ € Py,
A € GL and b € R*, we have H. §§A7b7T(AEA’) = HDE (X)), where Py is as defined on
page 16. Consequently, (ii) the regions R}fT(a) are affine-equivariant, in the sense that, for
any probability measure P over R*¥, a > 0, A € GL;, and b € R*, we have %A,b,T(O‘) =
ARE p(a) A’

This result readily entails that if P is the k-variate normal with location 6y and scatter X,
then, provided that T is affine-equivariant,

HDr(3) = 2min (@(00/*(55'%)) - 4,1 - 0(0\*(37'%)) ) (2.6)

and Rp(a) is the collection of scatter matrices ¥ for which the spectral interval satisfies
Sp(Z5'E) C [(3271(5 + 9))% (327 11— 2))?]. For a non-Gaussian elliptical probability mea-
sure P with location 6 and scatter ¥o, it is easy to show that HDF (%) will still depend
on ¥ only through A\;(3;5'%) and A\,(3;'%).

As already mentioned, we also intend to consider non-elliptical probability measures. A
running non-elliptical example will be the one for which P is the distribution of a random

vector X = (Xy,...,Xx)" with independent Cauchy marginals. If T is centro-equivariant,
then
HD(%) = 2min (‘P(l/max Vs Ts) — 11— max(diag(z)))), (2.7)

where V¥ is the Cauchy cumulative distribution function and where the maximum in s is over
all sign vectors s = (s1,...,s;) € {—1,1}*; see Lemma A.1 in the Appendix for a proof.
For k = 1, this simplifies to HDF,(X) = 2min (T(VE) — 1,1 — ¥(VE)), which agrees
with (2.3). For k = 2, we obtain

HDigr(S) = 2min (¥(v/Aet(D)/55) — .1 = ¥(vmax(E11, 22)) ).

where we let sy := X171 + Y92 + 2|212|. For a general k, a scatter matrix 3 belongs to RSﬁ,T(a)
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—2))? for all

Chapter 1

3+9))2 forall s € {~1,1}* and X < (W7(1

if and only if 1/(s'S71s) > (U71(3

¢ =1,...,k. The problem of identifying the scatter matrix achieving maximal depth, if any
(existence is not guaranteed), will be considered in Section 4. Figure 1 plots scatter halfspace
depth regions in the Gaussian and independent Cauchy cases above. Examples involving dis-
tributions that are not absolutely continuous with respect to the Lebesgue measure will be

considered in the next sections.

Figure 1:
to two probability measures P, namely the bivariate multinormal distribution with location zero and

scatter Iy (left) and the bivariate distribution with independent Cauchy marginals (right). The red

HDE1(Ysy,2), where HDYS p(Xz y,2) is the T-scatter halfspace depth of ¥y, .
points are those associated with Iy (left) and /21 (right), which are the corresponding deepest scatter

Level sets of order a = .2,.3 and .4, for any centro-symmetric T, of (x,y,z) +—
= (7 Z) with respect

matrices (see Sections 4 and 5).

The expressions for HD3(X) obtained in (2.6)-(2.7) above are validated through a Monte
Carlo exercise below. Such a numerical validation is justified by the following uniform con-
sistency result; see (6.2) and (6.6) in Donoho & Gasko (1992) for the corresponding location
halfspace depth result, and Proposition 2.2(ii) in Zhang (2002) for the dispersion depth concept

considered there.
Theorem 2.2. Let P be a smooth probability measure over R* and T be a location functional.

Let P, denote the empirical probability measure associated with a random sample of size n
from P and assume that Tp, — Tp almost surely as n — oo. Then supsep, |[HDE () —

HDF(%)| — 0 almost surely as n — oo.
This result applies in particular to the scatter halfspace depth HDY¥(Y), as the Tukey

median is strongly consistent without any assumption on P (for completeness, we show this in
the appendix, see Lemma A.5). Of course, the uniform consistency result in Theorem 2.2 holds
in particular if P is absolutely continuous with respect to the Lebesgue measure. Inspection
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of the proof of Theorem 2.2 reveals that the smoothness assumption is only needed to control
the estimation of Tp, hence is superfluous when a constant location functional is used. This
is relevant when the location is fixed, as in Chen et al. (2017).

The Monte Carlo exercise we use to validate these expressions is the following. For each
possible combination of n € {100,500,2000} and k € {2,3,4}, we generated M = 1000
independent random samples of size n (i) from the k-variate normal distribution with location
zero and scatter I and (ii) from the k-variate distribution with independent Cauchy marginals.
Letting A,‘? = diag(8, Ix—1), AkB = I, AkC = diag(%,]k,l), and

11
o :=diag<< 4 >,Ik_2),

V2 V2

we evaluated, in each sample, the depths HD3 (%) of X, = OkAiO’, {=A,B,C, where P,
denotes the empirical probability measure associated with the k-variate sample of size n at
hand (each evaluation of HDY (-) is done by approximating the infimum inu € § k=1 by a min-
imum over N = 10000 directions randomly sampled from the uniform distribution over S¥=1).
For each n, k, and each underlying distribution (multinormal or independent Cauchy), Fig-
ure 2 reports boxplots of the corresponding M values of HD% (X)), £ = A, B,C. Clearly,
the results support the theoretical depth expressions obtained in (2.6)-(2.7), as well as the
consistency result in Theorem 2.2 (the bias for HD¥ (¥ p) in the Gaussian case is explained
by the fact that, as we have seen above, ¥ p maximises HD}(X), with a maximal depth value
equal to 1/2).

3 Frobenius topology

Our investigation of the further structural properties of the scatter halfspace depth HD?T(Z)
and of the corresponding depth regions ngT(a) depends on the topology that is considered
on Py. In this section, we focus on the topology induced by the Frobenius metric space (P, dr),
where dp(Xq4, Xp) = || Xy — Xl is the distance on Py that is inherited from the Frobenius
norm ||Allp = /tr[AA] on Mj. The resulting Frobenius topology (or simply F'-topology),
generated by the F-balls Bp(Xg,r) := {2 € Py : dp(XZ,X0) < r} with center ¥y and radius r,
gives a precise meaning to what we call below F'-continuous functions on Py, F-open/F-closed
subsets of Pi, etc. We then have the following result.

Theorem 3.1. Let P be a probability measure over R* and T be a location functional. Then,
(i) £+ HDF,(¥) is upper F-semicontinuous on Py, so that (ii) the depth region R ()
is F-closed for any a > 0. (iii) If P is smooth at Tp, then ¥ — HD¥7(X) is F-continuous
on Pg.

For location halfspace depth, the result corresponding to Theorem 3.1 above was derived
in Lemma 6.1 of Donoho & Gasko (1992), where the metric on R¥ is the Euclidean one. The
similarity between the location and scatter halfspace depths also extends to the boundedness
of depth regions, in the sense that, like location halfspace depth (Proposition 5 in Rousseeuw
& Ruts, 1999), the order-a scatter halfspace depth region is bounded if and only if o > 0.

Theorem 3.2. Let P be a probability measure over R*¥ and T be a location functional.
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Figure 2: Bozplots, for various values of n and k, of HDF (¥a) (top row), HDF (¥p) (middle
row) and HDF (¥c) (bottom row) based on M = 1000 independent random samples of size n from
the k-variate multinormal distribution with location zero and scatter Iy (left) or from the k-variate

distribution with independent Cauchy marginals (right); we refer to Section 2 for the expressions of 3 4,
ZB and Zc.

Then, for any a > 0, RS (o) is F-bounded (that is, it is included, for some r > 0, in the
F-ball Bp(Ix,r)).

This shows that, for any probability measure P, H. %T(E) goes to zero as ||X||p — oo.
Since [|X||p > A1(X), this means that explosion of ¥ (that is, A1 (X) — 00) leads to arbitrarily
small depth, which is confirmed in the multinormal case in (2.5). In this Gaussian case,
however, implosion of ¥ (that is, Ax(¥) — 0) also provides arbitrarily small depth, but this
is not captured by the general result in Theorem 3.2 (similar comments can be given for the
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Chapter I Frobenius topology

independent Cauchy example in (2.7)). Irrespective of the topology adopted (so that the
F-topology is not to be blamed for this behavior), it is actually possible to have implosion
without depth going to zero. We show this by considering the following example. Let P =
(1—s)Pi+sP, where s € (3,1), P is the bivariate standard normal and P, is the distribution
of (g), where Z is univariate standard normal. Then, it can be showed that, for ¥,, := (1/0" 0)

1
and any centro-equivariant 7', we have HD1(¥,) — 1 — 5> 0 as n — oo.

In the metric space (Py, dr), any bounded set is also totally bounded, that is, can be covered,
for any € > 0, by finitely many balls of the form Bp(X,¢). Theorems 3.1-3.2 thus show that,
for any a > 0, RiS,() is both F-closed and totally F-bounded. However, since (Pg,dF) is
not complete, there is no guarantee that these regions are F-compact. Actually, these regions
may fail to be F-compact, as we show through the example from the previous paragraph. For
any a € (0,1—s), the scatter matrix 3, belongs to R}C’T(a) for n large enough. However, the
sequence (X,,) F-converges to (8 (1)), that does not belong to RS,(a) (since it does not even
belong to P2). Since this will also hold for any subsequence of (%,,), we conclude that, for a €
(0,1—3s), }C’T(a) is not F-compact in this example. This provides a first discrepancy between
location and scatter halfspace depths, since location halfspace depth regions associated with
a positive order a are always compact.

The lack of compacity of scatter halfspace depth regions may allow for probability measures
for which no halfspace deepest scatter exists. This is actually the case in the bivariate mixture
example above. There, letting e; = (1,0)" and assuming again that T is centro-equivariant,
any ¥ € P, indeed satisfies HDS,(X) < Pllei X| > VelZel] = PXq| > VEn) = (1 -
s)P[|Z] > vX11] < 1— s = supgep, HDF(2), where the last equality follows from the fact
that we identified a sequence (¥,) such that HDF,(¥,) — 1 —s. This is again in sharp
contrast with the location case, for which a halfspace deepest location always exists; see, e.g.,
Propositions 5 and 7 in Rousseeuw & Ruts (1999). Identifying sufficient conditions under
which a halfspace deepest scatter exists requires considering another topology, namely the
geodesic topology considered in Section 4 below.

The next result states that scatter halfspace depth is a quasi-concave function, which
ensures convexity of the corresponding depth regions; we refer to Proposition 1 (and to its
corollary) in Rousseeuw & Ruts (1999) for the corresponding results on location halfspace
depth.

Theorem 3.3. Let P be a probability measure over R*¥ and T be a location functional.
Then, (i) ¥ — H §§’T(Z) is quasi-concave, in the sense that, for any X,,%, € P, and t €
[0,1], HDE(3¢) > min(HDS (Ea), HDF (X)), where we let Xy := (1 — )X, + tZp; (ii) for
any a > 0, REp(a) is convex.

Strictly speaking, Theorem 3.3 is not directly related to the F-topology considered on Py.
Yet we state the result in this section due to the link between the linear paths ¢t — >; =
(1 — )3, + tX it involves and the “flat” nature of the F-topology (this link will become
clearer below when we will compare with what occurs for the geodesic topology).

Figure 3 plots, for k = 2, 3, the graphs of t — HD}S(%;) for ¥, := (1—t)X4+tX¢c, where ¥4
and Yo are the scatter matrices considered in the numerical exercise performed in Section 2
and where P is either the k-variate normal distribution with location zero and scatter I or
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Chapter I Geodesic topology

the k-variate distribution with independent Cauchy marginals. The same figure also provides
the corresponding sample plots, based on a single random sample of size n = 50 drawn from
each of these two distributions. All plots are compatible with the quasi-concavity result in
Theorem 3.3. Figure 3 also illustrates the continuity of ¢ HD%T(Et) for smooth probability
measures P (Theorem 3.1) and shows that continuity may fail to hold in the sample case.
Further illustration of Theorem 3.3 will be provided in Figure 4.

Gaussian Independent Cauchy
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Figure 3: The dotted curves are the graphs of t — HDY(%;), where ¥, = (1 —t)X 4 +tX¢ involves the
scatter matrices X4 and X considered in Figure 2, for the k-variate normal distribution with location
zero and scatter Is (left) and for the k-variate distribution with independent Cauchy marginals (right).
The solid curves are associated with a single random sample of size n = 50 from the corresponding dis-
tributions. Red and blue correspond to the bivariate and trivariate cases, respectively; in the population
Gaussian case, the graph of t — HD (%) is the same for k =2 and k = 3, hence is plotted in black.

4 Geodesic topology

Equipped with the inner product < A, B > = tr[A’B|, M}, is a Hilbert space. The resulting
norm and distance are the Frobenius ones considered in the previous section. As an open set
in Sg, the parameter space Py of interest is a differentiable manifold of dimension k(k + 1)/2.
The corresponding tangent space at %, which is isomorphic (via translation) to Sk, can be
equipped with the inner product < A, B> = tr[X ' AX ! B]. This leads to considering P} as a
Riemannian manifold, with the metric at ¥ given by the differential ds = ||X~1/2d2 ¥ ~1/2| ;
see, e.g., Bhatia (2007). The length of a path 7 : [0, 1] — P is then given by

L(y) = /01 Hvl/Q(t)djif)vl/Q(t)Hth.

The resulting geodesic distance between >, ¥ € Py, is defined as

dy(Zas ) 1= inf {L(7) : 7 € G(Sas )} = [[log(Z, 225, 2| (4.1)
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where G(3,,Yp) denotes the collection of paths v from ~(0) = £, to v(1) = X} (the second
equality in (4.1) is Theorem 6.1.6 in Bhatia, 2007). It directly follows from the definition
of dy(X4,%p) that the geodesic distance satisfies the triangle inequality. Theorem 6.1.6 in
Bhatia (2007) also states that all paths v achieving the infimum in (4.1) provide the same
geodesic {y(t) : t € [0, 1]} joining ¥, and X, and that this geodesic can be parametrised as

A(t) =3 = 22 (2 V) Y2 e 0,1]. (4.2)

By using the explicit formula in (4.1), it is easy to check that this particular parametrisation
of this unique geodesic is natural in the sense that dy(Zq, ;) = tdy(Za, Zp) for any t € [0, 1].

Below, we consider the natural topology associated with the metric space (Py,dy), that
is, the topology whose open sets are generated by geodesic balls of the form By(3g,7) =
{2 € Pp : dy(X,%0) < r}. This topology — call it the geodesic topology, or simply g-
topology — defines subsets of Py that are g-open, g-closed, g-compact, and functions that are
g-semicontinuous, g-continuous, etc. We will say that a subset R of Py is g-bounded if and
only if R C By(Ij,r) for some r > 0 (we can safely restrict to balls centered at I} since the
triangle inequality guarantees that R is included in a finite-radius g-ball centered at Ij, if and
only if it is included in a finite-radius g-ball centered at an arbitrary ¥y € Py). A g-bounded
subset of Py, is also totally g-bounded, still in the sense that, for any € > 0, it can be covered
by finitely many balls of the form By(X,¢); for completeness, we prove this in Lemma A.6
in the Appendix. Since (P, d,) is complete (see, e.g., Proposition 10 in Bhatia & Holbrook,
2006), a g-bounded and g-closed subset of Py is then g-compact.

We omit the proof of the next result as it follows along the exact same lines as the proof of
Theorem 3.1, once it is seen that a sequence (3,) converging to g in (Pj,dy) also converges
to EO in (Pk;,dF)

Theorem 4.1. Let P be a probability measure over R* and T be a location functional. Then,
(i) ¥~ HDF,(X) is upper g-semicontinuous on Py, so that (ii) the depth region R, (a) is
g-closed for any a > 0. (iii) If P is smooth at Tp, then ¥ — HDF 1 (X) is g-continuous on P.

The following result uses the notation spr := sup,cse-1 P[v/(X — Tp) = 0] and app =
min(spr,1 — spr) defined in the introduction.

Theorem 4.2. Let P be a probability measure over R* and T be a location functional. Then,
for any o > apr, RSPC,T(a) is g-bounded, hence g-compact (if spr > 1 /2, then this result is
trivial in the sense that Sp‘iT(a) is empty for any o > apqr). In particular, if P is smooth
at Tp, then RS, (a) is g-compact for any o > 0.

This result complements Theorem 3.2 by showing that implosion always leads to a depth
that is smaller than or equal to apr. In particular, in the multinormal and independent
Cauchy examples in Section 2, this shows that both explosion and implosion lead to arbitrarily
small depth, whereas Theorem 3.2 was predicting this collapsing for explosion only. Therefore,
while the behavior of HD?5 (%) under implosion/explosion of ¥ is independent of the topology
adopted, the use of the g-topology provides a better understanding of this behavior than the
F-topology.

24



Chapter I Geodesic topology

It is not possible to improve the result in Theorem 4.2, in the sense that RE,(apr)
may fail to be g-bounded. For instance, consider the probability measure P over R? putting
probability mass 1/6 on each of the six points (0,4+1/2) and (£2,+2), and let 7" be a centro-
equivariant location functional. Clearly, apr = spr = 1/3. Now, letting %, := (1/0” (1)), we
have P[|u’2£l/2X| < 1] > 1/3 and P[|u’§];1/2X| > 1] > 1/3 for any u € S! (here, X is a

random vector with distribution P), which entails that
HDEp(Sn) = inf min(P[ju'X] < Vu'Spu], Pllu'X] > Viu'S,ul)
ue

= inf min(P[ju/S,?X| < 1], P[[u/S, 2 X| < 1]) >

= apT,
ueS?!

W

so that X, € R?T(apj) for any n. Since dy(%,, I2) = oo, R}fT(ap7T) is indeed g-unbounded.

An important benefit of working with the g-topology is that, unlike the F-topology, it
allows to show that, under mild assumptions, a halfspace deepest scatter does exist. More
precisely, we have the following result.

Theorem 4.3. Let P be a probability measure over R*¥ and T be a location functional.
Assume that REp(apr) is non-empty. Then, aupr := supyep, HDF () = HDF1(3) for
some Yy € Py.

In particular, this result shows that for any probability measure P that is smooth at Tp,
there exists a halfspace deepest scatter X,. For the k-variate multinormal distribution with
location zero and scatter I (and any centro-equivariant 7"), we already stated in Section 2
that ¥ — HDF (X)) is uniquely maximised at 3. = Ij, with a corresponding maximal depth
equal to 1/2. The next result identifies the halfspace deepest scatter (and the corresponding
maximal depth) in the independent Cauchy case.

Theorem 4.4. Let P be the k-variate probability measure with independent Cauchy marginals
and let T be a centro-equivariant location functional. Then, ¥ — H. SﬁT(E) is uniquely max-
imised at ¥, = VkI}, and the corresponding maximal depth is HDY - (24) = % arctan (k:_l/ 4).

For k = 1, the Cauchy distribution in this result is symmetric (hence, elliptical) about zero,
which is compatible with the maximal depth being equal to 1/2 there (Theorem 5.1 below
shows that the maximal depth for absolutely continuous elliptical distributions is always equal
to 1/2). For larger values of k, however, this provides an example where the maximal depth
is strictly smaller than 1/2. Interestingly, this maximal depth goes (monotonically) to zero
as k — oo. Note that, for the same distribution, location halfspace depth has, irrespective
of k, maximal value 1/2 (this follows, e.g., from Lemma 1 and Theorem 1 in Rousseeuw &
Struyf, 2004).

In general, the halfspace deepest scatter X, is not unique. This is typically the case for
empirical probability measures P, (note that the existence of a halfspace deepest scatter in
the empirical case readily follows from the fact that HD} r(X) takes its values in {{/n :
¢=0,1,...,n}). For several purposes, it is needed to identify a unique representative of the
halfspace deepest scatters, that would play a similar role for scatter as the one played by the
Tukey median for location. To this end, one may consider here a center of mass, that is, a
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scatter matrix of the form

Ypr = i d%(m, %) dm, 4.3
PT argérelg}c/R%T(a*RT) g(m, X) dm (4.3)

where dm is a mass distribution on R (c.pr) with total mass one (the natural choice being
the uniform over R3S (o pr)). This is a suitable solution if RS ,(cupr) is g-bounded (hence,
g-compact), since Cartan (1929) showed that, in a simply connected manifold with non-positive
curvature (as Py), every compact set has a unique center of mass; see also Proposition 60
in Berger (2003). Convexity of RSPC’T(a* pr) then ensures that ¥pr has maximal depth. Like
for location, this choice of ¥p7 as a representative of the deepest scatters guarantees affine
equivariance (in the sense that Ypi,T = AYprA’ for any A € GLj and any b € Rk),
provided that T itself is affine-equivariant. An alternative approach is to consider the scatter
matrix Y p7 whose vectorised form vec X pr is the barycenter of vec RSPC’T(a* pr). While this
is a more practical solution for scatter matrices, the non-flat nature of some of the parameter
spaces in Section 7 will require the more involved, manifold-type, approach in (4.3).

As a final comment related to Theorem 4.3, note that if R (apr) is empty, then it
may actually be so that no halfspace deepest scatter does exist. An example is provided
by the bivariate mixture distribution P in Section 3. There, we saw that, for any centro-
equivariant T', no halfspace deepest scatter does exist, which is compatible with the fact that,
for any ¥, HDS1(¥) <1—s = apr, so that RS, (apr) is empty.

5 An axiomatic approach for scatter depth

Building on the properties derived in Liu (1990) for simplicial depth, Zuo & Serfling (2000)
introduced an axiomatic approach suggesting that a generic location depth D}gc( ) RF -
[0, 1] should satisfy the following properties: (P1) affine invariance, (P2) maximality at the
symmetry center (if any), (P3) monotonicity relative to any deepest point, and (P4) vanishing
at infinity. Without entering into details, these properties are to be understood as follows: (P1)
means that Digj’b(AG +b) = D'8¢(0) for any A € GLj, and b € R¥, where Py, is as defined on
page 16; (P2) states that if P is symmetric (in some sense), then the symmetry center should
maximise D!S¢(-); according to (P3), D'S°(-) should be monotone non-increasing along any
halfline originating from any P-deepest point; finally, (P4) states that as 0 exits any compact
set in R¥, its depth should converge to zero. There is now an almost universal agreement in
the literature that (P1)-(P4) are the natural desirable properties for location depths.

In view of this, one may wonder what are the desirable properties for a scatter depth.
Inspired by (P1)-(P4), we argue that a generic scatter depth D¥( ) : Py — [0, 1] should satisfy
the following properties, all involving an (unless otherwise specified) arbitrary probability
measure P over RF:

(Q1) Affine invariance: for any A € GLj, and b € R¥, DE, (AXA") = DE(X), where Py is

,b

still as defined on page 16;

(Q2) Fisher consistency under ellipticity: if P is elliptically symmetric with location 6y and
scatter Xg, then D¥(Xg) > DF(X) for any ¥ € Py;
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(Q3) Monotonicity relative to any deepest scatter: if ¥, maximises D (- ), then, for any ¥, €
Pr, t = DF((1 — )X, + tEp) is monotone non-increasing over [0, 1];

(Q4) Vanishing at the boundary of the parameter space: if (3,,) F-converges to the boundary
of P (in the sense that either dp (%, ¥) — 0 for some ¥ € S \ Py or dp(X,, I) — 00),
then D¥(%,) — 0.

While (Q1) and (Q3) are the natural scatter counterparts of (P1) and (P3), respectively,
some comments are in order for (Q2) and (Q4). We start with (Q2). In essence, (P2) re-
quires that, whenever an indisputable location center exists (as it is the case for symmetric
distributions), this location should be flagged as most central by the location depth at hand.
A similar reasoning leads to (Q2): we argue that, for an elliptical probability measure, the
“true” value of the scatter parameter is indisputable, and (Q2) then imposes that the scatter
depth at hand should identify this true scatter value as the (or at least, as a) deepest one. One
might actually strengthen (Q2) by replacing the elliptical model there by a broader model in
which the true scatter would still be clearly defined. In such a case, of course, the larger the
model for which scatter depth satisfies (Q2), the better (a possibility, that we do not explore
here, is to consider the union of the elliptical model and the independent component model,;
see Ilmonen & Paindaveine, 2011 and the references therein). This is parallel to what happens
in (P2): the weaker the symmetry assumption under which (P2) is satisfied, the better (for
instance, having (P2) satisfied with angular symmetry is better than having it satisfied with
central symmetry only); see Zuo & Serfling (2000).

We then turn to (Q4), whose location counterpart (P4) is typically read by saying that the
depth/centrality D'S¢(6,,) goes to zero when the point 6, goes to the boundary of the sample
space. In the spirit of parametric depth (Mizera, 2002; Mizera & Miiller, 2004), however, it is
more appropriate to look at #,, as a candidate location fit and to consider that (P4) imposes
that the appropriateness D%C(ﬁn) of this fit goes to zero as 6,, goes to the boundary of the
parameter space. For location, the confounding between the sample space and parameter
space (both are R*) allows for both interpretations. For scatter, however, there is no such
confounding (the sample space is R¥ and the parameter space is Py,), and we argue (Q4) above
is the natural scatter version of (P4): whenever 3, goes to the boundary of the parameter
space Py, scatter depth should flag it as an arbitrarily poor candidate fit.

Theorem 2.1 states that scatter halfspace depth satisfies (Q1) as soon as it is based on an
affine-equivariant 7'. Scatter halfspace depth satisfies (Q3) as well: if ¥, maximises HD¥ 7 (- ),
then Theorem 3.3 indeed readily implies that

HDE (1 = £)S + t3) > min(HDE 1 (a), HDS () = HDE 1 (Ss)

for any ¥, € P and ¢ € [0, 1]. The next Fisher consistency result shows that, provided that T’
is affine-equivariant, (Q2) is also met.

Theorem 5.1. Let P be an elliptical probability measure over R* with location 6, and
scatter Yo, and let T' be an affine-equivariant location functional. Then, (i) HD¥x(3) >
HD$1(X) for any ¥ € Py, and the equality holds if and only if Sp(X; IS) ¢ TwmsplZi],
where Z = (Z1,...,%Z) 2 261/2()( — b6p); (ii) in particular, if Zygp[Z1] is a singleton
(equivalently, if Zysp[Z1] = {1}), then ¥ — HD¥1(X) is uniquely maximised at o.
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While (Q1)-(Q3) are satisfied by scatter halfspace depth without any assumption on P, (Q4)
is not, as the mixture example considered in Section 3 shows (since the sequence (3,,) consid-
ered there has limiting depth 1 — s > 0). However, Theorem 3.2 reveals that (Q4) may fail
only when dp(X,,%) — 0 for some ¥ € S \ Px. More importantly, Theorem 4.2 implies that
T-scatter halfspace depth will satisfy (Q4) at any P that is smooth at Tp.

In a generic parametric depth setup, (Q3) would require that the parameter space is convex.
If the parameter space rather is a non-flat Riemannian manifold, then it is natural to replace
the “linear” monotonicity property (Q3) with a “geodesic” one. In the context of scatter
depth, this would lead to replacing (Q3) with

(QV?)) Geodesic monotonicity relative to any deepest scatter: if ¥, maximises D3(-), then,
SC ad . . . .
) = )
for any ¥, € Py, t — D (%) is monotone non-increasing over [0, 1] along the geodesic
path ; from %, to ¥ in (4.2).

We refer to Section 7 for a parametric framework where (Q3) cannot be considered and
where (Qv3) needs to be adopted instead. For scatter, however, the hybrid nature of P, which is
both flat (as a convex subset of the vector space Sj) and curved (as a Riemannian manifold with
non-positive curvature), allows to consider both (Q3) and (Q3). Just like (Q3) follows from
quasi-concavity of the mapping ¥ — HDF (), (Qv?)) would follow from the same mapping
being geodesic quasi-concave, in the sense that HDP,T(i‘,t) > min(HDpr(X,), HDpr(Xp))
along the geodesic path 3 from ¥, to 3. Geodesic quasi-concavity would actually imply that
scatter halfspace depth regions are geodesic conver, in the sense that, for any ¥,, ¥ € RS (),
the geodesic from ¥, to ¥ is contained in R (). We refer to Diimbgen & Tyler (2016) for an
application of geodesic convex functions to inference on (high-dimensional) scatter matrices.

Theorem 3.3 shows that ¥ — HD3(¥) is quasi-concave for any P. A natural question
is then whether or not this extends to geodesic quasi-concavity. The answer is positive at
any k-variate elliptical probability measure and at the k-variate probability measure with
independent Cauchy marginals.

Theorem 5.2. Let P be an elliptical probability measure over R¥ or the k-variate probability
measure with independent Cauchy marginals, and let T' be an affine-equivariant location
functional. Then, (i) ¥ — HDF(X) is geodesic quasi-concave, so that (ii) R3S (a) is geodesic
convex for any a > 0.

We close this section with a numerical illustration of the quasi-concavity results in The-
orems 3.3 and 5.2 and with an example showing that geodesic quasi-concavity may actu-
ally fail to hold. Figure 4 provides, for three bivariate probability measures P, the plots
of t = HD(%;) and t +— HDS(X;), where Xy = (1—t), +t%} is the linear path from ¥, = I
to ¥, = diag(0.001,20) and where %; = 2111/2(251/221,2;1/2)’52}/2 is the corresponding
geodesic path. The three distributions considered are (i) the bivariate normal with loca-
tion zero and scatter Iy, (ii) the bivariate distribution with independent Cauchy marginals,
and (iii) the empirical distribution associated with a random sample of size n = 200 from
the bivariate mixture distribution P = %P1 + in + in, where P, is the standard normal,
P, is the normal with mean (0,4)" and covariance matrix %Ig, and Pj is the normal with
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%IQ. Figure 4 illustrates that (linear) quasi-concavity
of scatter halfspace depth always holds, but that geodesic quasi-concavity may fail to hold.

mean (0,—4)" and covariance matrix

Despite this counterexample, extensive numerical experiments led us to think that geodesic
quasi-concavity is the rule rather than the exception.
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Figure 4: Plots, for various bivariate probability measures P, of the scatter halfspace depth func-
tion ¥ +— HD¥(X) along the linear path ¥y = (1 — t)%, + t5 (red), the geodesic path %; =
25/2(251/221,2;1/2)@3/2 (blue), and the harmonic path ¥f = ((1 — )57 + 3, 1)1 (orange),
from X, = I to ¥, = diag(0.001,20); harmonic paths are introduced in Section 6. The probability
measures considered are the bivariate normal with location zero and scatter Iy (top left), the bivari-
ate distribution with independent Cauchy marginals (top right), and the empirical probability measure
associated with a random sample of size n = 200 from the bivariate mizture distribution described in
Section 5 (bottom right). The scatter plot of the sample used in the mixture case is provided in the
bottom left panel.

6 Concentration halfspace depth

In various setups, the parameter of interest is the concentration matriz T' := Y71 rather than
the scatter matrix 3. For instance, in Gaussian graphical models, the (i, j)-entry of I is zero if
and only if the 7th and jth marginals are conditionally independent given all other marginals.
It may then be useful to define a depth for inverse scatter matrices. The scatter halfspace
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depth in (2.1) naturally leads to defining the T'-concentration halfspace depth of " with respect
to P as
HDPF(T) := HDF (')

and the corresponding T-concentration  halfspace  depth  regions  as %E”%C(a)

= {T € Py : HDy(T) > a}, a > 0. As indicated by an anonymous referee, the defini-
tion of T-concentration halfspace depth alternatively results, through the use of “innovated
transformation” (see, e.g., Hall & Jin, 2010, Fan et al., 2013, or Fan & Lv, 2016), from the
concept of (an affine-invariant) T-scatter halfspace depth.

Concentration halfspace depth and concentration halfspace depth regions inherit the prop-
erties of their scatter antecedents, sometimes with subtle modifications. The former is affine-
invariant and the latter are affine-equivariant as soon as they are based on an affine-equivariant
location functional T'. Concentration halfspace depth is upper F- and g-semicontinuous for

conc

any probability measure P (so that the regions R} () are F- and g-closed) and F- and g-
continuous if P is smooth at Tp. While the regions Ri7¢(c) are still g-bounded (hence also,
F-bounded) for @ > apr, the outer regions R%Z%C(a), a < apr, here may fail to be F-
bounded (this is because implosion of 3, under which scatter halfspace depth may fail to go
below apr, is associated with explosion of £71). Finally, uniform consistency and existence
of a concentration halfspace deepest matrix are guaranteed under the same conditions on P

and T as for scatter halfspace depth.

Quasi-concavity of concentration halfspace depth and convexity of the corresponding re-
gions require more comments. The linear path ¢ — (1 — )"y + tI', between the concentration
matrices T, = ¥ and I'y, = ¥, determines a harmonic path t — 3f = (1-t)E; ' +t2, 1)~}
between the corresponding scatter matrices ¥, and Y. In line with the definitions adopted
in the previous sections, we will say that f : Pp — R is harmonic quasi-concave if f(¥X}) >
min(f(X,), f(Xp)) for any X,,3 € Py and ¢ € [0,1], and that a subset R of Py is harmonic
convez if ¥4, %, € R implies that X} € R for any ¢t € [0, 1]. Clearly, concentration halfspace
depth is quasi-concave if and only if scatter halfspace depth is harmonic quasi-concave, which
turns out to be the case in the elliptical and independent Cauchy cases. We thus have the
following result.

Theorem 6.1. Let P be an elliptical probability measure over R¥ or the k-variate probability
measure with independent Cauchy marginals, and let T' be an affine-equivariant location
functional. Then, (i) I' = HDP7(T') is quasi-concave, so that (ii) R¥7¢(a) is convex for
any a > 0.

However, concentration halfspace depth may fail to be quasi-concave, since, as we show by
considering the mixture example in Figure 4, scatter halfspace depth may fail to be harmonic
quasi-concave. The figure, that also plots scatter halfspace depth along harmonic paths,
confirms that, while scatter halfspace depth is harmonic quasi-concave for the Gaussian and
independent Cauchy examples there, it is not in the mixture example. In this mixture example,
thus, concentration halfspace depth fails to be quasi-concave and the corresponding depth
regions fail to be convex. This is not a problem per se — recall that famous (location) depth
functions, like, e.g., the simplicial depth from Liu (1990), may provide non-convex depth
regions.
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For completeness, we present the following result which shows that some form of quasi-
concavity for concentration halfspace depth survives.

Theorem 6.2. Let P be a probability measure over R* and T be a location functional. Then,
(i) I' = HD®3*(I) is harmonic quasi-concave, so that (ii) RyE7°(a) is harmonic convex for

any o > 0.

Since concentration halfspace depth is harmonic quasi-concave if and only if scatter halfs-
pace depth is quasi-concave, the result is a direct corollary of Theorem 3.3. Quasi-concavity
and harmonic quasi-concavity clearly are dual concepts, relative to scatter and concentration
halfspace depths (which justifies the * notation in the path Xj, dual to ¥;). Interestingly,
I'— H %?%C(F) is geodesic quasi-concave if and only if ¥ — H. ?T(E) is, so that concentra-
tion halfspace depth regions are geodesic convex if and only if scatter halfspace depth regions
are.

7 Shape halfspace depth

In many multivariate statistics problems (PCA, CCA, sphericity testing, etc.), it is sufficient
to know the scatter matrix 3 up to a positive scalar factor. In PCA, for instance, all scatter
matrices of the form ¢X, ¢ > 0, indeed provide the same unit eigenvectors vy(cX), £ =1,...,k,
hence the same principal components. Moreover, when it comes to deciding how many prin-
cipal components to work with, a common practice is to look at the proportions of explained
variance »_," Ag(CE)/Z?Zl Me(cX), m = 1,...,k — 1, which do not depend on ¢ either. In
PCA, thus, the parameter of interest is a shape matriz, that is, a normald version, V say, of
the scatter matrix X.

The generic way to normalise a scatter matrix ¥ into a shape matrix V is based on
a scale functional S, that is, on a mapping S : P — Rg satisfying (i) S(Ix) = 1 and
(i) S(eX) = eS(X) for any ¢ > 0 and ¥ € Pj. In the following, we will further assume
that (iii) if X1, 39 € Py satisfy ¥o > ¥ (in the sense that Yo — ¥ is positive semidefinite),
then S(X2) > S(¥1). Such a scale functional leads to factorising X(€ Py) into ¥ = o2V,
where 0% := S(X) is the scale of ¥ and Vg := X/S(X) is its shape matriz (in the sequel, we
will drop the subscript S in Vg to avoid overloading the notation). The resulting collection
of shape matrices V' will be denoted as 73,;g . Note that the constraint S(I;) = 1 ensures that,
irrespective of the scale functional S adopted, I} is a shape matrix. Common scale functionals
satisfying (i)-(iii) are (a) Si:(X) = (trX)/k, (b) Sqet(X) = (det £)V*, (¢) SE(X) = k/(tr 2~ 1),
and (d) S11(X) = ¥11; we refer to Paindaveine & Van Bever (2014) for references where the
scale functionals (a)-(d) are used. The corresponding shape matrices V' are then normalised
in such a way that (a) tr[V] =k, (b) det V =1, (c) tr[V"! =k, or (d) V13 = 1.

In this section, we propose a concept of halfspace depth for shape matrices. More precisely,
for a probability measure P over R¥, we define the (S, T)-shape halfspace depth of V(€ 77,? )
with respect to P as

HDP (V) == sup HD3p(0?V), (7.1)

02>0

where HD?_%T(O'ZV) is the T-scatter halfspace depth of o2V with respect to P. The corre-
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sponding depth regions are defined as
Ry (0) = {V € Py : HDJ (V) > a}

(alike scatter, we will drop the index T' in HD%’{? (V) and R?f (o) whenever T is the Tukey
median). The halfspace deepest shape (if any) is obtained by maximising the “profile depth”
in (7.1), in the same way a profile likelihood approach would be based on the maximisation
of a (shape) profile likelihood of the form L%}‘ = SUp,2-g Ly2y. To the best of our knowledge,
such a profile depth construction has never been considered in the literature.

We start the study of shape halfspace depth by considering our running, Gaussian and
independent Cauchy, examples. For the k-variate normal with location 6y and scatter g
(hence, with S-shape matrix Vy = ¥¢/5(20)),

/2 q,~ 20—
0? s HDn(0?V) = zm(q)(“WVV)) O q)(bwvw»
P/T S(ZO) 2a S(ZO)

(see (2.6)) will be uniquely maximised at the o%-value for which both arguments of the mini-
mum are equal. It follows that

HDB (V) = 28 (c(Vy ' VIN (V5 'V)) = 1,

where ¢(Y) is the unique solution of @(C(T)/\,lcﬂ(’f)) —3=1- @(C(T))\}/Q(T)). At the k-
variate distribution with independent Cauchy marginals, we still have that (with the same
notation as in (2.7))

HD?;C’T(02V) = 2min (\II (a/ msax(s’Vfls)l/z) - %, 1— \I/(a max(diag(V)) ))

is maximised for fixed V' when both arguments of the minimum are equal, that is, when
o? = (maxs(s’V*IS)/max(diag(V)))1/2. Therefore,

HD%&?(V) =2V (( mgmx(s'V_ls) max(diag(V)))_1/4> -1

= % arctan ((mgx(s'V_ls) ma><;(diag(V)))_1/4 )
Figure 5 draws, for six probability measures P and any affine-equivariant 7', contour plots
of (Vi1,Vi2) — HD%’;V“ (V), where HD%}SW(V) is the shape halfspace depth of V = ( “//1121 2‘11‘2/11 )
with respect to P. Letting X4 = (é ?), Xp = (% ?) and Yo = (?i 11), the probability mea-
sures P considered are those associated (i) with the bivariate normal distributions with location
zero and scatter X4, X p and Y, and (ii) with the distributions of E%ZZ, 2}9/22 and ZgZZ,
where Z has independent Cauchy marginals. Note that the maximal depth is larger in the
Gaussian cases than in the Cauchy ones, that depth monotonically decreases along any ray
originating from the deepest shape matrix and that it goes to zero if and only if the shape
matrix converges to the boundary of the parameter space. Shape halfspace depth contours
are smooth in the Gaussian cases but not in the Cauchy ones.

In both the Gaussian and independent Cauchy examples above, the supremum in (7.1)
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is a maximum. For empirical probability measures F,, this trivially is always the case
since HD?;CMT(OjV) then takes its values in {¢/n : ¢ = 0,1,...,n}. The following result
implies in particular that a sufficient condition for this supremum to be a maximum is that P
is smooth at T» (which is the case in both our running examples above).

Theorem 7.1. Let P be a probability measure over R*¥ and T be a location functional.
Fix V € Py such that ¢V € Pr(apr) for some ¢ > 0. Then, HD%f(V) = HD%,T(O"Q/V) for
some 0‘2/ > 0.

The following affine-invariance/equivariance and uniform consistency results are easily
obtained from their scatter antecedents.

Theorem 7.2. Let T be an affine-equivariant location functional. Then, (i) shape halfspace
depth is affine-invariant in the sense that, for any probability measure P over R*, V € P,f ,
A € GLy, and b € R¥, we have HD} (AVA'/S(AVA')) = HD3 (V), where Py is as
defined on page 16. Consequently, (ii) shape halfspace depth regions are affine-equivariant, in
the sense that Rji:i,T(a) = {AVA'/S(AVA') : V € R?L‘}g (@)} for any probability measure P
over R¥. o >0, A € GL;, and b € R”.

Theorem 7.3. Let P be a smooth probability measure over R* and T be a location functional.

Let P, denote the empirical probability measure associated with a random sample of size n

from P and assume that Tp, — Tp almost surely as n — oo. Then supy cps |HD§§1’€[(V) -
k s

HD?;},I’JZ9 (V)| — 0 almost surely as n — oo.

Shape halfspace depth inherits the F- and g-continuity properties of scatter halfspace
depth (Theorems 3.1 and 4.1, respectively), at least for a smooth P. More precisely, we have
the following result.

Theorem 7.4. Let P be a probability measure over R¥ and T be a location functional.
Then, (i) V — HD?&,‘? (V) is upper }El’—sand g-semicontinuous on R?L‘}g (aepr), so that (ii) for
any a > apr, the depth region R;Lf (o) is F- and g-closed. (iii) If P is smooth at Tp,
then V' — HD?_?{[? (V) is F- and g-continuous.

The g-boundedness part of the following result will play a key role when proving the
existence of a halfspace deepest shape.

Theorem 7.5. Let P be a probability measure over R* and T be a location functional. Then,
for any o > apr, R%’f(a) is F- and g-bounded, hence g-compact. If sppr > 1/2, then this

result is trivial in the sense that R%’:,‘? (c) is empty for a > apr.

Comparing with the scatter result in Theorem 3.2, the shape result for F-boundedness
requires the additional condition a@ > apr (for g-boundedness, this condition was already
required in Theorem 4.2). This condition is actually necessary for scale functionals S for
which implosion of a shape matrix V cannot be obtained without explosion, as it is the case,
e.g., for Sqet (the product of the eigenvalues of an Sgye-shape matrix being equal to one,
the smallest eigenvalue of V' cannot go to zero without the largest going to infinity). We
illustrate this on the bivariate discrete example discussed below Theorem 4.2, still with an
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Figure 5: Contour plots of (Vi1,Vi2) — HD?’;‘"(V), for several bivariate probability measures P
and an arbitrary affine-equivariant location functional T, where HD?,}:L‘;g (V) is the shape halfspace
. Vii Vi - 10 40 31
depth, with respect to P, of V = ( Via 2_1%,11). Letting ¥4 = (0 1), Yp= (0 1) and Yo = (1 1), the
probability measures P considered are those associated (i) with the bivariate normal distributions with

location zero and scatter X4, ¥p and X (top, middle and bottom left), and (i) with the distributions

of 2114/2Z, 2115/22 and EIC/QZ, where Z has mutually independent Cauchy marginals (top, middle and
bottom right). In each case, the “true” Si.-shape matriz is marked in red.
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arbitrary centro-equivariant T'. The sequence of scatter matrices X,, = diag(%, 1) there defines
a sequence of Sget-shape matrices V,, = diag(% \/n), that is neither F- nor g-bounded.
Since HD%}S 4t (Vy,) > HD}‘E’T(Z ) > 1/3 = apr for any n, we conclude that RSh SdEt(a PT)
is both F- and g-unbounded. Note also that F-boundedness of RRT( a) depends on S. In
particular, it is easy to check that the condition a > apr for F-boundedness is not needed for
the scale functional S, (that is, RSh’ 7" () is F-bounded for any o > 0). Finally, one trivially
has that all RSh S“( ) s are F' —bounded since the corresponding collection of shape matrices,
'P,f tritself is I —bounded. Unlike F-boundedness, g-boundedness results are homogeneous in 5,

which further suggests that the g-topology is the most appropriate one to study scatter/shape
depths.

As announced, the g-part of Theorem 7.5 allows to show that a halfspace deepest shape
exists under mild conditions. More precisely, we have the following result.

Theorem 7.6. Let P be a probability measure over R and T be a location functional.
Assume that RPT (apr) is non-empty. Then, afPT = SUPyeps HDPT (V)= HD%{?(V*) for
some V, € Py.

Alike scatter, a sufficient condition for the existence of a halfspace deepest shape is thus
that P is smooth at Tp. In particular, a halfspace deepest shape exists in the Gaussian and
independent Cauchy examples. In the k-variate independent Cauchy case, it readily follows
from Theorem 4.4 that, irrespective of the centro- equlvarlant T used, HD (V) is uniquely
maximised at V, = I, with corresponding maximal depth 2 £ arctan (k‘ 1/ 4) The next Fisher-
consistency result states that, in the elliptical case, the halfspace deepest shape coincides with
the “true” shape matrix.

Theorem 7.7. Let P be an elliptical probability measure over R* with location 6, and
scatter g, hence with S-shape matrix V) = Xy/S(3p), and let T' be an affine-equivariant
location functional. Then, (i) HD?’I‘?(%) > HD%}?(V} for any V € PY; (i) if Zmsp[Z1] is a
singleton (equivalently, if Zysp[Z1] = {1}), where Z = (Z1,...,Zx) 2 ZEI/Q(X — 6g), then
V= HD?ﬁf (V) is uniquely maximised at Vj.

We conclude this section by considering quasi-concavity properties of shape halfspace depth
and convexity properties of the corresponding depth regions. It should be noted that, for
some scale functionals S, the collection P,f of S-shape matrices is not convex; for instance,
neither PSdCt nor 77,;9 v s convex, so that it does not make sense to investigate whether or
not V — HD%; (V) is quasi-concave for these scale functionals. It does, however, for S,

and S711, and we have the following result.

Theorem 7.8. Let P be a probability measure over R and T be a location functional.
Fix S = Sy or S = Sy1. Then, (i) V — HD%&?(V) is quasi-concave, that is, for any V,,V}, € Plf
and t € [0,1], Hpiil:,?(vt) > min(HD3 (Va), HDy (Vi)), where we let V; := (1 — t)V, + tVp;

(ii) for any a > 0, RRT( a) is convex.

As mentioned above, neither Plf det nor P,f i are convex in the usual sense (unlike for Si;
and Si1, thus, a unique halfspace deepest shape could not be defined through barycenters
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det js geodesic

but would rather require a center-of-mass approach as in (4.3)). However, P,f
convex, which justifies studying the possible geodesic convexity of ngfsdet(a) (this provides a
parametric framework for which the shape version of (Q3) in Section 5 cannot be considered
and for which it is needed to adopt the corresponding Property (@3) instead). Similarly, P,f o
is harmonic convex, so that it makes sense to investigate the harmonic convexity of R?f i ().

We have the following results.

Theorem 7.9. Let T be an affine-equivariant location functional and P be an arbitrary
probability measure over R¥ for which T-scatter halfspace depth is geodesic quasi-concave.
Then, (i) V — HD?’; 4t(V') is geodesic quasi-concave, so that (ii) R?Lﬁdet () is geodesic
convex for any a > 0.

Theorem 7.10. Let T" be an affine-equivariant location functional and P be an arbitrary
probability measure over R* for which T-scatter halfspace depth is harmonic quasi-concave.
Then, (i) V — HD?;IL_,?“(V) is harmonic quasi-concave, so that (ii) Rjill_;?“(a) is harmonic

convex for any o > 0.

Figure 6 draws, for an arbitrary affine-equivariant location functional T', contour plots of
(V11, Vig) — HD?&? (Vs), for the scale functionals Sy, Sget and Sy, where HD?L}? (Vs) is the
shape halfspace depth, with respect to P, of the S-shape Vg(€ 7359 ) with upper-left entry Vi3
and upper-right entry Vis. The probability measures P considered are those associated (i)
with the bivariate normal distribution with location zero and scatter X¢ = (?i 11), and (ii) with
the distribution of Zé/ ’z , where Z has mutually independent Cauchy marginals. For S, Sqet
and Sf;, the figure also shows the linear, geodesic and harmonic paths, respectively, linking the
(“true”) S-shape associated with X and those associated with ¥4 = (%) (i) and Xp = (é ?)

The results illustrate the convexity of the regions Ri;l,ll_ps (), along with the geodesic (resp.,

harmonic) convexity of the regions Rjij’j‘? 4 (ar) (resp., ng,j’f i ().

8 A real-data application

We close this chapter with a real-data application. In this section, we analyze the returns of
the Nasdaq Composite and S&P500 indices from February 1st, 2015 to February 1st, 2017.
During that period, for each trading day and for each index, we collected returns every 5
minutes (that is, the difference between the index at a given time and 5 minutes earlier, when
available), resulting in usually 78 bivariate observations per day. Due to some missing values,
the exact number of returns per day varies, and only days with at least 70 observations were
considered. The resulting dataset comprises a total of 38489 bivariate returns distributed over
D = 478 trading days.

The goal of this analysis is to determine which days, during the two-year period, exhibit an
atypical behavior. In line with the fact that the main focus in finance is on volatily, atypicality
here will refer to deviations from the “global” behavior either in scatter (i.e., returns do not
follow the global dispersion pattern) or in scale only (i.e., returns show a usual shape but their
overall size is different). Atypical days will be detected by comparing intraday estimates of
scatter and shape with a global version.

Below, Sgan will denote the minimum covariance determinant (MCD) scatter estimate on
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Vi1 Vyq

Figure 6: Contour plots of (Vi1,Vi2) — HD%I‘?(VS) for Sy (top), Saer (middle) and Sy, (bottom),
where HD;hqig (Vi) is the shape halfspace depth, with respect to P, of the S-shape V(€ Py ) with upper-
left entry Vi1 and upper-right entry Vio, for an arbitrary affine-equivariant location functional T. The
probability measures P conszdered are those associated (i) with the bivariate normal distribution with
location zero and scatter Xo = ( 1) (left) and (ii) with the distribution of S/ Y27 where Z has mutually
independent Cauchy marginals ( rzght) In each case, the (“true”) S-shape associated with X is marked
in red and those associated with X4 and Xg from Figure 5 are marked in black. Linear paths (top),
geodesic paths (middle) and harmonic paths (bottom) between these three shapes are drawn.
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the empirical distribution Py of the returns over the two-year period, and Vian will stand for
the resulting shape estimate Vil = flfuu/Sdet(fquu). For any d = 1,...,D, 4 and Vy will
denote the corresponding estimates on the empirical distribution P; on day d.

The rationale behind the choice of MCD rather than standard covariance as an estima-
tion method for scatter/shape is twofold. First, the former will naturally deal with outliers
inherently arising in the data (the first few returns after an overnight or weekend break are
famously more volatile and their importance should be downweighted in the estimation pro-
cedure). Second, as hinted above, the global estimate will provide a baseline to measure the
atypicality of any given day, which will be done, among others, using its intraday depth.
It would be natural to use halfspace deepest scatter/shape matrices on Pgy as global esti-
mates for scatter/shape. While locating the exact maxima is a non-trivial task, the MCD
shape estimator has already a high depth value (HD;liﬁdet(f/fuu) = 0.481), which makes it
a very good proxy for the halfspace deepest shape. For the same reason, the scaled MCD
estimator Sy = 02 Ve with 02, = argmaxggHD%}uu(aQV}uu) (that, obviously, satisfies
HD%M(EM) = 0.481) is similarly an excellent proxy for the halfspace deepest scatter. In
contrast, the shape estimate associated with the standard covariance matrix (resp., the deep-
est scaled version of the covariance matrix) has a global shape (resp., scatter) depth of only
0.426.

For each day, the following measures of (a)typicality (three for scatter, three for shape)
are computed: (i) the scatter depth HD?DCd(ifun) of gy in day d, (ii) the shape depth
HD;’%’Sdet(Vfuu) of Vi in day d, (iii) the scatter Frobenius distance dF(f]d,f]fuu), (iv) the
shape Frobenius distance dF(Vd, Vfuu), (v) the scatter geodesic distance dg(fld, ﬁ)fun), and (vi)
the shape geodesic distance dg(f/d, Vfuu). Of course, low depths or high distances point to
atypical days. Practitioners might be tempted to base the distances in (iii)-(vi) on standard
covariance estimates, which would actually provide poorer performances in the present outlier
detection exercise (due to the masking effect resulting from using a non-robust global dis-
persion measure as a baseline). Here, we rather use MCD-based estimates to ensure a fair
comparison with the depth-based methods in (i)-(ii).

Figure 7 provides the plots of the quantities in (i)-(vi) above as a function of d, d = 1,..., D.
Major events affecting the returns during the two years are marked there. They are (1)
the Black Monday on August 24th, 2015 (orange) when world stock markets went down
substantially, (2) the crude oil crisis on January 20th, 2016 (dark blue) when oil barrel prices
fell sharply, (3) the Brexit vote aftermath on June 24th, 2016 (dark green), (4) the end of
the low volatility period on September 13th, 2016 (red), (5) the Donald Trump election on
November 9th, 2016 (purple), and (6) the announcement and aftermath of the federal rate
hikes on December 14th, 2016 (teal).

Detecting atypical events was achieved by flagging outliers in either collections of scatter
or shape depth values. This was conducted by constructing box-and-whisker plots of those
collections and marking events with depth value below 1.5 IQR of the first quartile. This
procedure flagged events (1), (2) and (6) as outlying in scatter and 21 days — including
events (1), (2), (3) and (5) — as atypical in shape. Most of the resulting 22 outlying days can
be associated (that is, are temporally close) to one of the events (1)-(6) above. For example, 9
days are flagged within the period extending from January 20th, 2016 to February 9th, 2016,
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during which continuous slump in oil prices rocked the marked strongly, with biggest loss for
S&P 500 index on February 9th. Remarkably, out of the 22 flagged outliers, only two (namely
October 1st, 2015 and December 14th, 2015) could not be associated with major events. Event
(4), although not deemed outlying, was added to mark the end of the low volatility period.

Events (1) and (2) are noticeably singled out by all outlyingness measures, displaying low
depth values and high Frobenius and geodesic distances, but the four remaining events tell
a very different story. In particular, event (6) exhibits a low scatter depth but a relatively
high shape depth, which means that this day shows a shape pattern that is in line with the
global one but is very atypical in scale (that is, in volatility size). Quite remarkably, the
four distances considered fail to flag this day as an atypical one. A similar behavior appears
throughout the two-month period spanning July, August and early September 2016 (between
events (3) and (4)), during which the markets have seen a historical streak of small volatility.
This period presents widely varying scatter depth values together with stable and high shape
depth values, which is perfectly in line with what has been seen on the markets, where only the
volatility of the indices was low in days that were otherwise typical. Again, the four distance
plots are blind to this relative behavior of scatter and shape in the period.

Events (3) to (5) are picked up by depth measures and scatter distances, though more
markedly by the former. This is particularly so for event (3), which sticks out sharply in both
depths. The fact that the scatter depth is even lower than the shape depth suggests that
event (3) is atypical not only in shape but also in scale. Interestingly, distance measures fully
miss the shape outlyingness of this event. Actually, shape distances do not assign large values
to any of the events (3) to (6) and, from March 2016 onwards, these distances stay in the
same range — particularly so for the Frobenius ones in (iv). In contrast, the better ability of
shape depth to spot outlyingness may be of particular importance in cases where one wants
to discard the overall volatility size to rather focus on the shape structure of the returns.

To summarise, the detection of atypical patterns in the dispersion of intraday returns
can more efficiently be performed with scatter/shape depths than on the basis of distance
measures. Arguably, the fact that the proposed depths use all observations and not a sole
estimate of scatter/shape allows to detect deviations from global behaviors more sharply. As
showed above, comparing scatter and shape depth values provides a tool that permits the
distinction between shape and scale outliers.
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Figure 7: Plots of (i) HD (S). (i) HDY Vi), (iii) dp(Sa, Sean), (iv) dp(Va, Vi), (v)
dg(Xq, Xran) and (vi) dg(Va, Vi), as a function of d, for the MCD scatter and shape estimates described
in Section 8. The horizontal dotted lines in (i)-(ii) correspond to the global depths HDY  (Xtan) and

HD;};’]‘E“” (‘7fu11), respectively. All depths make use of the Tukey median as a location functional. Vertical
lines mark the six events listed in Section 8.

40



Chapter 11

Tyler Shape Depth



Tyler Shape Depth!

Abstract In many problems from multivariate analysis (principal component analysis, testing
for sphericity, etc.), the parameter of interest is a shape matrix, that is, a normalised version
of the corresponding scatter or dispersion matrix. In this chapter, we propose a depth concept
for shape matrices which is of a sign nature, in the sense that it involves data points only
through their directions from the center of the distribution. We use the terminology Tyler
shape depth since the resulting estimator of shape — namely, the deepest shape matrix — is
the depth-based counterpart of the celebrated M-estimator of shape from Tyler (1987). We
investigate the invariance, quasi-concavity and continuity properties of Tyler shape depth,
as well as the topological and boundedness properties of the corresponding depth regions.
We study existence of a deepest shape matrix and prove Fisher consistency in the elliptical
case. We derive a Glivenko-Cantelli-type result and establish the almost sure consistency
of the deepest shape matrix estimator. We also consider depth-based tests for shape and
investigate their finite-sample performances through simulations. Finally, we illustrate the
practical relevance of the proposed depth concept on a real data example.

Keywords: Elliptical distribution; Robustness; Shape matrix; Statistical depth; Test for
sphericity.

1This chapter is a joint work with Davy Paindaveine. The manuscript has been (again, in a slightly different
form) conditionally accepted for publication in Biometrika.
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1 Introduction

Location depths measure the centrality of an arbitrary k-vector 6 with respect to a probability
measure P = PX over R¥. Letting S* ! = {z € R¥ : ||z||> = 2’2 = 1} be the unit sphere
in R¥, the most famous instance is the (Tukey, 1975) halfspace depth?

D,P)= inf P[/'(X—0)>0], (1.1)
ueSk—1

the lower bound of the probability mass of any halfspace whose boundary hyperplane con-
tains 6. The halfspace depth regions {# € R* : D(#, P) > o} form a family of nested convex
subsets of R¥. The innermost region Mp = {# € RF : D(9,P) = maxgcgr D(E, P)} (the
maximum always exists; see Rousseeuw & Ruts, 1999) extends the univariate median interval
to the multivariate case. Whenever a unique representative of Mp is needed, one often con-
siders the Tukey median 0p defined as the barycentre of Mp (from convexity, fp has maximal
depth). The use of Op as a robust alternative to the expectation E(X) is only one out of the
numerous applications of halfspace depth. Many inference problems can indeed be tackled in
a robust and nonparametric way by using the center-outward order resulting from depth; see,
e.g., Liu et al. (1999). Halfspace depth is also important through its links with multivariate
quantiles; see, e.g., Hallin et al. (2010) and the references therein.

Like in the previous chapter, the focus here is not on location parameters as above, but
rather on some specific multivariate dispersion parameters, namely on shape matrices. We
now describe shape in a context where its definition makes a large consensus, that is, in the
elliptical setup. Denoting as P} the collection of k x k symmetric positive definite matrices
and writing A2, with A € Py, for the unique square root of A in Py, we will say that P =
PX is elliptical with location §(€ R¥), shape V(€ Pryr = {V € Pr : tr(V) = k}) and
generating variate R if X has the same distribution as 0 + RVY2U, where U is uniformly
distributed over S*~! and is independent of the nonnegative random variable R. The shape V'
is identifiable as soon as P[{#}] < 1. Note that shape matrices may alternatively be normalised
in such a way that they have determinant one or have an upper left entry equal to one; see,
e.g., Paindaveine, 2008).

We also define a scale functional as a mapping S : P — Rg that is (i) normalised
(S(I) = 1), (ii) homogeneous (S(cA) = ¢S(A) for any ¢ > 0), and (iii) monotone (if A, B € P
are such that B — A positive semidefinite, then S(B) — S(4) > 0).

Shape is the parameter of interest in many multivariate statistics problems, including prin-
cipal component analysis (PCA), canonical correlation analysis (CCA), testing for sphericity,
etc. In PCA, for instance, since V' is proportional to the covariance matrix ¥ of X (when it
exists), both V' and ¥ provide the same principal directions and the same proportions of ex-
plained variance. Moreover, under infinite second-order moments, shape remains well-defined
(unlike ¥) and still fixes the elliptical geometry of the distribution that allows to conduct
PCA.

The paramount importance of shape in multivariate statistics explains the huge litera-

2To emphasise the fact that the depth introduced in this chapter is not of a halfspace nature, we will not

use the same notation HDS°(+) as before but rather a more generic one: D(-, P).
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ture dedicated to M-estimation for shape/scatter parameters; see, among many others, Tyler
(1987), Kent & Tyler (1988, 1991), Dudley et al. (2009), or the survey paper Diimbgen et al.
(2015). It also makes it desirable to extend the concept outside the elliptical setup. Let-
ting Upy be the multivariate sign defined as V~Y2(X — 0)/|V-Y2(X — 0)|| if X # 6 and
as 0 otherwise (throughout, A=1/2 is the inverse of A'/2), Tyler (1987) defined the shape
of P = PX as the matrix V(€ Py,) satisfying

E(Wgy) =0, with Wgyv = VeC(UgyUéy — %Ik), (1.2)

where vec stacks the columns of a matrix on top of each other and where I denotes the
k-dimensional identity matrix. If P does not charge any hyperplane containing 6, then (1.2)
admits a unique solution V(€ Pj,) that agrees with the true shape if P is elliptical with
location 6; see Tyler (1987), Kent & Tyler (1988) or Diimbgen (1998). In essence, (1.2)
identifies the shape V' making the origin equal to the expectation of Wy, that is, making
the origin most central in an Lo-sense with respect to the distribution PWo.v of Wo,v. The
present chapter finds its source in the idea that, alternatively, one may define the shape of P
as the matrix V(€ Py y) making the origin most central in the, L, halfspace depth sense,
that is, as the value of V maximising D(0, P"Ve.v). This leads to defining shape as the value
of V' maximising the following shape depth.

Definition 1.1 (Tyler shape depth). Let P = PX be a probability measure over R* and
fix V€ Prt. (i) For any 0 € R*, the fixed-0 shape depth of V with respect to P is
Dy(V,P) = D(0, PVev) = inf, _gr21 P[u'Wyy > 0]. (ii) The shape depth of V with re-
spect to P is D(V, P) = Dy, (V, P), where 6p is the Tukey median of P.

Whenever the argument of D(-, P) is a vector (resp., a shape matrix), then the notation
refers to halfspace depth (resp., to Tyler shape depth). Of course, the terminology Tyler shape
depth refers to the use of the quantity Wjy - from (1.2) to define the proposed shape depth.
The definition of Tyler shape depth in the unspecified location case calls for some comments.
For an unspecified location, it is natural to consider the location # and shape V satisfying
both

E(Ugy) =0 and E(We,v) = 0; (1.3)

see Tyler (1987) and Hettmansperger & Randles (2002). In the elliptical setup, the re-
sulting location and shape still agree with those defined above for an elliptical distribu-
tion. Here, the corresponding Li-approach leads to considering the values of 8 and V' max-
imising D(0, PY0.v) + AD(0, PYo.v) for some A > 0. Interestingly, the solution does not
depend on A; the properties of halfspace depth indeed ensure that, for any V', the map-
ping 6 — D(0, PY¢.v) is maximised at §p. Hence, for any A, the Li-approach identifies the
location fp and the shape V' maximising D(0, PW"P’V). This justifies the “plug-in approach”
adopted in Definition 1.1 for the unspecified location case. Interestingly, to the best of our
knowledge, there is no formal proof that, under appropriate smoothness conditions on the
underlying probability measure, there exists a solution (0, V) of (1.3); this is why, as far as
theory is concerned, the plug-in approach is adopted in the M-estimation framework; see Tyler
(1987) and Hettmansperger & Randles (2002). The depth construction above has the advan-
tage that the plug-in approach and the joint location-scatter one provide the same depth-based
functionals.
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The above concept of shape depth raises many questions: does a deepest shape matrix exist
for any P? If it exists, does it coincide, under ellipticity assumptions, with the shape defined
in the elliptical case? What are the properties of Tyler shape depth and of the corresponding
depth regions Ry(a, P) = {V € Pr, : Do(V,P) > a} and R(a, P) = Ry, (o, P)? Can one
perform inference based on the sample version of these concepts? Is the resulting ordering of
shape matrices of interest for applications? We answer these questions in this chapter. Depth
for a generic parameter has been discussed in Mizera (2002). To the best of our knowledge,
however, depth for covariance or scatter matrices has only been considered in Zhang (2002),
Chen et al. (2017) and Paindaveine & Van Bever (2017a), and only the latter work considers
depth for shape matrices. x

2 Main properties

In this section, we study the main properties of the fixed-8 Tyler shape depth and of the
corresponding depth regions. All proofs of results included in this chapter can be found in the
second section of the Appendix. Topological statements for subsets of Py, ¢, and for functions
defined on Py will refer to the topology whose open sets are generated by balls of the
form B(Vy,r) = {V € Py : d(V, Vo) < 1}, where d is the geodesic distance that is usually
defined on Pj: with the usual logarithmic mapping on P, the distance d is defined through
d(Vy, Vi) = |[log(Va *ViVa V/?)||, where ||A]|p = {tr(AA’)}'/2 is the Frobenius norm of A
and where, for A = Z?Zl )\gyAUg,A’Ué’A € Py, we let log A = Z?:l log()\g,A)w’Avé,A; see, e.g.,
Bhatia (2007). We start with the following continuity result.

Theorem 2.1. Let P be a probability measure over R¥ and fix § € R¥. Then, (i) V
Dy(V, P) is upper semicontinuous on Py ,; (ii) the depth region Ry(a, P) is closed for any o > 0;
(iii) if P is absolutely continuous with respect to the Lebesgue measure, then V +— Dy(V, P)
is also lower semicontinuous, hence continuous, on Py ;.

We will say that a subset R of Py, is bounded if and only if R C B(Ij, ) for some > 0
(the fact that the distance d actually satisfies the triangle inequality allows to restrict to balls
centered at I). Defining tg p = sup,cse—1 P[u/(X — 0) = 0], we say that P is smooth at 0
if tg p = 0, that is, if P does not charge any hyperplane containing . We then have the
following boundedness result.

Theorem 2.2. Let P be a probability measure over RF and fix § € R¥. Then, the depth
region Ry(«, P) is bounded and compact for any o > tg p.

The main reason to adopt the geodesic distance rather than the Frobenius one dp(V3, V3) =
|Vo — Vi||F is that, unlike (P v, dr), the metric space (P4, d) is complete; see, e.g., Propo-
sition 10 in Bhatia & Holbrook (2006). This is what allows to establish compacity in Theo-
rem 2.2, which in turn is the main ingredient for the following result stating the existence of
a deepest shape matrix.

Theorem 2.3. Let P be a probability measure over R* and fix § € R*. (i) If Ry(tp p, P) is
non-empty, then there exists a shape Vi € P, maximising Dy(V, P). In particular, (ii) if P
is smooth at @, then such a deepest shape V, exists.

45



Chapter 11 Main properties

The deepest shape matrix Vi is a natural candidate for the (fired-§) shape matriz Vy p
of P. While the previous result guarantees existence in particular for absolutely continuous
probability measures, unicity is not guaranteed in general. Parallel to what is done for the
Tukey median #p, we then define the (fixed-6) shape matrix of P as the barycentre of the
deepest shape region of P, that is, as the shape matrix Vj p satisfying

vecVp p = / vdv// dv, (2.1)
vec Ry (a«,P) vec Rg(a«,P)

where o, = maxy Dy(V, P). Two remarks are in order. First, the integrals in (2.1) exist and
are finite since vec Py ¢, is a bounded subset of RH? (VZ? < ViV < k? for any V = (Vi) €
Phrtr). Second, the shape Vp p has maximal depth, which follows from the following convexity
result.

Theorem 2.4. Let P be a probability measure over R¥ and fix § € R¥. Then, (i) V
Dy(V, P) is quasi-concave on Py 4, in the sense that

Dy((1 —t)V, + tVy, P) > min(Dy(Vy, P), Dg(Vs, P))

for any Vg, Vj € Prtr and any t € [0, 1]; (ii) the depth region Ry(a, P) is convex for any a > 0.

This defines the (fixed-0) shape of an arbitrary probability measure P under the extremely
mild condition that Ry(tg p, P) is non-empty. Of course, it is important that, under ellipticity,
this agrees with the elliptical definition of shape provided in the introduction. The following
Fisher consistency result confirms this is the case.

Theorem 2.5. Let P be an elliptical probability measure over R* with location 6, and
shape Vp. Then, Dg,(Vo, P) > Dy, (V, P) for any V € Py+,, and, provided that P[{6p}] < 1,
the equality holds if and only if V' = Vj. Letting Y;, ~ Beta(1/2,(k — 1)/2), the maximal
depth is Dy, (Vo, P) = (1 — P[{00}]) P[Ys, > 1/K].

The only role of the constraint P[{fy}] < 1 in this result is to guarantee identifiability
of Vy. Note that Lemma 2 in Paindaveine & Van Bever (2017b) implies that the maxi-
mal depth in Theorem 2.5 is monotone decreasing in k as soon as P[{fy}] does not depend
on k, in which case the maximal depth converges as k goes to infinity. Since Yj; has the
same distribution as Z%/(Zif:l Z?), where Z = (Z1,...,Z) is standard normal, the limit
is then equal to P [212 > 1] ~ 0.317. The proof of Theorem 2.5 requires the following affine-

invariance/equivariance result.

Theorem 2.6. Let P = PX be a probability measure over R* and fix # € R¥. Then, for any
shape matrix V', any invertible k x k matrix A and any k-vector b,

Dagip(Va, P20 = Dy(V, P¥) and  Ragyp(e, PAXT) = {Va: V € Ry(a, P)},

where V4 = kAVA' /tr(AVA’) is the shape matrix proportional to AVA’.

This result, which is of independent interest, shows that the fixed-0 shape depth and
the corresponding regions behave well under affine transformations, hence in particular un-
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der changes of the measurement units. In the location setup, the corresponding affine-
invariance/equivariance property is one of the classical requirements for depth; see Prop-
erty (P1) in Zuo & Serfling (2000).

Tyler shape depth is a sign concept in the sense that it depends on the underlying random
vector X only through its multivariate sign Uy y . In the elliptical case, it follows that, as soon
as the distribution does not charge the center of the distribution, this depth is distribution-free
in the sense that it does not depend on the distribution of the underlying generating variate R,
hence on the fact that the elliptic distribution is Gaussian, t, etc. More precisely, we have the
following result, that plays an important role for inference based on Tyler shape depth; see
Section 4.

Theorem 2.7. Let P be an elliptical probability measure over R* with location 6y and
shape Vp. Then, (i) for some h : Py, — [0, 1] that does not depend on V nor on P,

k(v()‘l/vi()‘l/2>).

Day (V. P) = (1= Pl (1 L
0

(ii) for k = 2,

—_

Dy, (V, P) = (1 — P[{60}]) P[y2 >+ % {1 — det {%H 1/2]7 (2.2)

with Y ~ Beta(1/2,1/2).

This result shows that, while depth in the elliptical case depends on P through Vj and P[{6}],
its dependence on P[{fy}] does not have any impact on the induced ranking of shape matrices.
The explicit bivariate elliptical depth in (2.2) is compatible with all results of this section.
In particular, it is easy to check that, provided P[{6p}] < 1, (2.2) is uniquely maximised
at V = Vj and that the corresponding maximal depth is the one provided in Theorem 2.5.
Boundedness of all depth regions R(«a, P), a > 0, can also be seen from (2.2): if d(V, I3) con-
verges to infinity, then d(V,V}) also does, which implies that the smallest eigenvalue of VO_IV,
hence also the depth in (2.2), converges to zero. This strengthens the general result in The-
orem 2.2, that was only ensuring that the regions R(«a, P), « > P[{6y}], are bounded (note
indeed that tg, p = P[{f}] for an elliptical probability measure).

3 Consistency results

Whenever k-variate observations Xi,..., X, are available, the sample (fixed-6) depth of a
shape matrix V' may simply be defined as Dy(V, P,), where P, denotes the empirical proba-
bility measure associated with X1i,..., X,,. In this section, we state a Glivenko-Cantelli-type
result for this sample depth and investigate consistency of max-depth shape estimators. The
Glivenko-Cantelli result is the following.

Theorem 3.1. Let P be a probability measure over R¥ and let P, denote the empirical
probability measure associated with a random sample of size n from P. Then, for any § € R¥,
supyep, .. [Do(V, Pn) — Dg(V, P)| — 0 almost surely as n — oo.
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We illustrate this result in the bivariate elliptical case associated with Theorem 2.7(ii).
Figure 1 provides, for three different bivariate normal probability measures P, contour plots
of

Vi Vi
(Vi1, Vi) = Dg(V, P),  with V = ( M 2 )

Vi 2—-Vni

as well as the empirical contour plots obtained from a random sample of size n = 800 drawn
from the corresponding distributions. Clearly, the results support the consistency in Theo-
rem 3.1.

1 1 1 1 1
0.0 0.5 1.0 15 20 0.0 05 1.0 15 20
Vit V4

0.0 0.5 1.0 15 20 0.0 05 1.0 1.5 20
451 V14

Figure 1: (First row:) Contour plots of (Vi1,Via) — Dg(V,P), for V. = (“,/112} 2‘f€,11), where P

is bivariate normal with location 0 and shape V4 = (B 2) (left), Vg (‘é 2) (center) and Vo o
c(3 1) (right). (Second row:) Contour plots for (Vi1,Via) — Do(V, P,), where P, is the empirical
probability measure associated with a random sample of size n = 800 from the centered bivariate normal
with shape Va (left), Vi (center), and Vo (right). The “true” shapes Vo p (resp., sample deepest
shapes Vi p, ) are marked in red (resp., in blue).

In the previous section, the shape Vy p of the probability measure P was defined as the
barycentre of the collection of P-deepest shape matrices. In the empirical case, a natural
estimator is of course the corresponding shape matrix Vp p, computed from the empirical
probability measure P,, associated with the sample at hand. Since empirical probability mea-
sures are not smooth at 6, existence of deepest shape matrices in the sample case does not
rely on Theorem 2.3; existence, however, merely follows from the fact that the only possible
values of Dy(V, P,) are of the form ¢/n, £ =0,1,...,n.
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Theorem 3.2. Let P be a probability measure over R* and let P, denote the empirical
probability measure associated with a random sample of size n from P. Fix § € R* and
assume that Ry(tp p, P) is non-empty. Then, d(Vp p,, Vo, p) — 0 almost surely as n — oo.

The only role of the assumption that Ry(tg p, P) is non-empty is to guarantee the existence
of the (fixed-0) shape matrix Vp p of P. Again, this assumption is fulfilled in particular if P is
smooth at §. Figure 1 also supports Theorem 3.2 since, in each sample considered, the sample
deepest shape is close to its population counterpart.

4 Depth-based tests for shape

We turn to hypothesis testing and focus on one-sample shape testing in the elliptical model.
More specifically, based on a random sample X1, ..., X, from a k-variate elliptical distribution
with known location # and unknown shape V', we want to test Ho : V = Vj against H1 : V # Vj
at level a € (0,1), where Vjy € Py, is fixed (Vo = I}, provides the problem of testing sphericity
against elliptical alternatives). From Theorem 2.5, a natural depth-based test, ¢p say, rejects
the null whenever Tp,, = Dy(Vy, P,) < tan, where P, is the empirical distribution associated
with the random sample at hand and where ¢, , denotes the null a-quantile of Ty ,. Under
the mild assumption that P does not charge the center of the distribution, 7} ,, is distribution-
free under the null, which allows to approximate t, ,, via fa’n say, arbitrarily well through
simulations. The resulting depth-based test then rejects the null Hy at level a whenever

TM < ipn.

Table 1 provides estimated values of the quantiles for different values of n (namely, n = 50,
200, 500, 10® and 10%) and o = 0.01, 0.025, 0.05, 0.1 and 0.2, both for d = 2 and d = 3. All
(finite-sample) critical values were estimated on the basis of 5,000 independent samples. Note
that, due to the discreteness of the distribution of Qg’%, some randomisation may be necessary

(particularly so for small n) in order to achieve exact a-level.

Table 1: FEstimated critical values fam from m = 5,000 independent k-dimensional standard normal
random samples (k = 2,3), for various values of the nominal level o and sample size n.

k=2 (k=3)
a\n 50 200 500 1,000 10, 000
0.01 | 0.26 (0.14)  0.38 (0.28)  0.422 (0.334) 0.443 (0.360) 0.4824 (0.4031)
0.025 | 0.28 (0.16)  0.385 (0.29)  0.428 (0.340)  0.448 (0.364)  0.4837 (0.4044)
0.05 | 0.30 (0.18) 0.395 (0.295) 0.434 (0.344) 0.452 (0.368)  0.4848 (0.4056)
0.1 | 0.32(0.18) 0.405 (0.305) 0.438 (0.350) 0.457 (0.371) 0.4862 (0.4070)
0.2 | 0.34(0.20) 0.415 (0.315) 0.446 (0.356) 0.462 (0.376) 0.4879 (0.4084)

We performed two simulations in the bivariate case (k = 2). The first one considers the
problem of testing sphericity about the origin (Vy = I5, # = 0) and compares the finite-sample
powers of ¢p with those of some competitors. For each value of £ = 0,1,...,6 we generated
M = 3,000 independent random samples X;, ¢ = 1,...,n of size n = 500 from the normal
with location § = 0 and shape

1 05
V“:IQM{( 05 —1 )
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and from the corresponding elliptical Cauchy. The value £ = 0 corresponds to the null,
whereas £ = 1,...,6 provide increasingly severe alternatives. We took £ = 0.035 and 0.045 for
the normal and Cauchy samples in order to obtain roughly the same rejection frequencies in
both cases.

For each sample, we carried out five (fixed-6) tests at nominal level 5%: (i) the test ¢p
rejecting the null if Ty 500 > tas00 = 0.434; (ii) the Gaussian test from John (1972)—more
precisely, its extension to elliptical distributions with finite fourth-order moments from Hallin
& Paindaveine (2006b); (iii)-(iv) the sign test and van der Waerden signed-rank test from
the same paper; (v) the test based on the MCD, shape estimator with v = 0.8 (to achieve
a good balance between efficiency and robustness) from Paindaveine & Van Bever (2014).
The tests (ii)-(v) were performed based on their asymptotic null distribution. The resulting
rejection frequencies in Figure 2 reveal that the depth-based test ¢p performs very similarly
to (although it may be slightly dominated by) the sign test in (ii), which is in line with the
sign nature of ¢p. Consequently, ¢p performs very well under heavy tails, where it beats all
other tests. As expected, the MCD test shows low empirical powers and the Gaussian test
collapses under heavy tails.

Gaussian Cauchy

o _ o _

[o0] [o0]
8c§‘ o 7
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@

© ©
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5 = _ < |
5 © °
2
(0]
¥ o ~

o o

o o

o o

[ I I I I I | [ I I I I I |
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Figure 2: Rejection frequencies, under bivariate normal (left) and elliptical Cauchy (right) densities,
of five tests of sphericity: the Gaussian test (red), the van der Waerden signed-rank test (orange), the
sign test (green), the depth-based test (dashed green), and the MCD-based test (blue). Results are based
on 3,000 replications and the sample size is n = 500. See Section 4 for details.

The second simulation compares the five tests above in terms of robustness when test-
ing Ho : V = Vo, with Vj = diag(2,1/2) and specified location § = 0. We focused on “level
robustness” (He et al., 1990) under various contaminations. We considered mixture distribu-
tions PX = (1 — n)PX +nPY, with n = 0 (no contamination), 0.025, 0.05, 0.1, 0.2, 0.25 or
0.3 (increasingly severe contaminations). Here, X is a bivariate, normal or elliptical Cauchy,
null random vector. The bivariate random vector Y determines the contamination pattern
and was chosen as follows: (i) non-uniform directional contamination: Y has the same dis-
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tribution as the vector obtained by rotating X about the origin by an angle 7/4 radiant; (ii)
uniform directional contamination: Y has the same elliptical distribution as X but for the
fact that its shape is V' = Iy; (iii) radial and uniform directional contamination: Y is obtained
by multiplying by four the vector Y in (ii). The uncontaminated distribution PX puts more
mass along the horizontal axis. In (i), the contamination is directional and typically shows
along the main bisector, whereas the contamination in (ii) is uniformly distributed over the
unit circle. As for (iii), the contamination combines the directional feature of (ii) with a radial
outlyingness.

For each combination of a distribution type (normal or Cauchy), of a contamination pattern
((i)-(iil)), and of a contamination level n (n = 0, 0.025, 0.05, 0.1, 0.2, 0.25 or 0.3), we generated

3,000 independent random samples X ,);, ¢ = 1,...,n of size n = 200. The resulting rejection

n)is
frequencies are plotted in Figure 3 and) reveal the very good robustness of the depth-based
test ¢p. In particular, ¢p always dominates its sign-based competitor. The MCD test seems
to dominate ¢p in some configurations but, as shown in the first simulation, exhibits very
low finite-sample powers. Finally, radial outliers strongly affect the Gaussian and van der

Waerden tests.

5 Comparison with parametric depth

In this section, we shortly comment on how Tyler shape depth compares with the generic
parametric depth concept proposed in Mizera (2002). Consider a random k-vector X with a
distribution P = Py, from the parametric family P = {qu ) eOC ]RK} and let ¥ — Fy(X)
be a measure of fit of the parameter value 9 for an observation X. The Mizera (2002) tangent
depth of ¥ with respect to P = PX is then TD (9, P) = D(0, PVoFv(X)) where PVoFo(X)
stands for the distribution of VyFy(X) under P. As advocated, e.g., in Mizera & Miiller
(2004) and Miiller (2005), a likelihood-guided approach consists in taking Fy(X) = log Ly(X),
where Ly(X) is the likelihood of X under Py. For location and shape parameters, it is natural
to consider the elliptical likelihood

v Lovg(e) = s 9({@ =0V w = 0)}2), (5.1)

where § € R, V ¢ Prtrs 9 - Rar — RS’ is a smooth monotone decreasing function and
Ck,g is a normalising constant. Irrespective of V' and g, the resulting tangent location depth
TD(6, P) = D(0, PVe'ogLo.v.o(X)) coincides with the halfspace depth of § with respect to P.

Describing the corresponding tangent shape depth requires the following notation. Let
vech(A) be the vector stacking the upper-diagonal entries of A on top of each other and
write vechg(A) for the dg-vector (dx = k(k + 1)/2 — 1) obtained by depriving vech(A) of its
first component. Further, let By, be the dj x k% matrix such that B (vechgA) = vec A for
any k X k symmetric matrix A with trace zero. Writing Vi for the gradient with respect
to vechy(V'), the tangent shape depth of V' with respect to P = PX is then

TDy4(V, P) = D(0, PVv1ogLov,y(X)y,
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Figure 3: Null rejection frequencies, as a function of the contamination level n, of the same five tests
(using the same colours) as in Figure 2, under bivariate normal (left) and elliptical Cauchy (right)
densities. The labels (i)-(iii) refer to the three contaminations patterns considered; see Section j for
details. Results are based on 3,000 replications and the sample size is n = 200.

where the score (see Hallin & Paindaveine, 2006a or Paindaveine, 2008)
Vv log Lovg(X) = 5 Bu(VE) ™2 vee(py (dov ) do,yv Us,v Up v — #1x)

involves the Mahalanobis distance dgy = {(X — 6)'V"1(X — 0)}/2. Tangent shape depth
is much less satisfactory than its location counterpart : first, it depends on g in (5.1); for
instance, a Gaussian likelihood and a ¢, likelihood will provide different tangent shape depths.
Second, more importantly, the tangent deepest shape is not Fisher-consistent under ellipticity,
irrespective of g, as the following example shows. Let X be a bivariate normal random vector
with location 6y = 0 and shape V) = diag(3/4,5/4). Then it can be showed (see Lemma B.7
in the Appendix) that, even when considering the tangent shape depth associated with the
“true” location # and function g (i.e., the one obtained with 6 = 6y and g(r) = go(r) =
exp(—r?/2) in (5.1)), one has TDy, 40 (Vo, P*X) < TDg, 4, (12, PX), which implies that the
true shape V does not maximise V' +— TDg g,(V, PX). This clearly disqualifies tangent
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Chapter 11 The unspecified location case and a real-data example

depth for shape parameters. For the sake of illustration, Figure 4 plots (an estimated version
of) TDy, 4o (Va, PX), for V, = diag(a,2 — a), as a function of a € (0,2). Estimation was
obtained as follows: we generated M = 100 mutually independent random samples from the
distribution Px described above. Then, for every value a; = i/100, with ¢ = 1,...,199, we
estimated TDg, g,(Va, PX) by averaging over the M = 100 samples available the respective
sample depths (obtained by taking the sample halfspace depth of the score vectors). Figure 4
indeed confirms that Fisher consistency does not hold in that instance.

0.3

Shape Depth
0.2

0.1

00
|

00 0.5 1.0 1.5 20

Figure 4: Plot of (estimated) TDy, 4o (Va, PX) as function of a € (0,2), where X is bivariate gaussian
with true shape Vg, , for ag = 3/4.

6 The unspecified location case and a real-data example

The previous sections focused on the fixed-6 shape depth Dy(V, P). Most of the result extend,
with only minor modifications (if any), to the unspecified-location shape depth D(V, P) =
Dy, (V, P) from Definition 1.1. Theorems 2.1 to 2.4 hold for any fixed § and their unspecified-
0 versions are simply obtained by substituting 6p for € throughout. In particular, the existence
of an unspecified-location deepest shape matrix is guaranteed if P is smooth at 6p, or, more
generally, if R(tp, p,P) is non-empty. The same construction allows to identify a unique
representative Vp of the collection of deepest shape matrices. Theorem 2.5 and Theorem 2.7
also readily extend to the unspecified-location case since 0p = 6, for any elliptical probability
measure P with location 6. In particular, if P is elliptical with shape Vj, then the unspecified-
0 shape depth D(V, P) is uniquely maximised at V = Vj (as soon as the distribution is not
degenerate at a single point). In view of the affine equivariance of 0p (i.e., Opax+s = Afpx+b),

the affine-invariance/equivariance properties

D(Vy, PAX*) = D(V,PX) and R(a, PY*T) ={V4:V € R(a, P)}
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directly follow from Theorem 2.6 (see this result for the definition of V4). As a matter of
fact, only the consistency results in Theorems 3.1-3.2 require stronger assumptions (absolute
continuity) in the unspecified-location case compared to the specified-location one. More
precisely, we have

Theorem 6.1. Let P be a probability measure over R* that is absolutely continuous with
respect to the Lebesgue measure and let P,, denote the empirical probability measure associ-
ated with a random sample of size n from P. Then, (i) supy¢p, ,, [D(V,F,) — D(V,P)| =0
almost surely as n — oo; (i) d(Vp,, Vp) — 0 almost surely as n — oo.

We illustrate the use of the unspecified-location Tyler shape depth on a real data example.
For each trading day between February 1st, 2015 and February 1st, 2017, we collected every
five minutes the Nasdaq Composite and S&P500 stock indices and computed their returns,
that is, the differences between two consecutive index values. The returns on a given day
form a bivariate dataset of usually 78 observations. The exact number of observations per day
varies due to some missing values and days with less than 70 bivariate returns were discarded.
The resulting dataset comprises n = 38489 observations distributed over D = 478 trading
days.

The analysis conducted here studies the joint behavior of the bivariate returns. Its goal
is to determine which trading days present an atypical pattern, different from the “global”
behavior of the volatility. Of course, an important source of atypicality is associated with the
overall scale of the bivariate returns that alternate between periods of high and low volatility.
Such deviations, however, can easily be detected by comparing, e.g., the trace of any scatter
measure on intraday data with that on the whole dataset. Therefore, we rather focus on
detecting atypicality in the shape of the joint volatility. In other words, we aim at detecting
days for which the ratios of the marginal volatilities or the correlation between the returns
much deviate from their global behavior.

To this end, let Vian denote the unspecified-location Tyler shape M-estimate computed
from the full collection of n returns, that is, (the shape part in) the solution of the empirical
version of (1.3); see Tyler (1987) or Hettmansperger & Randles (2002). For each day d =
1,...,D, we evaluated the depth D(Vfun,Pd) of the global shape estimate with respect to
the empirical distribution Py of the bivariate returns on day d. The reason why we base
this measure of (a)typicality on Vfuu is twofold. First, Vfun is a robust shape estimate which
takes into account outliers that occurs naturally in the dataset (returns at the beginning of
each trading period are notoriously more volatile and should be downweighted in the shape
estimation procedure). Second, Vmu is very deep in the global series of returns (denoting as Pr
the empirical distribution of the full collection of bivariate returns, we have D(Vfuu, Pra) =
0.4965), hence is an excellent proxy for the (global) deepest shape matrix, whose computation
seems to be a difficult task.

The left panel of Figure 5 presents the depth values D(Vfuu,Pd) as a function of d =
1,...,D. Vertical lines mark major events affecting the shape of the volatility, while the two
greyed rectangles cover two periods during which the markets notoriously knew some atypical
returns. The first period follows the devaluation of the Yuan on August 11th, 2015 which saw
rapid changes in the stock markets, including large devaluations on the “Black Monday” of
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August 24th (marked in orange). The second period covers the beginning of 2016, which was
hit by slump in oil prices, making stocks relying on oil very volatile compared to non oil-based
ones. This resulted in atypical shape behavior during the fortnight spanning January 22 -
February 9 (this last day is marked in blue, and is known to have the sharpest loss for the
S&P500 index). The other events are (3) the decision of the European Central Bank on March
10th, 2016 (in green) to extend quantitative easing thereby slashing interest rates (known to
have had a significant positive impact on both Nasdaq and S&P500, but more pronounced for
the latter), (4) the positive impact on the financial stocks following Fed officials’ comments
on the possibility of rate hike made on May 27, 2016 (in red), (5) the slump in the S&P500
Futures prices on August 15th, 2016 (in purple), and (6) the aftermath of Donald Trump’s
election at the US presidency on November 9th (in teal). All events are associated with days
known to have atypical volatilities and are seen to have a low shape depth value. Some other
major financial events — such as OPEC refusing to reduce oil production in early 2015 or the
aftermath of the Brexit vote on June 24, 2016 (midway between events (4) and (5)) — had an
effect on the overall size of the bivariate returns but not on their shape, which explains that
the corresponding days are not flagged as overly atypical by Tyler shape depth.

For the sake of comparison, we also computed the halfspace shape depth HD(%ull, Py) (see
Section 8 in Chapter I) of the global estimate for each day d. The right panel of Figure 5
provides the plot of D(‘7fu11,Pd) versus HD(‘A/qu,Pd) for d = 1,...,D. The plot shows a
clear positive association (correlation between the two variables is 0.6413). The following two
remarks are, however, in order. First, halfspace shape depth values seem to have a higher
concentration than Tyler’s. This is due to the fact that the former maximises a concept of
scatter depth in scale and has, possibly, more leeway to find scatter estimates better suited
to the data. Indeed, a decrease in volatility in one of the marginals might be balanced by
considering a scatter with a smaller scale and hence keep a large depth value. A byproduct
of this is the fact that, when evaluating halfspace shape depth, the (difficult) maximisation
step in scale seems to be crucial in correctly computing the depth ranking of the data (small
deviations can indeed cause changes in this ranking). More importantly, while events (1) to (3)
receive low depth with respect to both concepts, only Tyler shape depth succeeds in flagging
days associated with events (4) to (6) as “outlying”.
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Figure 5: (Left:) Plot of D (Vean, Py) as a function of d. Events (1) to (6) are described in Section 6.
(Right:) Plot of D(Vian, Pa) vs HD(Viun, Pg) for each trading day d. Events from the left panel are
highlighted using the same colour.
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Final comments and perspectives

In this manuscript, we developed and studied several depth notions for dispersion parame-
ters. The first one, HDp(X) (and the related shape and concentration concepts) is based on
halfspace considerations. The second, Dy(V, P) is restricted to shapes and parallels Tyler’s M
estimator of shape while allowing comparison between various shapes. The geometric struc-
ture of the parameter spaces played a crucial role in understanding the properties of the depth
regions and, in turn, of the depth functions. In particular, Riemannian topology was a key
ingredient in proving existence of deepest scatters, shape and concentration matrices. We
close this thesis with several comments on the various concepts introduced.

In Chapter I, we thoroughly investigated the structural properties of a concept of scatter
halfspace depth linked to those proposed in Zhang (2002) and Chen et al. (2017). While we
tried doing so under minimal assumptions, alternative scatter halfspace depth concepts may
actually require even weaker assumptions, but they typically would make the computational
burden heavier in the sample case. As an example, one might alternatively define the scatter
halfspace depth of (€ Py) with respect to P as

HD™(2) = sup HD%,(2), (6.1)
OcRF

where HD%,Q(E) is the scatter halfspace depth associated with the constant location functional
at 6. This alternative scatter depth concept satisfies a uniform consistency result such as the
one in Theorem 2.2 without any condition on P, whereas the scatter halfspace depth HDF (%)
in (2.1) requires that P is smooth (see Theorem 2.2). In the sample case, however, evaluation
of HD;C:‘R(Z) is computationally much more involved than HD¥ (X). Alternative concen-
tration and shape halfspace depth concepts may be defined along the same lines and will show
the same advantages/disadvantages. compared to those proposed in this chapter.

Another possible concept of scatter halfspace depth bypasses the need to choose a location
functional T' by exploiting a pairwise difference approach; see Zhang (2002) and Chen et al.
(2017). In our notation, the resulting scatter depth of ¥ with respect to P = P¥ is

HDEV(S) = HDY, ¢ (%), (6.2)
where X is an independent copy of X and where 0 denotes the origin of R¥. On one hand,
the sample version of (6.2) is a U-statistic of order two, which will increase the computational
burden compared to the sample version of (2.1). On the other hand, uniform consistency
results for (6.2) (which here follow from Glivenko-Cantelli results for U-processes, such as
the one in Corollary 3.3 from Arcones & Giné, 1993) will again hold without any assump-
tion on P, which is due to the fact that, as already mentioned, the smoothness assumption
in Theorem 2.2 is superfluous when a constant location functional 7' is used. At first sight,
thus, the pros and cons for (6.2) are parallel to those for (6.1), that is, weaker distributional
assumptions are obtained at the expense of computational ease. However, (6.2) suffers from
a major disadvantage: it does not provide Fisher consistency at the elliptical model (see (Q2)
in Section 5). This results from the fact that if P = PX is elliptical with location 6 and
scatter 3, then PX X ig elliptical with location 0 and scatter cp3, where the scalar factor cp
depends on the type of elliptical distribution: for multinormal and Cauchy elliptical distri-
butions, e.g., cp = 2 and 4, respectively, so that if one replaces X — X with (X — X)/v2
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to achieve Fisher consistency at the multinormal, then Fisher consistency will still not hold
at the Cauchy. Actually, the maximiser of HD%’U(E) is useless as a measure of scatter for
the original probability measure P, as its interpretation requires knowing which type of ellip-
tical distribution P is. This disqualifies the pairwise difference scatter depth, as well as the
companion concentration depth. Note, however, that the corresponding shape depth will not
suffer from this Fisher consistency problem since the normalisation of scatter matrices into
shape matrices will get rid of the scalar factor cp.

As both previous paragraphs suggest and as it is often the case with statistical depth,
computational aspects are key for the application of the proposed depths. Evaluating (good
approximations of) the scatter halfspace depth H. ?DCWT(E) of a given ¥ can of course be done
for very small dimensions & = 2 or 3 by simply sampling the unit sphere S¥~!. Even for
such small dimensions, however, computing the halfspace deepest scatter is non-trivial: while
scatter halfspace depth relies on a low-dimensional (that is, k-dimensional) projection-pursuit
approach, identifying the halfspace deepest scatter indeed requires exploring the collection of
scatter matrices Py, that is of higher dimension, namely of dimension k(k+ 1)/2. Fortunately,
the fixed-location scatter halfspace depth — hence, also its T-version proposed here after
appropriate centering of the observations — can be computed in higher dimensions through the
algorithm proposed in Chen et al. (2017), where the authors performed simulations requiring
to compute the deepest scatter matrix for dimensions and sample sizes as large as 10 and 2000,
respectively. Their implementation of this algorithm is available as an R package at https:
//github.com/ChenMengjie/DepthDescent.

The concept of scatter halfspace depth also makes sense when the parameter space is the
compactification of Py, that is, is the collection Py, of k x k symmetric positive semi-definite
matrices. Interestingly, it is actually easier to investigate the properties of scatter halfspace
depth over P}, than over Pj. The F-continuity and F-boundedness results in Theorems 3.1-3.2
extend, mutatis mutandis, to Pj. Unlike (P, dr), the metric space (Pj,dr) is complete, so
that the regions %T(a) are then F-compact for any o > 0. Consequently, a trivial adaptation
of the proof of Theorem 4.3 allows to show that there always exists a halfspace deepest scatter
matrix in P. It is fortunate that these neat results can be established by considering the
F-distance only, as the geodesic distance, that is unbounded on P, x Py, could not have been
considered here. Of course, in many applications, P remains the natural parameter space
since many multivariate statistics procedures will require inverting scatter matrices. In such
applications, it will be of little help to practitioners that the deepest halfspace scatter matrix
belongs to Py \ Pr, which explains why our detailed investigation focusing on P is of key
importance.

Perspectives for future research are rich and diverse. The proposed halfspace depth con-
cepts for scatter, concentration and shape can be extended to other scatter functionals of
interest. In particular, halfspace depths that are relevant for PCA could result from the “pro-
file depth” approach in Section 7. For instance, the T'- “first principal direction” halfspace
depth of B(€ S¥~1) with respect to the probability measure P over R¥ can be defined as

HDF(B) = sup HDr(S), with Pyg = {2 € Py: B8 = ()5},
€Pk,1,8

The halfspace deepest first principal direction is a promising robust estimator of the true
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underlying first principal direction, at least under ellipticity. Obviously, the depth of any
other principal direction, or the depth of any eigenvalue, can be defined accordingly. Another
direction of research is to explore inferential applications of the proposed depths. Clearly, point
estimation is to be based on halfspace deepest scatter, concentration or shape matrices; Chen
et al. (2017) partly studied this already for scatter in high dimensions. Hypothesis testing is
also of primary interest. In particular, a natural test for Hg : X = X, where ¥y € Py, is fixed,
would reject the null for small values of H. ﬁ;‘fmT(Eo). For shape matrices, a test of sphericity
would similarly reject the null for small values of HD?%’:?_F(I t). These topics are beyond the
scope of this manuscript.

We conclude with a comparison between the shape depth concepts introduced in both
chapters. In its specified-6 version, halfspace shape depth is obtained as HDy(V,P) =
sup,2o HD3¢(02V, P), where HD5C(-, P) is the companion concept of halfspace depth for (un-
normalised) scatter matrices. The halfspace shape depth HDy(V, P) therefore requires a (deli-
cate) maximisation in o2 of the halfspace scatter depth, that itself requires a projection-pursuit
optimisation in R¥. In comparison, Tyler shape depth has the advantage to be intrinsically a
depth for shape matrices. A possible drawback of Tyler shape depth, however, is that it in
principle requires to evaluate halfspace (location) depth in RkQ, which is computationally pro-
hibitive even for relatively small dimensions k. Interestingly, it can be showed that Tyler shape
depth only requires evaluating halfspace depth in R% (recall that we let dj, = k(k +1)/2 — 1
above). This is proved in Theorem B.1, which closes the Appendix.

From a computational point of view, thus, Tyler shape depth competes well for k = 2
and 3 with its halfspace counterpart; the latter, however, would dominate Tyler shape depth
in this respect for larger dimensions k. Most importantly, a strong advantage of Tyler shape
depth over its halfspace competitor is its distribution-freeness (Theorem 2.7), which results
from the sign nature of the concept. As illustrated in Section 4 of Chapter II, distribution-
freeness allows to perform inference on Tyler shape depth in the elliptical framework. This
cannot be done with the halfspace shape depth that turns out to crucially depend on the type
of elliptical distribution at hand.
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A Proofs from Chapter I

This first section of the Appendix collects all proofs from Chapter 1. In the proofs below, we
will often use the fact that

HDi$7(E) = inf min (P[Ju'(X — Tp)| < Vu/'Zu], P[lu/(X — Tp)| = Vu/'Zu])
— min (igfpﬂu’(X — Tp)| < V/Su], inf P[lu/(X - Tp)| > \/@]),
where all infima are over the unit sphere S*~1 of R¥.
A.1 Proofs from Section 2

Proof of Theorem 2.1. Fix A € GLj, and b € R*. By using the affine-equivariance of T (that
is, Tp,, = ATp +b) and letting ua := A'u/||A'ul|, we obtain

HD;CM’T(AEA’)
= 1}91}5 _min (P[lWA(X — Tp)| < VWASA'u], P[|WA(X — Tp)| > VWASA'u])
ueor—
— uei,‘lgllil min (P[|u)y(X — Tp)| < /u,Sua |, P[Juy(X = Tp)| = \/u/;Sua |)
= HD% (%),

where the last equality follows from the fact that the mapping u +— u4 is a one-to-one trans-
formation of S¥1. O

We now establish the explicit scatter halfspace depth expression (2.7) in the independent
Cauchy case. For that purpose, consider again a random vector X = (X,..., X}) with
independent Cauchy marginals. Using the fact that, for any non-negative real numbers ay, ¢ =
1,...,k, the random variables 25:1 ap Xy and (25:1 ag) X1 then share the same distribution,
we obtain that, denoting by ||z|; = Z?:l |xg| the Li-norm of z = (z1,...,2%),

Vu's
PllW'X| < VuSu] = P[|luly [ X1] < Vu'Su] = 2\1f< Y “) —1,

[[ullx

where W is the Cauchy cumulative distribution function. Therefore, if T' is centro-equivariant,
we obtain

NS> NS
HD (%) = min<2\11< inf Y “)—1,2—2@( sup o ”))

wesk=1 lully west-1 lullr
= 2min (\Il(min\/U’Ev) — %, 1-— W(maxx/v’Ev)),
v v

where the minimum and maximum in v are over the unit L;-sphere {v € R* : ||v||; = 1}. The
formula (2.7) then follows from the following result.

Lemma A.1l. For any ¥ € P, the maximal and minimal values of v'Xv when v runs over
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the Li-sphere {v € R* : |jv||; = Zle\vﬂ = 1} are max(diag(X)) and 1/ maxs(s'>"1ts),
respectively, where max, is the maximum over s = (s1,...,s;) € {—1,1}*.

Proof of Lemma A.1. We start with the following considerations. In dimension k, the Li-
sphere can be parametrised as

ver = (s1t1, Sato, ..., Sp—1tp—1,sk(1 —t1 — ... — tr_1))',

where s = (s1,...,51) € {=1,1}* and (t1,...,tx—1) € Simpl,_; := {(ti,...,
te—1) :t1>0,...,tg—1 > 0,81 + ...+ tp—1 < 1}. Clearly, symmetry of the Li-sphere and of
the function to be maximised/minimised allows to restrict to sy = 1. Now, for any given s of

the form (si,...,Sx—1,1), consider the function
fs: Simpl, ; — R
t={(t1,...,tk—1) — v Dvsy.

This function is twice differentiable, with a gradient V fs(¢) whose ith component is

0
%fs(t) =(0,...,0,8;,0,...,—1)Xvg; + v;’tZ(O, ey 0,84,0, ..., —1)
(2
=2(0,...,0,5;,0,...,—1)Xvg,
and a Hessian matrix H4(t) whose (i, j)-entry is

82

—— f(t) = 2(0, ...,0,5;,0,..., —1)%(0, ..., 0, 54,0, ..., —1).
it

Now, for any z € RF1,
2 Hy(t)z = 2(8121, ey Sk2Zky —21 — « - - — 28) (8121, ovy Sk 2Ry —21 — -+ - — 2) >0,

with equality if and only if z = 0. Therefore, fs is strictly convex over Simpl;_;.

Let us start with the maximum. For a given s, strict convexity of fs implies that the
maximum of f, can only be achieved at ;1,7 =1,...,k — 1, where ¢; , stands for the ith
vector of the canonical basis of RY, or at 0(€ R*~1). Since fs(€ip—1) =2y, i =1,...,k =1,
and fs(0) = Xgg, it follows that the maximal value of fs over Simpl,_; is max(diag(X)).
Since this is the case for any s, we conclude that the maximum of v'Xv over the Li-sphere is
itself max(diag(X)).

Let us then turn to the minimum. The minimum of fs, when extended into a (still strictly
convex) function defined on R¥~!, is the solution of the gradient conditions

(0,...,0,5,,0,...,—1)%vs, =0,  i=1,....,k—1.
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Writing simply ej, = ey, for the kth vector of the canonical basis of R* and letting

these gradient conditions rewrite SsX (e + S4t) = 0 (recall that we restricted to sy = 1), and
their unique solution in RF~1 is ¢Pin .= —(9,287)~715, ey,

It will be useful below to have a more explicit expression of ™", Note that the gradient
conditions above state that Y(ej, + S5t™") is in the null space of S,. Since this null space is
easily checked to be {\s : A € R}, this implies that e; + S/t™" = AX~!s for some A\ € R.
Premultiplying both sides of this equation by s’, we obtain 1 = As’Y~!s, which yields A =
1/(s'$71s). Thus,

: 1
/,min __ —1
er + Ssts = Iy 14 (Al)
In the first £ — 1 components, this yields (after multiplication by s;)
pmin), _ $i€5 s =1,... k-1 A2
(3 )Z*ma t=1...,k =1, ( )
while the kth component provides (still with s; = 1)
k—1 / —1 / —1
: eyT's  spe T s
Zi:l( s )i s'¥1ls s’y 1ls (A-3)

Strict convexity of fs implies that its minimal value over RF~1 is f (#™"). By using (A.1),
this minimal value takes the form

. : . 1
fs(t3™) = v;trsmnEvS,tgmn = (e + St S (ep + SitM™) = T,

Now, consider an arbitrary sign k-vector s, that maximises s'>~"'s among the 2¢~1

corre-
sponding sign vectors s to be considered (the last component of s is still fixed to one). Assume
for a moment that t;ﬂin is in the interior of Simpl,_ ;. Since it is the minimal value of fs.
over RF=1 £ (#Min) = 1/(s,X71s,) of courses minimises fs. over Simpl;,_;. Pick then another
sign vector s. By construction, 1/(s. X" !s,) is smaller than or equal to fs(t™") = 1/(s'S~1s),
which, as the minimal value of f, when extended to R¥~! can only be smaller than or equal
to the minimal value of fs over Simpl,_;. Therefore, 1/(s,X"!s,) is then the minimal value

of v/~ 1v over the unit L;-sphere.

It thus remains to show that tr;iin indeed belongs to the interior of Simpl;,_;. Equivalently
(in view of (A.2)-(A.3)), it remains to show that s.;e/X"1s, > 0 fori=1,...,k. Assume then
that 8*4622_18* < 0 for some ¢. Defining s.. as the vector obtained from s, by only changing
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the sign of its £th component, that is, putting s, := s« — 28.r€p, we have
s;*E_ls** — 8;2_18* = (8% — 25*geg)'2_1(s* — 2840€4) — 312_13*
= —45*5622_1(5* — Syp€p) = —4s*g622_15* + 46%2_165 >0,

which contradicts the maximality property of si. O

The proof of Theorem 2.2 requires Lemmas A.2-A.4 below. Before proceeding, we introduce
the inner and outer “slabs”

H;nc ={zcR":|uz| <c} and HYW = {z e RF . |u/'z] > c}.

Henceforth, the superscript “in/out” is to be read as “in (resp., out)”. We will further
write B(#,r) for the ball {x € RF : ||z — 6|| < r} and B(#,r) for its closure.

Lemma A.2. Let P,Q be two probability measures over R¥. Define

HDR/™M (%) = _inf P[Tp+ $1/2 rin/outy

with H}Ln/om = Hinl/om Then, for any X € Py,
HDin/out in/out
|HDp7 (%) — HD'p (%)

< sup [P[C]=Q[C]l+ sup [|P[Tg+C]—P[Tr+Cl,
(C'eCin/out Cec(i)n/out

where we let C™/°Ut .= {0 4 Hqi%om : (0,u,c) € R¥ x S¥~1 x Rf} and C(i)n/out = {HE}({‘M :
(u,c) € S xR}

Proof of Lemma A.2. We prove only the “in” result, since the proof of the “out” result is
entirely similar. First assume that H. iﬁT(E)Az HDgT(E) Then, for any € > 0, there
exists up = uo(X, Q, €) such that Q[T + El/QH;}(‘)} < HDg 7(X) + €, so that

[HDB(8) — HDG p(8)| = HDE 1 (5) — HDG (%)
< P[Tp +XV2HR| - Q[T + V2 HE] + ¢
< P[Tg + XV2HR| — Q[T + S/ HI)
+P(Tp + £ H] — PITo + SY2H)) + ¢

< sup |P[C] —Q[C]|+ sup |P[Tg+ C]— P[Tp+C]| +e¢.
CeCin cecip

Similarly, if HD}QT(E) < HD%"T(E), then, for any ¢ > 0, there exists u; = u1 (X, P,¢) such
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that P[Tp + XY/2Hi] < HDB,.(X) + €, so that
|HDE (%) — HDE 7(3)| = HDS 7(X) — HDE ()
< Q[T +SY2H®| — P[Tp + £V2HD] + ¢
< Q[To+X'?H}) - PTo + XV H})
+P[Ty +SY2HR) — P[Tp + £V2HR ] + ¢

< sup |P[C] —Q[C]|+ sup |P[Tg+ C]— P[Tp+C]| +e¢.
CeCin cecip

Since, in both cases, the result holds for any € > 0, the result is proved. ]

Lemma A.3. Let P be a probability measure over R¥ and K be a compact subset of R*. For
any ¢ > 0, let sE(c) := SUP(9,u)ek xsk-1 Pl[u/ (X — )] < ] and write sE = sK(0). Then (i)
sB(c) = sB as c > 0 and (i) sK = Plub(X — 6y) = 0] for some (0, up) € K x Sk~1.

Proof of Lemma A.3. Clearly, s&(c) is increasing in ¢ over [0, 00), which guarantees that 5% :=
lim > sB(c) exists and satisfies 35 > sK. Now, fix an arbitrary decreasing sequence (c;,)
converging to 0 and consider a sequence ((f,,u,)) in K x S*~1 such that

Pllup,(X — 6n) < ca] 2 s (cn) — (1/n).

n

Compactness of K x S¥~! guarantees the existence of a subsequence ((6,,,,,,)) that converges
in K x 8¥=1 to (6o, ug) say. Clearly, without loss of generality, we can assume that (u/, ,U0)
is an increasing sequence and that |6, — 6yl is a decreasing sequence (if that is not the case,
one can always extract a further subsequence which meets these monotonicity properties). Let
then By := B(fy, [0, — 6ol|) and Cp := {u € S*1 : w'ug > u},,ug}. Clearly, By and C; are
decreasing sequences of sets, with NyBy = {6y} and NyCy = {ug}. Therefore,

lim r, := lim P[X € Upe B, Yuec, {x=0+y:|uyl <cn}
{— 00 l—o0

= Pluy(X —6p) = 0].

Now, for any £, r¢ > Pllu},,(X — 0n,)| < ¢n,] > sB(cn,) — (1/ng), which implies that sf >
Plluf(X — 6p)| = 0] > 55. Therefore, 35 = s = P[luf,(X — 6y)| = 0]. O

Lemma A.4. Let P be a smooth probability measure over R* and fix 6y € R*¥. Then

sup P[0 + H/°M] — Ploo + HM]| — 0
(u,c)€SF—1xRY

as 6 — 0.

Proof of Lemma A.4. We start with the “in” result. Fix ¢ > 0. Pick ¢; > 0 large enough
to have P[B(fy,c1/2)] > 1 — (¢/2). Pick then ¢y € (0,¢1) such that S§(90,201)(CO) < g/2

for any ¢ € (0, o] (existence of such a ¢y is guaranteed by Lemma A.3 and the smoothness
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assumption on P). Then,

sup  |P[0+ H' ] - Ploo + Hy' | = max (Qgly,, Qi c, » Qr o0)
(u,c)€SF—1xRY
where ngco, 2%761 and QI _ are the suprema of [P[f + H;fc] — Pl + H"]| over u € S¥!
and, respectively, ¢ € (0,¢q], ¢ € (co,c1] and ¢ € (¢1,00). Now, fix 6 € (0, min(co,c1/2))
and let 0 € B(0o,9).

(i) The choice of ¢y implies

in < sup P[0+ H»

0,c U,C
0 ueSk-1 0 ueSk—1

]+ sup P[90+Hin ]

u,Cco

< 2 sup P[Q—i—Hin

" CO] <e. (A.4)
(0,u)€B(60,2¢1)x Sk—1 ’

(ii) Let u € S¥~! and ¢ > ¢y. Assume, without loss of generality, that u/(6 — ) > 0 (the
case u'(6 — 6y) < 0 proceeds similarly). The set 6 + H.". rewrites

0+Hy, ={0+z:|[Wz|<ct={0+y:|uy— (u(0—0))<c}
Therefore,
P[0+ H,] — Pl6o + H.".]|
< P[{eo ty:—e<uy < —ctu'(0 - 90)}}
+P[{b0+y:c<uy<c+u'(9-60)}]
< P[{Ho—i—y —c<uy < —c+6}}
+p[{90+y:c§u’y§c+5}] (A4.5)

(iia) For u € S¥ 1 and ¢y < ¢ < ¢y, set 01 = 0y — cu + du/2 and 0 = O + cu + du/2. It
holds {fp +y: —c <u'y < —c+ 0} = {01+ : |u'z| <0/2} and {6+ y : c < 'y < b} =
{02+ : [u'x| <46/2}. Since Sg(00,201)(5/2) < SIB;(GO’ch)(CO) <eg/2and ||0;—00| < c+6/2 < 2¢;
(¢=1,2), (A.5) yields

€o,C1 —

in 9 sup P {9+x: \u'x\ 35/2}] <e. (A.G)
(0,'&)63(6012@1))&5‘7671

(iib) For u € S¥~'and ¢ > ¢y, the sets {fo+y : —c < u'y < —c+6} and {Op+y : ¢ < u'y < c+5}
lie outside the ball B(fp,c1/2) since —c+ 3 < —c+ (c1/2) < —c1/2 and ¢ > ¢ > ¢1/2,
respectively. Therefore, it follows from (A.5) that

n o <2P[RF\ B(fy,c1/2)] <e. (A7)

c1,00

According to (A.4), (A.6) and (A.7), all three quantities Q" in and QI _ are bounded

0,c0° ¥ co,c1 €1,00
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by & as soon as ||§ — 6p|| < &, which concludes the proof of the “in” result.

The proof of the “out” result proceeds similarly. For the same choices of ¢g, ¢; and §, and

the respective suprema Qg% , Q2. and Q2™ it holds

owt < sup PO+ H™ ]+ sup Pl + HSM]

C1,00 u,c1 u,c1
ueSk—1 ucSk—1

=2 sup PRF\ B(fh,c1/2)] <.
(0,u)eB(0o,c1/2)xSk-1

Moreover, the inequality Qg}go < ¢ follows from the fact that

[P0+ HJ™] — Pl0o + HJ"W]| < P10+ H).,] + Ploo + H). ]

u,co u,co

out

oy < € along the exact same lines as above. The

for ¢ < ¢y. Finally, it can be proved that
“out” result follows. O

Proof of Theorem 2.2. The collection H of all halfspaces in R¥ is a Vapnik-Chervonenkis class;
see, e.g., page 152 of Van der Vaart & Wellner (1996). Hence, Lemma 2.6.17 of the same
implies that HMH := {H1NHy: Hy,Hy € H} and HUH := {H1UH>y : Hy, Hy € H} are also
Vapnik-Chervonenkis classes. Consequently, using henceforth the notation from Lemma A.2,
Cn(C HMH) and CO%(C H UH) are themselves Vapnik-Chervonenkis classes, which implies
that

sup |P,[C] — P[C]] =0 and sup |P,[C]—P[C]|—0 (A.8)
Cecin Cecout

almost surely as n — co. Also, since Tp, — Tp almost surely as n — oo, Lemma A.4 entails

sup |P[Tp, +C]—P[Tp+C]|—0 and sup |P[Tp, +C|]—P[Tp+C]|—0 (A.9)
CEC%)H Cecgut

almost surely as n — oc.

Now, by using Lemma A.2, we obtain that, for any X € Py,
|HDF, 7(X) — HDE 7 ()]
— |min(HD, 1(X), HDE'1 (%)) — min(HDB 1 (E), HDEH(S))|
< max (|HDE, 1(2) — HDE ()|, [HDR' () — HDE(3)])

< max (Csucp |P,[C] — P[C]| + sup |P[Tp, + C] — P[Tp + O],
e mn e (1)n

sup |P[C] = PIC]|+ sup |P[Tp, +C]~ P[Tp +Cl]).
Ceceut cecgnt
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Consequently,

sup [HD¥, 7(¥) — HDE (X))
XePy ’ ’

< max (Csucp [PACI = PICII+ sup |PIT, +C] = PITp +Cl|
e mn e (1)n

sup [P,[C] — PIC]|+ sup |P[Tp, +C]~ P[Tp +Cll),
Ceceout cecgnt

which, in view of (A.8) and (A.9), establishes the result. O

We close this section by proving that the Tukey median 6p is strongly consistent without
any assumption on P.

Lemma A.5. Let P be a probability measure over R* and P, denote the empirical measure
associated with a random sample of size n from P. Then 6p, — 0p almost surely as n — oo.

Proof of Lemma A.5. For any 6 € R* and any probability measure Q over R¥, denote by HDBC(H)
the location halfspace depth of 6 with respect to (). Recall that we defined ¢ as the barycen-
tre of Mg’c = {0 e R¥: HDBC(G) = maxX,crk HDBC(U)}. It is well known that 6 — HDBC(Q)
is upper semicontinuous; see, e.g., Lemma 6.1 in Donoho & Gasko (1992). In general, this
function is not uniquely maximised at . However, it is easy to define a modified depth func-
tion 6 — HDgfmod(ﬁ) that is still upper semicontinuous, agrees with  — HDBC(G) on RF/ Mg’c,
and for which 6 is the unique maximiser. In view of the uniform consistency of location half-
space depth (see, e.g., (6.2) and (6.6) in Donoho & Gasko, 1992), the result then follows from
Theorem 2.12 and Lemma 14.3 in Kosorok (2008). O

A.2 Proofs from Section 3

Proof of Theorem 3.1. (i) Fix u € S¥~1. Since H" := {x € R* : [u/z| < 1} is a closed
subset of R¥, the mapping P — P[HL“] is upper semicontinuous for weak convergence. Now,
Slutzky’s lemma entails that, as dp(3, Xg) — 0, the measure defined by B +— P[Tp + X1/2B]
converges weakly to the one defined by B — P[Tp+ E(l)/ 2B]. Therefore, ¥ +— P[Tp+XY2H"|
is upper F-semicontinuous at ¥. Since HO" := {z € R* : [/z| > 1} is also a closed subset
of R¥, the same argument shows that ¥ — P[Tp+X1/2H"] is upper F-semicontinuous at .
Therefore
S s HDp(X) = min ( inf P[Tp+SY2H™), inf P[Tp+ 21/2ngt]),
’ ueSk-1 ueSk—1

is upper F-semicontinuous (recall that the infimum of a collection of upper semicontinuous
functions is upper semicontinuous).

(ii) The result directly follows from the fact that R3S, (c) is the inverse image of [, +00)
by the upper F-semicontinuous function ¥ — H. %T(Z).

(iii) Fix a sequence (¥,) in Py converging to 3¢ with respect to the Frobenius distance.
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With the same notation as in the proof of (i), note that, for any 3,

HD¥p(Y) = inf min (P[Tp + SV2H), P[Tp + V2 H™)).

ueSk-1

For any n, pick then u, (€ S*~1) such that
. , 1
min (P[Tp L yL2ging pirp ¢ z,g/Qngt]) < HD%,(,) + ~
n n k) n

Compactness of S¥~! implies that we can extract a subsequence (uy,) of (u,) that converges
to ug(€ S*¥1). Writing I[C] for the indicator function of the set C, the dominated convergence
theorem then yields that

P[Tp + SY2H® | — P[Tp + 35 *Hi2)|

in 1/2 r7in
— /Rk (I[Tp + P HY | —1[Tp + s PH2 1) dP = 0

as { — oo (the smoothness assumption on P guarantees that I[Tp + 2%21'-[3;2] —I[Tp +
2(1)/ ZHL%} — 0 P-almost everywhere). Proceeding in the same way, we obtain that P[Tp +
Z’%QHS:Z] — P[Tp+ Z(l)/QHfL’gt] — 0 as £ — oco. Consequently,

lim inf HD,(S,) = liminf min (P[TP L yl2ging pirp 4 s 2H3ut]>
n—o00 ’ n n

n—o0

= liminfmin (P[Tp + SY2HE 1, P[Tp + Sy/2H™] )

{—o0
— min <P[Tp + 321, PTp + Eé/zHﬁgt])

We conclude that, if P is smooth at T}, then ¥ — HD¥(X) is also lower F-semicontinuous,
hence F-continuous. O

Proof of Theorem 3.2. Fix o > 0. Note that A\ (2) > |Z||r/VE > (IS~ Ikl — | Ix]|F)/Vk for
any X € Py. Therefore, denoting by v1(X) an arbitrary unit eigenvector associated with A1 (X),
we have that, for any ¥ ¢ Bp(Ig,r),

HDE (%) < inf P[lu/'(X —Tp)| > Vu/Su]

ucSk—1
r—1)1/2
< P[o}(2)(X — Tp)| = VAi(D)] < P[||X Ty > %}

which can be made strictly smaller than « for r large enough. This confirms that, for r large
enough, R (a) is included in the ball Bp(Ik,7), hence is F-bounded. O

Proof of Theorem 3.3. (i) With ¥; = (1 — t)%, + t%;, we clearly have that, for any u € S¥~1,
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min(u'Squ, v'Syu) < u'Siu < max(u'Yqu, u'Syu). This entails that, for any u € SF1,

Pl[W(X —Tp)| < Vu'Seu ]
> min(P[u'(X — Tp)| < Vu/'Squ], P[|/(X = Tp)| < Vu'Spu])
> min(HDE 7 (X4), HD5 1 (2s))

and

P[[W(X —Tp)| = Vu'Seu |
> min(P[|u'(X — Tp)| > Vu/'Squ ], P[|/(X = Tp)| = Vu'Spu])
> min(HDE(X4), HDB 1 (s))-

The result follows. (ii) If both ¥, ¥, € R (), then Part (i) of the result entails that, for
any t € [0,1], HDE(3¢) > min(HDFE (Eq), HDE (X)) > a, so that ¥t € R (). O

A.3 Proofs from Section 4

For the sake of completeness, we prove the following result.

Lemma A.6. Let R be a g-bounded subset of Pr. Then R is totally g-bounded, that is, for
any ¢, there exist ¥;, i =1,...,m = m(e) such that R C U, By(%;,¢€).

Proof of Lemma A.6. As a mapping from the metric space (Sk,dr) (recall that dp denotes
the Frobenius distance) to the metric space (Pj,dy), A — exp(A) is continuous; see the
proof of Proposition 10 in Bhatia & Holbrook (2006). Denoting, for any A € Sk, as vech(A)
the vector obtained by stacking the upper-diagonal entries of A on top of each other, the
mapping v — vech ™! (v) from (RF++1/2 d,) (equipped with the usual Euclidean distance dg)
to (Sk,dr) is trivially continuous, so that the mapping f : (RFF+D/2 dp) — (Py,dy) : v =
f(v) := exp(vech™*(v)) is also continuous.

Now, fix ¢ > 0, pick 7 > 0 such that R is included in the closed ball B := By (I, r) :=
{E € P : dy(2, 1)) < r}, and consider the resulting open covering {B,(X,¢) : ¥ € B} of B.
From continuity, C := {f~1(By(Z,¢)) : & € B} is an open covering of the closed set f~1(B)
in RF(FH1D/2 Tt is easy to check that, for any ¥ € B, A (X) < exp(r/vk), so that f~1(B)
is bounded, hence compact. Therefore, a finite subcovering {f~1(B,(Z;,¢)) : i = 1,...,m}
of f~}(B) can be extracted from C, which provides the desired finite covering {B,(2;,¢) : i =
1,...,m} of B, hence of R, with open g-balls of radius . O

Proof of Theorem 4.2. Assume first that spr < 1/2 and fix ¢ > 0. We will then prove
that RSPC’T(S pr +¢€) is g-bounded by showing that, for » > 0 large enough, it is included in the
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g-ball By(Iy,r). To do so, first note that (4.1) entails

k
dg(B, 1) = 1| > _(log Ai(%))? < vk max(]log A1 ()], | log Ak (Z)])
=1

= Vk max(log A1 (2),log A1 (%)) (A.10)

Therefore, . ¢ By (I, r) implies that (i) A1(3) > exp(r/vVk) or (ii) \p(2) < exp(—r/Vk) (or
both). In case (i),

HDE,(2) < inf P[lu/(X —Tp)| > Vu/Su]

ucSk—1

Pl () (X = Tp)| = VA (D))
P[|v(2)(X = Tp)| > exp(r/2vk)]
< P[|X = Tp| > exp(r/2Vk)],

IA

IN

which can be made smaller than e (hence, smaller than spp+e¢) for r large enough. In case (ii),
we have that, using the notation s% (-) from Lemma A.3,

HD¥p(E) < inf P[lu/(X —Tp)| < Vu/'Su|

ucSk—1

Pllop(S)(X — Tp)| < A% (D)]

IN

< sEPOVA(®) < 55T exp(—r/2VR)),

which, in view of Lemma A.3(i), can be made smaller than spr + ¢ for r large enough. We
conclude that, for « > spr, RS () is g-bounded, hence also (Lemma A.6) totally g-bounded.
Since it is also g-closed (which follows from Theorem 4.1(ii)), it is g-compact (recall from
Section 4 that, in a complete metric space, any closed and totally bounded set is compact).

Finally, if sp7 > 1/2, then, with ug € S*7! such that P[luf(X — Tp)| = 0] = spr
(existence is guaranteed in Lemma A.3(ii); take K = {Tp} there), we have HDE(3) <

Pllug(X —Tp)| > \J/ugXuo] < Pllug(X — Tp)| > 0] = 1 — spr, so that RE () is empty for
any « >1—spr =apr.

O

Proof of Theorem 4.3. By assumption, apr = Supyep, HD?T(Z) > ap since R}fT(ap7T) is
non-empty. If a.pr = apr, then the result holds since the maximal depth o, p 7 is achieved at
any scatter matrix in the non-empty set PT(ap 7). Assume then that a,.p7 > apr. Fix 6 >
0 such that axp7 — & > apr, so that RRT(a*p,T 9) is g-compact (Theorem 4.2). For any
positive integer n, it is possible to pick a scatter matrix ¥,, with HDE1(3,) > cwpr — (6/n).
The g-compactness of R}C,T(oz* pr — 0) implies that there exists a subsequence (X,,) that g-
converges in RS (awpr — 6), to Xy say. For any ¢ € (0,6), all terms of (X,,) are eventually
in the g-closed set R%T(a*p;f —¢), so that its g-limit ¥, must also belong to R?DC,T(O‘*RT —£).
For any such ¢, we thus have a,pr—¢ < HD}?’T(E*) < a,p7, which proves that HD}?’T(Z*) =
QxPT- 0
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The proof of Theorem 4.4 requires the following preliminary result.
Lemma A.7. Fix ¥ € Py with max(diag(X)) < 1. Then maxss'S"1s > k (where max; is

the maximum over s = (s1,...,s;) € {—1,1}¥), with equality if and only if ¥ = I.

Proof of Lemma A.7. We prove the result by induction. Clearly, the result holds for k = 1.
Assume then that the result holds for k. Writing

Y v S_
3= ) and s= ,
v Ypi1ktl Sk+1

the classical formula for the inverse of a block partitioned matrix yields

(s 27 — sp41)?

§u7ls = & xls 4 pre—
Ykt1k+1 — VX" 0

(s_27% — 5541)% — (Chg1 k1 — ’L/Z:lv)‘

=2 s 414 (A.11)
Yh1ps1 — SN
By induction assumption, there exists s_ such that
s X" —s 2 (¥ — 3"l
8/2718 2 k + 1 + ( — k“rl) ( k+1,k+1 — ) (A12)

Stk — SN
Now, irrespective of s_, choosing sj1 = —sign(s’_ E:lv) yields
(8" = s541)% = (Spgrp1 — V'EZM)
= ("2 )2+ 2l 2T | + 'S o+ 1 = Spi a1 >0,
since Sgi15+1 < 1. Jointly with (A.12), this provides maxs s'S~1s > k + 1.

Now, assume that max, s’S"'s = k + 1. We consider two cases. (a) max,_ s X7 's_ > k.

1

Pick an arbitrary s,_ such that s, ¥""s,_ > k. Then, with s, = (s,_, s, 4+1)’, we have

(b S = sip1)? — (Shgter — 0/2:111)'

Sy s, > k+1+ -
Yt k1 — VX0

Choosing again s, 11 = —sign(s,_%"'v) makes the third term of the righthand side non-

negative, which implies that max, 'Y "'s > k + 1, a contradiction. (b) max, s X”'s_ = k.

By induction assumption, we must then have ¥_ = I. For any s = (s__, sx41)’, (A.11) thus
yields

e s =55+ (= sen)” Shi1)” =k+ (v = sen)” Si1)” .

Yht1k41 — V0 Yht1k41 — V'V

Since max, s’Y"'s = k + 1, we must have that
(v —skan)® (L300 o) _ e

1 = max = =
s Dptihtl — VU Dpgig1r — 0V d

Since ¢ > 1 and d < 1 (recall that Xy41 441 < 1), this imposes that ¢ = d = 1, which leads
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towv = 0 and Xjy1 k41 = 1. Jointly with X_ = I, this shows that we must have ¥ = I}44,

which establishes the result.

Proof of Theorem 4.4. First note that, with ¥, = kI, (2.7) yields
HD3r(S,) = 2min (@(k4) = 11— w (k1)) = 2arctan (k~1/4)
and fix an arbitrary ¥ € Py. If max(diag(X)) > vk, then
HDE (%) < 2(1 — ¥(y/max(diag(X)))) < 2(1 — ¥ (k') = HD¥ 1 (Z,).
If max(diag(¥)) < vk, then Lemma A.7 yields
max §u s = k1?2 max s (kT2 > kY2,
so that

HD¥7() < 2(¥(1/ max Vs'S-1s) — §)

<2(V(k11) — 3) = HD(S.).

O]

(A.13)

(A.14)

We conclude that HD¥1(X,) > HDF(X) for any ¥ € Pg. Now, assume that HDF,(X) =
HD¥p(E,) for some ¥ € Pp.  If max(diag(¥)) > Vk, we can only have HDFEp(%) <
HD3S1(X4), as showed in (A.13). Thus we must have max(diag(X)) < vk, and by assump-
tion, all inequalities in (A.14) should be equalities. In view of Lemma A.7, this implies

that k~1/2% = I, which establishes the result.

A.4 Proofs from Sections 5 and 6

Proof of Theorem 5.1. We start with the case 8y = 0 and Yy = I, for which

min(P[|v'X| < Vu'Su], P[|v'X| > Vu'Su))
= min(P[| X;| < Vu'Xul, P[| X1| > Vu'Xu))

for any u € S¥71, so that (note that the affine equivariance of Tp entails that Tp = 0
y

HDE,(2) = inf min(P[X7? < 2], P[X] > 2])
’ z€Sp(X)

< min(P[X} < 1], P[X} > 1]) = HDF (1),

O

where the equality holds if and only if Sp(X) C Zysp[Xi]. The result for a general location 6

and scatter o readily follows from affine invariance and the identity Sp(AB) = Sp(BA).

(ii) By definition, if Zygp[Z1] is a singleton, then this singleton must be {1}. Consequently,
it HDS1(X) = HDE 1 (20), then Part (i) of the result entails that M(Zo1E) = (% 1D) = 1.

This implies that X 'Sy = I, which establishes the result.
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We turn to the proofs of Theorems 5.2 and 6.1, that require the following preliminary
results for the elliptical case (Lemma A.8) and for the independent Cauchy case (Lemma A.9).

Lemma A.8. For any %,,%, € Pr and t € [0,1], let Y, = E}/Q(zglﬂzb
Sa )l and £f = (1—4)S; '+, 7L Then (1) Mi(55) < Mi(Sr) < max(Ai(Sa), M (Sp))
and (i) Ae(S) = Me(ZF) > min(Ag(Za), A (So)).

Proof of Lemma A.8. (i) With the usual order on positive semidefinite matrices (A < B iff B—
A is positive semidefinite), the (weighted) harmonic-geometric-arithmetic inequality (see, e.g.,
Lemma 2.1(vii) in Lawson & Lim, 2013)

NS <= (1 —t)%, + 5, (A.15)
holds for any ¢ € [0, 1]. This implies that
M) < A(Z0) < M(Zy). (A.16)

Indeed, if, e.g., the second inequality in (A.16) does not hold (the argument for the first
inequality is strictly the same), then, denoting as ©1; an arbitrary eigenvector associated
with Aj(X¢), we have 9,501 = M(Z¢) > M (%) > 9,501, which contradicts (A.15).
Hence, (A.16) holds and provides

A(Z)) < M) < max o' (1= )Zq +12p)u
ueo*™

< (1—1t) max v'Sou+t max u'Syu
ueSd—1 uesd—1

= (1=t (Za) + tA1(Dp)

< max(A1(2q), A1(Zp)),

as was to be showed. (ii) Proceeding in a similar way as above, it is readily showed that (A.15)
implies that Ai(2;) > \p(X3). Using this, we obtain

Ae(Ze) > Ae(E7) = A7) 7

- ( max /(1 —)5;" +t2b_1)u>_1 > ((1 — M (21 +t)\1(2b‘1))_1

ueSd-1

= (- 0N )+ () 2 min(A(Z0), (),

since any weighted harmonic mean of two real numbers is a convex linear combination of
these. O

Lemma A.9. For any %,,%, € P, and t € [0,1], let %, := 2(11/2(251/221)
Z;l/Q)tEé/Q and E;tk — ((1 i t)E;l +t2;1)—1_ Then,

max(diag(X})) < max(diag(%;)) < max(max(diag(%,)), max(diag(2s))) (A.17)
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and

max s'3; 's < max s'(27) s < max (max s'S; s, max 'S, Ls) (A.18)
S S S S

(where max; is the maximum over s = (s1,...,s%) € {—1,1}¥), so that both the mappings ¥
max(diag(X)) and ¥ ~— max, s'Y s are geodesic and harmonic quasi-convex.

Proof of Lemma A.9. The result in (A.17) readily follows from the fact that the weighted
harmonic-geometric-arithmetic inequality 3 < ¥, < (1 — )3, + t3 yields () < (Z¢) e <
(I —=t)(Za)ee + t(Zp)ee < max((Xa)ee, (Xp)ee) for any ¢ = 1,...,k. Turning to (A.18), the

harmonic-geometric inequality implies that X, < (37)71, which readily yields
maxg s’ ls < max, '(Xf)~'s. Consequently, it only remains to prove the second inequality
in (A.18). To do so, choose an arbitrary s, such that max, s'(X;)~ts = s.(XF)7s,. Then
max §(S5) s =8 (5 s = s (1 — )2 +15, ) s,
< (1-t)maxs'E, s+ tmaxs'S, s
S S

< max (maxs/Egls,maxs'Zb_ls), (A.19)
S S

which establishes the result. ]
We can now prove Theorems 5.2 and 6.1.

Proof of Theorem 5.2. (i) We start by considering the case where P is an elliptical probability
measure over R¥ with location 6y and scatter ¢, where we first prove the result for y = 0
and Xg = I,. Then we have

. %,T(it) = inf min(P[|u’X| < \/m],P“u/X\ > \/m})

ueSk—1
_ min( inf  P[|X1] < VS, inf P[\Xl\zx/u’f}tu])
ueSk—1 ueSk—1
= min(P[X1] < A2 (S0)], P X1 = A2 (S0)). (A.20)

Since Lemma A.8 entails that
P[x1] < A2(S0)] > P[IX1| < min(A\y*(50), A2 (5))]
— min(P[|X1| < A2 (Z0)], P[IX| < A2 ()
> min(H. %,T(Ea)v HD%,T(EIJ))
and
P[1X1] > A2 (50)] > PIX1| > max(A/*(Sa), A2 ()]
— min(P[|X1| > A\/2(Z0)], P[IX1| = A2 ()

> min(HD?:C,T(Ea), HD%,T(Eb))’
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the result for §y = 0 and Xy = I, follows from (A.20).

We now prove the result in the elliptical case with arbitrary values of 8y and ¥g. To this
end, let A = 251/2 and note that the square roots (in Py) of ¥ := AX, A" and T := AN, A’ are
of the form T}lm = AE(I/QOQ and T;ﬂ = AZi/QOb, for some k x k orthogonal matrices O, Oy.
Consequently,

Y= AS A = AXY2 (5,125,512 mi 2 Al
— T(ll/QOg(OaT;l/QTbTa—‘l/2O:1)thT(11/2 _ T(II/Q(TJI/QTbT(;I/Q)tTé/Z

describes a geodesic path from T, to Y. Since the result holds at Py = P4 _4g, (where the
notation P4y was defined on page 16 of the main manuscript), affine invariance then entails
that

HD (%) = HD, p(T4) > min(HDS, 7(Ya), HDF, 1(Ys))
= min(HDﬁgT(Za), HD}C,T(EI,)),
as was to be showed.

We now turn to the case where the probability measure P over R* has independent Cauchy
marginals. Fix ¥,, Y, € P, and consider the geodesic path Y, te [0, 1], from X, to 3. Recall
that

HDE (%) = 2min (¥(1/ max v s'Y1s) — 11— ¥(y/max(diag(X)))),

where U stands for the Cauchy cumulative distribution function; see (2.7). Lemma A.9 readily
entails that

2—20( max(diag(f]t)))
> min (2 — 20 (y/max(diag(Xa)) ), 2 — 20 (y/max(diag(3)) ))

> min(HDE(Xq), HDB1(s)). (A.21)
Lemma A.9 also provides maxg s’f]t_ls < max(maxg s'Y; s, maxg S’Zb_ls), which rewrites
1/ max (s'S; 's)1/2 > min(1/ max, (s'S;1s)1/2,1/ max, (s'S, 's)1/2).

S

This implies that
20 (1/ max (527 1s)1/2) —1
S
> min (20 (1/ max (s'S;1s)1/?) — 1,20(1/ max, (s'S; 's)1/2) — 1)
S
> min(HDS 1(Xa), HDE (X)) (A.22)

From (A.21)-(A.22), it readily follows that HD%’T(i)t) > min(HD¥E (),
HD (%)), which concludes the proof of Part (i).

(ii) Let then P be an arbitrary probability measure over R* satisfying Part (i) of the result.
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For any ¥,,%, € R (), we then have H. %,T(it) > min(HDF (X)), HDE(35)) > a, so
that ¥, € RS (). O

Proof of Theorem 6.1. In view of the remark given right before the statement of the theorem,
it is sufficient to show that, at the probability measures P considered, ¥ +— HD?T(Z) is
harmonic quasi-concave. The proof is then entirely similar to the proof of Theorem 5.2. In
the elliptical case, the affine-invariance argument is based on the identity Y; := AY;A’ =
(L=t)Y 7t +¢7, )7L with T, := A, A" and Ty, == AT, A’ O

A.5 Proofs from Section 7

Proof of Theorem 7.1. We may restrict to the case where HD?Dh’Y?q (V) > apr (indeed, the
assumptions ensure that HD%’I‘? (V) > apr and that the result holds if HD%&,‘? (V) =apr).
For any @ > apr, consider then I, := I, pr(V) := {02 € R} : 02V € REr(a)} = {o? €
RS : HD§§’T(02V) > a}. The convexity of RS,(a) (Theorem 3.3(ii)) implies that I, is an
interval. Since av > apr, Theorem 4.2 shows that RﬁS’T(a) is g-bounded, which implies there
exist 1, > 0 and M, > n, such that I, C [nq, M,]. Since, moreover, Theorem 3.1 implies
that o2 HD?%T(UQV) is upper semicontinuous, I, is also closed, hence (still for a > apr)
compact.

Now, fix 6 > 0 such that HD%’Y‘? (V)—§8 > apy. For any n, pick then o2 in the (non-empty)

2

- hence

. The resulting sequence (o

2
Ny

interval IHD;}jf(v)—(d/n)

admits a subsequence (o

_67
) converging in R7, to o2, say. Fix then an arbitrary ¢ € (0,4).

) is in the compact set IHDjJ:f(V)

For ¢ large enough, all o2 , belong to the closed set so that 0‘2/ also belongs

I sh,S
HDR (V)—e’

60 Iyypyh.5 1y - This shows that HDR (V) —e < HDE (03 V) < HD32 (V). Since € can be
taken arbitrarily small, the result is proved. O

Proof of Theorem 7.2. From Theorem 2.1, we readily obtain

HD3® (AVA'/S(AVA)) = sup HD, , 7(c* AVA'/S(AVA'))

02>0

= sup HD%,, (02 AVA") = sup HDS 7 (0%V) = HD?_—EILA,?(V),
o2>0 . o2>0 7 ’

which establishes the result. O

Proof of Theorem 7.3. Consider arbitrary probability measures P, Q on R*. Fix V € P,f and
assume (without loss of generality) that HD%&? (V) < HDZ;;(V) Then, for any € > 0, there

exists 02 > 0 such that HDZQh%g(V) < HDE’T(UEV) + ¢, so that
h,S h,S h,S h,S
|HDp2 (V) — HD2 (V)| = HD:2 (V) — HDEP (V)

< HDE p(02V) + & — HD¥1(02V) < sup |[HD¥S (X)) — HDF ()| + €.
YEP
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Since this holds for any € > 0 and since V is arbitrary, we have that

sup [HDy (V) — HD (V)] < sup |HDE 1(8) — HDSp(3)].
Vepry SEPy

The result then follows from Theorem 2.2. O

Proof of Theorem 7.4. (i) Fix a shape matrix Vj € R%lf(apj) and assume, ad absurdum,
that there exists a sequence (V) in 73;5 that g-converges (resp., F-converges) to Vj and such
that

lim sup HDR5 (Vi) > HDR (Vo).

n—oo

Extracting a subsequence if necessary, we can fix € > 0 small enough to have HD%&,? (Vo) +e <

HD??LE(V”) for any n. Fix then, for any n, 2 > 0 such that H. %T(U%Vn) > HDS};})&?(Vn)—s/Z,
which yields
HDS(02V,) > HDY (Vo) +2/2 > apr + /2. (A.23)

Now, we can assume without loss of generality that V,, belongs to a neighbourhood of V; that
is g-compact in Py (P). Since (A.23) implies that 02V}, belongs, for any n, to the g-bounded
(Theorem 4.2) scatter depth region RS -(apr+¢/2), the sequence (02) then stays away from 0
and oo (that is, the 02’s belong to a common compact set of R(T ). Consequently, there exists
a subsequence (07, ) such that (o7, Vy,) g-converges (resp., F-converges) to ogVp, say. In view

of (A.23), we therefore found & > 0 such that, for any ¢,
HD(07, Vi) > HD (03Vo) +¢/2,

where (o2 ,Vn,) g-converges (resp., F-converges) to 02V, which contradicts the scatter depth
upper semicontinuity result in Theorem 4.1 (resp., in Theorem 3.1). (ii) The result follows from
the fact that R%:T(oz) is the inverse image of [a, +00) by the upper F- and g-semicontinuous

function V' +— HD%’I‘? (V). (iii) Since the supremum of lower semicontinuous functions is a

lower semicontinuous function, Theorems 3.1 and 4.1(iii) yield that V — lﬁTDi}f’j‘;g (V) is lower-
semi continuous. The result then follows from Part (i) and the fact that the smoothness of P
at Tp implies that Ry (apr) = R (0) = PE. 0
The proof of Theorem 7.5 requires the following lemma.

Lemma A.10. Let S be a scale functional, that is a mapping from P to R(J{ that satisfies
the properties (i)-(iii) on page 31 of the main manuscript. Then, A\g(V) < 1 < A\ (V) for
any V € PkS.

Proof of Lemma A.10. (a) Writing the factorisation of V as V = Odiag(AM(V),...,
Ae(V)O', where O is a k x k orthogonal matrix, it holds

)\k(V)Ik = Odiag()\k(V), NN )\k(V))OI S |4 S Odiag()\l(V), e ,)\1(‘/))0/ = )\1(V)Ik

(where A < B still means that B — A is positive semidefinite), the properties of a scale
functional yield A\, (V) = S\ (V) 1) < S(V) < S(M(V)I) = M (V). O
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Proof of Theorem 7.5. We start with the proof of the result for sp7 < 1/2 and g-boundedness.
We fix ¢ > 0 and intend to prove that Ri};’fq (spr +¢) is g-bounded by showing that, for » > 0
large enough, it is included in the g-ball By(I;,7). To do so, fix a shape matrix V(€ Py)
that does not belong to By(Ix,r) (r is to be chosen later). In view of (A.10), we then have (i)
M (V) > exp(r/Vk) or (ii) \p(V) < exp(—r/vk) (or both).

We start with case (i). Fix (so far, arbitrarily) o3 > 0. Then for any o? € (0,03],
Lemma A.10 entails that (denoting by vx (V) an arbitrary unit vector associated with (V"))

HDFp(0?V) < inf P[u/(X —Tp)| < ovVu/Vu]

ueSk-1

< P[h(V)(X = Tp)| < oA2 (V)]

< Pllop(V)(X = Tp)| < 00] < 557 (00), (A.24)

where we used the notation sX(-) introduced in Lemma A.3. By using this lemma, pick

then 02 > 0 such that sgp}(ao) < S}TP} + (¢/2) = spr + (¢/2). Denoting by vi(V) an
arbitrary unit vector associated with A1(V), we then have that, for any o2 € [03, 00),

HD¥r(c?V) < inf P/ (X = Tp)| = ovVu/Vu]

ueSk—1

IN

P[loj(V)(X —Tp)| = on/?(V) ]

A

P[lvj(V)(X — Tp)| > opexp(r/2Vk)]

< P[|IX = Tp|| > oo exp(r/2v/R)], (A.25)

which, for r large enough, can be made smaller than /2 (hence, smaller than spr + (¢/2)).
For r large enough, thus, (A.24)-(A.25) guarantee that HD%&,‘?(V) = SUp,2~q H. %’T(O’ZV) <
spr + €, as was to be showed.

We then turn to case (ii). By picking oq large enough, we have that, for any o2 € [03, 00),

HDFp(0®V) < inf P[W/(X —Tp)| > ovVu/Vu]

ueSk-1

< P[}(V)(X = Tp)| > oA/*(V)]
< P} (V)(X — Tp)| = o9
< P[|X —Tp|l > 00] <¢/2, (A.26)

where we used Lemma A.10. For any o2 € (0, 03], we then have

HD¥p(0?V) < inf P/ (X = Tp)| < ovVu/Vu]

ueSk—1

< P[of(V)(X = Tp)| < oA2(V)]
< Pllvj(V)(X = Tp)| < o exp(—r/2Vk)]
< s;TP}(JO exp(—r/2Vk) < spr + (¢/2), (A.27)
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for r large enough. Thus, for r large enough, (A.26)-(A.27) still yield that HD%&?(V) =

Sup,2sq HD?;C’T(OQV) < spr + €, as was to be showed. We thus conclude that, for o > spr,

R?’ﬁ () is g-bounded (its g-compacity then follows from the same argument as in the proof

of Theorem 4.2).

The proof for F-boundedness (still for sp < 1/2) follows along the same lines and is actually
simpler since only one of both cases (i)-(ii) above is to be considered. Recall indeed that, as
seen in the proof of Theorem 3.2, V ¢ Bp(Iy,r) implies that Ay (V) > (r —1)/k/2, so that the
same reasoning as in case (i) above allows to show that for any ¢ > 0, there exists r = r(¢) such
that V' ¢ B(Ij,r) implies HD?&? (V) < spr +¢. This establishes that R?’Tiq () is F-bounded
for a > spr.

Finally, if spr > 1/2, then, with ug € S*¥~! such that P[|uf(X —Tp)| = 0] = spr (existence
is guaranteed in Lemma A.3(ii), with K = {Tp}), we have HD?;.C’T(UQV) < Pllup(X —Tp)| >
o\/upVug] < Plluf(X —Tp)| > 0] = 1 — spr for any o2 > 0, so that HD?;?(V) <1-spr.
Therefore, R%’ﬁ(a) is empty for any a« > 1 —spr = apr. O

Proof of Theorem 7.6. The proof follows along the exact same lines as that of Theorem 4.3,
hence is not reported here. O

Proof of Theorem 7.7. (i) For any V € Pg, Theorem 5.1(i) readily implies that HD;}:&?(V) =
SUpy2-o HDE7(07V) < HDS,(S0). Since HDp(S0) = HDp(S(0)Vo) < HDpi (Vy), the
result follows. (ii) Before proceeding, note that since P is an elliptical probability measure
with location 6y, the affine-equivariance of T' implies that Tp = 6. Ellipticity further entails
that spr = P[{6p}]. Moreover, we must have spr < 1/2 (otherwise, P[|Z;| = 0] > P[{fy}] =
spr > 1/2, so that 0 € Zyisp[Z1], a contradiction). Now, assume, ad absurdum, that there
exists V € PP\ {Vo} with HDRY (V) = HD3y (Vo). Since HDE (Vo) = HD,(S0) >
1/2, we must have HD%‘&?(V) > 1/2. Since apr = spr < 1/2, there exists 02 > 0 such
that H. ?T(JQV) > sp. Therefore, Theorem 7.1 ensures that HD?,—I,?’QZ9 (V)= HD?T(G‘%V) for
some 0‘2/ > (0. We therefore have

HDE (o} V) = HDpi (V) = HDRF (Vo) = HD(S0) = HDE1(S(£0)V0).
Theorem 5.1(ii) then yields that Sp((S(Eo))_l/zav%_1/2\/l/2) C Zmsp|Z1]. Since, by assump-

tion, Zysp[Z1] = {1}, VO_I/QVV2 must be proportional to the identity matrix, which implies
that V = 14. O

Proof of Theorem 7.8. (i) Consider the scale functional Si, and fix € > 0. By definition, there
exist positive real numbers o2 and o7 such that

HD (02V,) > HDpy (Vo) — e and  HDiSp(07Vs) > HDR (Vi) — .

Consider then the linear path ¥y = (1—¢)X,+t%, from X, = 02V, to X} = 02V,. Letting h(t) =
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to?/((1 —t)o2 + to}), the Si-shape matrix associated with ¥ is

k k
Y, — 1 — )02V, + tolV;
] T (1= )02V, + tolV) (= t)ouVa + 1oy V)

k
=l = RV 1 by (O AV = Voo,

Since h : [0,1] — [0, 1] is a one-to-one mapping, Theorem 3.3 yields that

k

HDsh,Str(W7 P) = HDsh,Str(
PT P T tr[zhﬂ (t)]

Ehfl(t)ap> > HDp1(Xp-1())

> min(HD3S 7 (S,), HDF 1 (5y)) > min(HDR (Vo), HDR (Vi) — e,

for any ¢t € [0,1]. Since this holds for any ¢ > 0, Part (i) of the result is proved for S = Si,.
The proof for S = Sy; is along the exact same lines, hence is omitted. As for Part (ii), it
strictly follows like Part (ii) of Theorem 5.2. O

Proof of Theorem 7.9. (i) Fix € > 0. By definition, there exist 02 > 0 and o7 > 0 such that

HD$ 1 (02V,) > HDp3 (V) — ¢ and  HDS 1 (02Ve) > HDp (Vi) — e

Consider then the geodesic path f]t = 2(11/2 (251/2Eb2g1/2)t25/2 from ¥, = agVa to Xp = ang.
Then, since detY; = (det X)) ~t(det Xp)?, it is easy to check that the Sgei-shape matrix
associated with Y is (det it)_l/kit = Val/2 (Va_l/zvl,Va_I/Q)tVOLI/2 =: V. Therefore, using
Theorem 5.2, we obtain

HD;‘ij%Svdet (‘71‘) > HDSP%T((det it)l/kf/t) = HD%’T(it)
> min(HDE(S4), HDE 1(5)) > min(HDSP}?fdet(Va), HD%’lfdet(%)) —c.

Part (i) of the result follows since € > 0 is arbitrary above. As for Part (ii), it is obtained
again as in Part (ii) of Theorem 5.2. O

2
a

Proof of Theorem 7.10. (i) Fix € > 0. By definition, there exist positive real numbers o
and o2 such that

HDE7(02Va) = HDpi* (Vi) = and HDi(03Vs) > HDR;™ (Vi) — .

Consider then the harmonic path ¥} = ((1—)X; ! +¢%, 1)~ from &, = 02V, to ), = 0, *V}.
Then, letting h(t) = to, /(1 — t)o; 2 + toy ), the Sf,-shape matrix associated with X} is

tr{(2) 7]

N = (- t)og? +toy ) (1= 1), 2V, +ta, V)™

= ((1L=h@)V  + OV = Vi,
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Since h : [0,1] — [0, 1] is a one-to-one mapping, we obtain that, for any ¢ € [0, 1],

HDsh S () = HDsh S5 ( (351 ) 7]

’ EZl(t)) > HDB (X -1)

sh, Str( sh, Str(

> min(HDE7(3.), HDE 1 (2p)) > min(HDp 7" (Va), HD p ™ (V) —

Since this holds for any ¢ > 0, Part (i) of the result is proved. Part (ii) strictly follows like
Part (ii) of Theorem 5.2. O

B Proofs from Chapter 11

Proofs from Chapter II are detailed in this section. Many of the subsequent results require
the following lemma.

Lemma B.1. Let P be a probability measure over RF and fix § € RF. Write Cé\ffv = {1: € R*\
{0} : (ugy) Mug, > > 21tr(M)} and Cé”v ={zeR": (ug v ) Mugy, > > tr(M)}, where ug y is
defined as V'~ 1/2( 0)/||[V—1%(x — )| if x # 0 and as 0 otherwise. Then, for any V € Py,
and any r € R,

M7 _ : M 7 _ M
Dy(V, P) = ngiaup[ca |= Meliljz{lFP[ng] = M;ﬁiaup[% vl = nf ZP[CW],

where ./\/lz11 (resp., M) collects the k x k symmetric matrices with arbitrary trace (resp., with
trace r) and where MZHF is the collection of matrices in M3!! with Frobenius norm one.

Proof of Lemma B.1. It directly follows from the definition of Tyler shape depth that

Dy(V,P) = inf P[{:): e RF : v'vec (uf vugy) — 1) > 0}].
veRK?

When v runs over R¥ | the matrix M satisfying v = vec(M’) runs over the collection N} of
k x k matrices. Since (uf /) Muj,, = (uf /) {(M + M')/2}uj ,, for any M € Ny, this yields

Dy(V,P) = inf P[{z €R" :tr[M{ufy (uy) — 1 1i}] > 0}]
P = ot P o

Letting I[A] be equal to one if condition A holds and to zero otherwise, this provides

Do(V,P)= it (P[C}]+PHONI[x(M) <0]) = nf P[C}],  (B2)
MeMmal ’ Memzt

where we have used the fact that P[Ce V] is unchanged when M is replaced with M + Al

for any A € R. The same invariance property explains that the infimum over ./\/lall in (B.2)

may be replaced with an infimum over Mj, for any r. Finally, the result for Mau follows

from (B.1) by noting that 09 v = Cé\ffv for any A > 0 and that M = 0 cannot prov1de the

infimum in (B.1). The proof is complete. O
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B.1 Proofs from Section 2

Proof of Theorem 2.1. (i) Fix M € Mj" and consider CM = C}, .» Where éé\,/[v was defined
in Lemma B.1. Since CM is closed, the mapping P ~— P[C’M ] is upper semicontinuous
for weak convergence. Now, Slutzky’s lemma entails that, as d(V,Vy) — 0, the measure
defined by B — P[f + V/2B] converges weakly to the one defined by B — P[f + Vl/2 B.
Therefore, V +— P[§ + VY/2CM] = P [C’é”v] is upper semicontinuous at Vj. From Lemma B.1,
we then obtain that
Vs Dy(V,P) = inf P[C} v
Memz!

is upper semicontinuous (as the infimum of a collection of upper semicontinuous functions). (ii)
The result follows from the fact that the depth region Ry(a, P) is the inverse image of [ar, 00)
by the upper semicontinuous function V' +— Dy(V, P). (iii) Fix a sequence (V},) in Py 4 such
that d(V,, Vo) — 0. In view of Lemma B.1 again, we can, for any n, pick M,(¢€ ./\/lall 7)
such that P[C’M" ] < Dp(Vn, P) + L. Compactness of Mau ensures that we can extract a
subsequence (M,,) of (M,) that converges to My(€ ./\/lall ) Writing I[B] for the indicator
function of the set B, the dominated convergence theorem then yields that

~ M, ~ M, ~
PO ] - PO = /R (Ce )~ TICH T AP 0

M ~
as { — oo (the absolute continuity assumption on P guarantees that ]I[Ce v ] 11[0%90] -0
P-almost everywhere). Consequently,

M,
hnrgloréf Dy(Vy,, P) = hnrgloréfP[C@ v.] = hm mfP[Ce Vng] P[C) W) = Do(Vo, P).
We conclude that, if P is absolutely continuous with respect to the Lebesgue measure,
then V' — Dy(V, P) is also lower semicontinuous, hence continuous. O

The proof of Theorem 2.2 requires the following result.

Lemma B.2. Let P be a probability measure over R¥ and fix § € R¥. Write u$ = (a: 0)/||x—
0| if x # 6 and 0 otherwise. For any ¢ > 0, further let 5 p(c) = sup,cgr—1 P[|v'ug| < ], so
that tg p = tg p(0) = sup,cgr-1 P[v/(X — 0) = 0]. Then, tg p(c) — tg.p as ¢ — 0.

Proof of Lemma B.2. Since ty p(c) is increasing in ¢ over [0,00) and is larger than or equal
to tg,p for any positive ¢, we have that t~97p = lim.—,0 t9,p(c) exists and is such that 597]3 >ty p.
Now, fix a decreasing sequence (¢, ) converging to 0 and consider an arbitrary sequence (vy,)
such that

Pllojug | < en] > to,p(ca) — (1/n).

Since S¥~! is compact, we can consider a subsequence (vy,) that converges to vo(€ S¥~1);
without loss of generality, we can of course assume that this subsequence is such that (v{vy,)
is an increasing sequence. Let then Cp = {v € S¥~1: Vv > vy, t. Clearly, Cy is a decreasing
sequence of sets with NyCy = {wvp}, so that

Jim Plu € Unec {10yl < en Y] = Plug € {Joyl < 0}) = Plluhui | = 0]
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Now, for any ¢, we have Pluy € Uyec, {[v'y| < cn,}] > Plloj,uf| < cn,] > to,p(cn,) — (1/10),
which implies that tg p > Pllvjuy| = 0] > g p. O

Proof of Theorem 2.2. Fix V' € P4, and denote as A(V) (resp., Ay(V')) the largest (resp.,
smallest) eigenvalue of V' (possible ties are unimportant below). Letting v; (V') and v (V') be
arbitrary corresponding unit eigenvectors, Lemma B.1 provides (with My = v (V)vj (V) €

M3
Dy(V,P) < Pl(ufy) Myuly > ttr(My), X # 9}

= PIAT (O (V)X = 0)} = V72X = 0)]%, X # 6]

< PlIVTVAX —0)|2 < BIX - 02, X #6] =PIV 20, |2 < kol £0],

where we used the inequality A;(V) > 1 (which follows from the constraint tr(V) = k) and
where ug is defined in Lemma B.2. Therefore,

Do(V, P) < PP (VTH (0] (V)uy )? < k] < tg,p((kAK(V))'/?). (B.3)

Now, ad absurdum, take € > 0 such that Ry(tgp p + ¢, P) is unbounded. This implies that
there exists a sequence (V},) in Py, satisfying Dg(Vy,, P) > tgp + € for any n and for
which d(V,,, I;) — oo. Since A\ (V;,) < tr[V,] = k, we must have that A\ (V;,) — 0. Lemma B.2
and (B.3) then imply that Dy(V},, P) < ty.p + € for n large enough, a contradiction. Conse-
quently, Rg(a, P) is bounded for any a > tg p.

Now, Lemma A.6 above readily implies that a bounded subset of Py, is also totally
bounded, in the sense that, for any € > 0, it can be covered by finitely many balls of the
form B(V,e) = {V € P : d(V,V) < e}. Part (i) of the result and Theorem 2.1(ii) thus
entail that, for any o > tg p, the region Ry(c, P) is closed and totally bounded. The result
then follows from the completeness of the metric space (P tr, d). ]

Proof of Theorem 2.3. Let o, = SUPyep, ., Dy(V,P). By assumption, Ry(tg,p,P) is non-
empty. Thus, o, > tpp and the result holds if o, = tpp. We may therefore assume
that o, > ty p. For any n, pick then V, in Rp((cx — 1/n)4, P), where uy = max(u,0).
Fix ¢ € (0,0 — tg,p). For n large enough, all terms of the sequence (V},) belong to the
compact set Rp(a, — e, P); see Theorem 2.2. Thus, there exists a subsequence (V},,) that
converges in Rg(a, — €, P), to Vi say. For any ¢ € (0,¢), all (V,,,) eventually belong to the
closed set Rg(a. — &', P), so that Vi € Rg(a. — &', P). Therefore, a, — &’ < Dy(Vi, P) < au
for any such ¢, which establishes the result. O

The proof of Theorem 2.4 requires the following preliminary result.

Lemma B.3. For any y € R* and any k x k symmetric matrix M, the mapping V
tr(MV)y'V~ly is quasi-convex, that is, for any V,, Vi € Py and any ¢ € [0, 1], tr(MV;)y'V, 1y <
max{tr(MV,)y'V, ty, tr(MV3)y'V, ty}, with V; = (1 — 1)V, + tVj.
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Proof of Lemma B.3. We treat two cases separately. (i) Assume first that tr(MV,)tr(M V) >
0. Write

v, Vv, v, ttr(MV})

- o ith s, — .
oy YW aang Treamy M T T hnan) + ey

Since s; € [0, 1], the (weighted) harmonic-arithmetic matrix inequality (see, e.g., Lemma 2.1(vii)
in Lawson & Lim, 2013) then shows that, for any y € RF,

i) v = vo-o{agi) dadim} I

< it v} o)

as was to be showed. (ii) Assume then that tr(MV,)tr(MV;,) < 0. Without loss of generality,
assume that tr(MV,) <0 and tr(MV;) > 0. If tr(MV,) = tr(MV;) = 0, then tr(MV;) = 0 for
any t and the result trivially holds. Hence, we may assume that tr(MV,) # 0 or tr(MV}) # 0,
which implies that tr[MV;,] = 0 for a unique ¢y € [0,1]. From continuity, pick then § €
(0,1 — to) such that, for any t € [to,to + 9),

w(MV)y' Vi ly < te(MV)y'Vy 'y
< max{tr(MV,)y'V, ty, tr(MV)y'V, 'y}

By applying Part (i) of the proof with V; 45 and V3, we obtain that, for any ¢t € [tg + 0, 1],

tr(MV)y' Vi ly < max{tr(MViy15)y' Vi | sy, tr(MVe)y'Vy 'y}

A

max{tr(MVa)y'V, by, tr(MVy)y'V; Ly}

Since tr(MV;)y'V;, 'y < 0 < max{tr(MVa)y’Va_ly,tr(MVb)y’Vb*ly} for any ¢t € [0, %], the
result follows. O

Proof of Theorem 2.4. (i) Write V; = (1 — t)V, + tV}, where V,,V}, € Py, and t € [0, 1] are
fixed. First note that, letting d3(V) = (X — 0)'V=1(X — 6), Lemma B.1 yields

Dy(V,P) = Mier}\ian P(X —0)VV2MV=V2(X —60) > Ltr(M)d3(V), X # 6]
= inf P[(X —0)/M(X —0)> +tx(MV)dj(V), X #0]. (B.4)
Memal
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Writing again V; = (1 — )V, + tV4, Lemma B.3 thus yields that, for any M € M3/,
P[(X = 0)M(X —0) > 1tr(MV;)d3(Vh), X # 6]
> P[(X - 0)M(X - 0) > § max{te(MV,)dj(Va), tr(MV;)d3 (V3)}, X # 0]

= min (P[(X —0YM(X — 0) > Ler(MV,)d3(Va), X # 0],

P[(X = 6)M(X - 0) > br(MW)d3(Vi), X # 6]
> min(Dy(Vy, P), Do(Vh, P)).

The result then follows from (B.4). (ii) If V,, V, € Ry(a, P), then Part (i) of the result entails
that Do((1 — t)V, + tVp, P) > min{Dy(Vy, P), Dg(Vy, P)} > a, so that (1 — )V, + tV} €
Ro(a, P). O

The proof of Theorem 2.5 requires both following lemmas.

Lemma B.4. Let P be elliptical over R¥ with location 0 and shape I,. Then, Do(I;, P) =
(1—P[{0}))P[U} > 1/k], where U = (U, ..., Uy) is uniformly distributed over the unit sphere
Sk,

Lemma B.5. Let P be elliptical over R* with location 0 and shape I. Then, for any
V € P \ {Ix}, Do(V, P) < (1 — P[{0}])P[U? > 1/k], where U = (Uy,...,U)" is uniformly
distributed over S*1.

Proof of Lemma B.4. In the spherical setup considered, we have that, for any M € Man

X'MX 1
TXE 2 > -t tr(M), X # 0| = P[U'MU > 1tr(M)]P[X # 0],
where U = (Uy, ..., U)" is uniform over S*~!. Lemma B.1 then entails that

Do(Ix, P) = (1 —P[{O}DM% P[U'MU = ptx(M)].

Decomposing M into OAO’, where O is a k x k orthogonal matrix and where A = diag(\y, ..., \g)
is a diagonal matrix, this yields

k 1 k
Do(I1,, P) = (1 — P[{0})) Alenﬂng[; E%Z }

M=

— (1= PO} juf, P| S n(UF - 1) 2 0] = (1= PION) inf 5.

/=1
By using successively the facts that p(0) = 1 and p(\) = p(A\/||A||) for any A € R¥\ {0}, we

obtain

Do(li, P) = (1= P[{0})) _inf _ p(}) = (1= P{0}]) inf ,p(. (B.5)
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The result then follows from Theorem 2 from Paindaveine & Van Bever (2017b), that states
that the last infimum in (B.5) is equal to P[U? > 1/k]. O

Proof of Lemma B.5. Fix V € P4, and let X be a random k-vector with P = PX. Write V =
OAO’, where O is a k x k orthogonal matrix and A = diag(\1, ..., \x) is a diagonal matrix
with Ay > A9 > ... > \;. Affine invariance (see Theorem 2.6) entails that

Do(V, PX) = Dy (O'VO, POX) = Dy(A, PY).
Denoting by e; the first vector of the canonical basis of RkQ, we then have

Do(V,PX) = Dy(A, PX) < Plefvec(UpaUb g — +1i) > 0] = P[(Upa)1)? — 7 > 0]
)

:P[<(U07A1) %ZOX?&O} [/\11X1 kZ? 1A IXhX?AO]
< P[X?> LS00, X2, X #0] = PIX}/|X|? > },X #£0] = PIX # 0[P[U} > }(B.6)

where U = (Un,...,Uy) is uniform over S*~1. To have Do(V, P~X) = P[X # 0|P[U} > 1],
the inequality in (B.6) needs to be an equality, which requires that A\, = A1 for all ¢, hence
that V = I. O

It follows from Rousseeuw & Struyf (2004) that if P is elliptical with location 6, then Mp =
{6}, so that, under ellipticity, the Tukey median is Fisher consistent for 6 (i.e., 0p = 6). We
can now prove Theorem 2.5.

Proof of Theorem 2.5. Lemmas B.4-B.5 establish the result in the spherical case associated
with 6y = 0 and Vy = Ij,. For general values of 6y and Vj, note that Y = %_1/2(X —6p) is
elliptical with location 0, shape Iy, and satisfies P[Y = 0] = P[X = 6]. By affine invariance,

12 e —1/2
Dey (V, PX) ZD0< A AA : Y)

—1/2 —1/2y"
tr(Vy Py, Y

—1/2 —1/2
i VA A
tr(VO_l/QVOV_l/z)

< Do(I}, PY) = Do( PY> = Dy, (Vo, PY),

with equality if and only if KV, 1/ZVV 1/2/‘5 Vo 1/2‘/1/071/2) = I, that is, if and only if
V="W. O
Proof of Theorem 2.6. In the proof of Theorem 2.4, we showed that

Dy(V, P) = Mg./l\fl"‘ P(X —0)VI2PMVV2(X —0) > Ltr(M)(X — 0)VHX - 0), X #0].

Using the fact that Vl/2 EV2AVI20/{tr(AVA")}Y/2 for some k x k orthogonal matrix O
(recall that VA/ ? stands for the symmetric positive definite square root of V), this readily
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yields

Dagsp(Va, P) = inf P[(X —0)V20MOV~V2(X —9)
Memzt
> 1tr(OMO')(X — 0)'V 1 (X —0), X # 0] = Dy(V, P),

as was to be showed. The affine-equivariance property of the depth regions readily follows. [

The proof of Theorem 2.7 requires the following lemma.

Lemma B.6. For any v, ve such that v? + v2 < 1, we have

(L= o)~ foo] _ (1= oD+ [us] _ 1+ (0] +23)
=02+ [oa] = (1= o)1 = Jus| = T (0] +13)1/2

Proof of Lemma B.6. The first inequality is straightforward. For vy, v such that v? +v3 < 1,
let V be the positive definite matrix defined as

1+wv v
V:< b >
(] 1—U1

1 — v2
\/szz = (det Vf%ﬂ%— v9)? = (det V)71 (1 — o} + 03 + QUQM)
2 —

Since

and

1 2 2
@ = (det V)71(1 + m)Q = (det V)71 (1 + 02 + 03 + 2\/@%

1 — /v?+v3

the second inequality simplifies to vay/1 — v? < v+ /v? + v3. If va < 0, the proof is complete,
so let us focus on the case vo > 0. After taking squares, the simplified inequality further yields

v3(1—vd) < v+ (0 +0d) + 203 /0 +v3 & v — vl <of o4 vl 4 20 ol 43
s —vid < vil—i-v%—i-Qv%\/v% + v3
& 0§v%+v%v%+v%+2v%\/v%—l—v§
& 0<vi(v] +1)% + 20} /0P + 03,

which concludes the proof. ]

Proof of Theorem 2.7. (i) If P = PX is elliptical with location y and shape V{, then V0_1/2 (X—
fo) is equal in distribution to RU, where U is uniformly distributed over the unit sphere S¥~!
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and is independent of the nonnegative random variable R. Theorem 2.6 then yields

-1/2 —1/2
Dy, (V, PX) = Dy Wﬂ_l /QVVO_I o RU\ . (B.7)
tr(Vy VIV, )
Now, for any Ve Pr.tr» Lemma B.1 entails that
Do(V,PRYy = inf P[U'VV2MVY2U >0,R > 0] (B.8)

MeMS

— P[R>0] inf P[U'VV?MV U > 0] = P[R > 0]Dy(V, PY).
MeM§

Combining with (B.7), we obtain

-1/ -1/
Doy (V, PX) = (1 PX[{HO}])D0< Al AT 2), U>,

—1/2 —-1/2
(Vg vy

which establishes Part (i) of the result. (ii) Assume that P = P is bivariate standard normal

and fix V' € Pa ;. We aim at evaluating

Do(V,P¥) = inf P[X'V2MV12X >0]; (B.9)
MeM?

see (B.8). To do so, it will be convenient to parametrise V' as in Lemma B.6 and the matrix M

1+v v 1 m
V:( ! 2 > and M:ml( 2);
) 1—um my —1

with v? +v2 < 1 and m # 0 (note indeed that m; = 0 makes the probability in (B.9) equal
to one, which cannot be the infimum). Decomposing V~/2MV~1/2 into OAOQ’, where O is
a 2 x 2 orthogonal matrix and where A = diag(A\y (V1 M), \o(V—IM)), with \(V~1M) >
A2(V=1M), involves the eigenvalues of V1M (equivalently, of V~1/2MV ~1/2), we have

from as

Dy(V,P) = inf PIMVTIM)X? + XV IM)XE > 0], (B.10)

(m1,m2)ERoXR

where X = (X1, X)' is still bivariate standard normal. Since A\;(=V ~1M) = —Xo(V "1 M) for
any M € MY (we will show below that Ao(V ™M) < 0 < A\ (V~IM) for any M € MY), we
have

Dy(V, P) = min ( inf PIMVTIM)XE + X (VTIM) XS > 0], (B.11)

(ma ,WQ)ERg xR

inf P (VIM)X2 4+ MV IM)XE < 0]),

(ml,mg)ERg xR

which allows us to restrict to positive values of mq. A direct computation shows that, for mq, >

M(VTIM) = L [ = (v1 + mava) + {(v1 + mav2)? + (1 + m3) det V}l/Q] >0
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and

ml[

(VM) = 50

— (v1 4 mava) — {(v1 +mav2)® + (1+m3) det V}'/?] < 0.

Since f(m2) = —A2(V"IM))/A1(V~1M) does not depend on my, (B.11) leads to

X3 X3
Do(V,P) = min|P|=% > sup f(ma)|,P < 1nf f(mg)
3 maeR X3
X2
= P —12 Zmax( sup f(meg), 1/ inf f(m2)> . (B.12)
X2 TRQER szR

It is easy to check that f is differentiable over R with a derivative of the form c,, 4, (ms2)(ve —
vima), where ¢y, 4, (m2) > 0 for any mg, and that

/1 —wv5 =+
fldoo) = Tim  f(ma)= YIZUEY

We treat the cases v1 = 0 and v; # 0 separately.

(a) Assume that v; = 0. If v = 0, then V = I and Theorem 2.5 establishes the result.
If vy # 0, then f has no critical point and
1 — |ug|

1+ .
Ts;lepr(mg) = max (f(—00), f(00)) = T ;Zi: and mglef f(mz) = min (f(~00), f(c0)) = 1+ [vo)]

)

so that (B.12) yields

X12 > 1+|U2’

X7 1+ (1 —detV)1/2
X22 - 1—|U2’

X2 71— (1—detV)1/2

1/2

Do(V,P)=P P[Y2> = {1 det(V)} 7],

where we have used the fact that if Z has a F'(1, 1) Fisher-Snedecor distribution, then Z/(142)
has a Beta(1/2,1/2) distribution.

crit

(b) Assume now that v; # 0. Then the only critical point of f is m§™ = vy/v1, so that,

irrespective of the fact that this critical point is a local minimum/maximum of f,

(1 —v2)M2 4 |ua| Sign(vy) + (v2 + @1/2)

sup, f(ma) = max (f(=00), £(00), f(m5™)) = max ((1 —v})1/2 — |ug|” Sign(v1) — (v3 + v3)1/2

mao€ER

and

inf f(ms) = min (f(~oc), f(c0), f(m$™)) = min

mo€R

(1 —vf)"/2 — |va| Sign(v1) + (vf +v3)"
(1 —v)!/2 + o] Sign(v1) — (vf +v3)1/2 |

Lemma B.6 yields

B
B

1+ (v}
1= (vf

N
sup f(mg) = (L= vi) 7= Jvo]

= Tlvy < 0] + Ifvy >0
Sup =02 — [y 1 <O o> 0]

_|_
+
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and

" S el 1 Y

inf f(mg) = (1 _ v%)l/Q + ‘02|

ma€R —1— (v3

hence also

14+ (P +0)Y2 14 (1 —det(V)Y/?

s g ) 1/ g 10} = P = T qa

Therefore, (B.12) finally provides

Xp_1+( — det V)1/2

Dy(V,P)=P|—
oV P) X2 71— (1—detV)/2

1 1 1/2
= > — 4+ —q1— V .
P|:Y2 = 2{1 det(V)} "=

This proves the result for the case where P is bivariate standard normal. The general result
then follows from Part (i) of the Theorem. O

B.2 Proofs from Sections 3 and 5

Proof of Theorem 3.1. Let P and @Q be two probability measures over RF and fix V € Pr tr-
Fix € > 0 and assume, without loss of generality, that Dy(V, P) < Dy(V,Q). Lemma B.1
entails that there exists My € MY such that P[C’%B] < Dy(V, P) + €, where we still use the
notation C’é\ffv = {z e R*\ {0} : (ugv) Mugy, > 2tr(M)}. Consequently, using Lemma B.1

again,
[Do(V,Q) = Do(V, P)| = Do(V, Q) — Dy(V, P)

< Q[che] —PC)b] + < < sup [QIC] ~ PIC] +<,
]

with Cy = {C%/ MeM)Ve Prtr}- Since this holds for any € > 0 and for any V' € Py ¢,
we have

sup [Dy(V,Q) — Dyp(V, P)| < sup |Q[C] — P[C]|.
VGPkytr CeCy

It thus only remains to show that Cy is a Vapnik-Chervonenkis class. To do so, note that Cé\’/lv =
{z e R¥F\ {0} : (2 — 0)VY2MV~12(z — 0) > 0}, so that Cp C {Dga N (RF\ {0}): A €
MY with Dga = {z € R* : (x — 0)’A(z — 0) > 0}. Theorem 4.6 from Dudley (2014)
implies that {Dp 4 : A € /\/lzll} is a Vapnik-Chervonenkis class Dy. It then follows from
Lemma 2.6.17(ii) in Van der Vaart & Wellner (1996) that {Dp 4 N (R \ {6}) : A € MM},
hence also Cy, is a Vapnik-Chervonenkis class. O

Proof of Theorem 3.2. Recall from (2.1) that Vjy p is defined as the barycentre of Ry(a, P),
with a, = maxy Dy(V, P). The mapping V +— Dy(V, P) is upper semicontinuous (Theo-
rem 2.1) and constant over Ry(a,, P). Clearly, it is easy to define a mapping V — Dy(V, P)
that is upper semicontinuous, agrees with V' — Dy(V, P) in the complement of Ry(c., P), and
for which Vp p is the unique maximiser. By using Theorem 3.1, the result then follows from
Theorem 2.12 and Lemma 14.3 in Kosorok (2008). O
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The proof of Theorem 6.1(i) is long and technical, but follows along the same lines as the
proof of Theorem 2.2 from Chapter I. As for the proof of Theorem 6.1(ii), it is strictly the
same as that of Theorem 3.2. We therefore omit the proof of Theorem 6.1.

We finish with proving the non Fisher consistency of Mizera’s tangent depth, as explained
in Section 5.

Lemma B.7. Let P be the distribution of a bivariate normal random vector with mean 6y =
02, scale o = tr(X)/2 = 1, Gaussian radial density g = ¢ and shape V3, where V, =
diag(a,2 — a). Then D(V3,4, P) < D(Vi, P), where I denotes the 2 x 2 identity matrix.

Proof of Lemma B.7. Parallel to the proof of Theorem B.1 above, it can be showed that,
/
denoting W, = <2X1X2, % .S (5 — l)) and using ¢, (2) = z and og = 1, it holds

a? 2—a a
D(V,, P) = HD(02, Py,).

We start by computing the depth of Vi = I5 , on the basis of Wj. The spherical symmetry
of the random vector Z = (Z1, Z2)' = (X1/v/ao, X2/+/2 — ap)’ yields

D(Vi,P) = HD(03, Pw,) = inf Plw'W1>0]

= inf P[Z'QuZ >0] = inﬂ£2P[A$Zl2 +A¥Z2 > 0], (B.13)
we

weR2

where \¥ = (1 — ag)wsz + v/(2ap — a?)w} + w3 are the eigenvalues of

Q - —agw? a0(2 — ao)w1
v \/a0(2 — ao)wl (2 — ao)wg '

The last infimum in (B.13) can be taken over all w vectors of the form w = w(f) =
(cos(0)/+/2ap — a3, sin(h))’, for 6 € [0,27]. For these w(f), one has A\Y = (1 — ag)sin(d) + 1,
and the infimum is obtained for sinf = —1, which corresponds to w = (0,—1)". The depth
of V; = I is therefore given by

D(Vi, P) = PlagZ} + (a0 — 2)Z35 > 0] =: cqy(1). (B.14)

Turning to the depth of V,,, we of course have that
D(Vay, P) < P[(Way)2 < 0] = PlaoZ3 + (ap — 2)Z7 < (2a0 — 2)] =: a0 (o),

where Z = (Z1,Z5)" is as above. By conditioning on Z2, one can show that

Cap(l) =1— /OOOF<(2_&CLD)Z)f(z) dz

0

and

cao(ao):/“ F((2a0—2)+(2—a0)Z)f(z) iz,

2—2aq a

2—ag

where F(-) and f(-) are the cdf and pdf of the x? distribution, respectively. For ag = .75, this
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yields that D(Vg,, P) < cqy(ap) =~ .3732 is indeed strictly smaller than D(Vi, P) = ¢q,(1) &
.4196. O

We finish this section by proving the following result on the dimensionality reduction
available in computing Tyler shape depth.

Theorem B.1. Let P = PX be a probability measure over R* and fix § € R*. Then,
Dy(V, P)=D(0, P,V ) =inf 4,1 P[u/'Wy, > 0], with Wy, =vecho (Up,y Up, — 1)

Proof of Theorem B.1. Write Ly y = Ug,vUé’V — %Ik. Since (Lg,y )11 = — 212322(1197‘/)@@, there
exists a (dy + 1) x dj, full-rank matrix Hy such that vech(Lg ) = Hp vecho(Lg,1). Therefore,
there exists a k? x dj full-rank matrix H (one can take H = DHy, where D is the usual
duplication matrix) such that Wy = vec(Lgv) = H Wg,v. It follows that

Dy(V,P) = D(0,P"oV) = inf P[u'Wyy > 0]

uERK?

= inf P[(H'u) Woy > 0] = inf P[U’VT/@’V >0] = D(O,PW"»V),

uERK? veER%

where we used the fact that H’ has full column rank. O
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