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Abstract

We establish a mixture model with “spurious” outliers and derive its maxi-

mum likelihood estimator, the maximum trimmed likelihood estimator MTLE.
It may be computed with a trimmed version of the EM algorithm which we

call the EMT algorithm. We analyze its properties and compute various

breakdown values of the estimator for normal mixtures thereby proving ro-

bustness of the method.
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1 Introduction

1.1. History, background, and outline. Multimodal distributions occur
in important applications of statistics, e.g., in pattern recognition, image
processing, speech recognition, classification, and clustering. They arise in
particular when data emanate from different causes. Some examples are
offered in the literature cited in the Introduction of Redner and Walker
(1984). Mixture models are useful for modeling such distributions and their
decomposition in components plays a major role in the examples above.
The maximum likelihood paradigm is nowadays the preferred approach to
estimating their parameters.

Some issues related to the m.l.e. such as existence, efficient computa-
tion, and statistical properties such as consistency, asymptotic normality,
and robustness have been investigated in the past. Day (1969), Sect. 7,
notes that the heteroscedastic normal model always fails to possess an m.l.e.
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in the strict sense. It is sufficient to center one component at one data
point and have its variance tend to zero to see the unboundedness of the
likelihood function. On the other hand, under regularity conditions and in
the presence of sufficiently many data a strongly consistent and asymptot-
ically efficient local maximum always exists, see Peters and Walker (1978)
and Kiefer (1978) and the literature cited there. The situation is simpler
in the normal homoscedastic case (common covariance matrix). Day (1969)
states that solutions to the homoscedastic likelihood equations exist if the
data set is not too small. If mixture components are poorly separated then
the solution is almost always not unique. Hathaway (1985) circumvented
the non-existence in the heteroscedastic, univariate, normal case by assum-
ing that the variances v1,...,v, of the g components satisfy the constraints
v; > cvyp for some constant ¢ > 0 and all 5,/ € 1..g. He refers to Den-
nis (1982) who, in turn, gives credit to Evelyn Martin Lansdowne Beale and
James R. Thompson. On account of this origin and since they play a key role
in our communication, we call them the Hathaway-Dennis-Beale-Thompson
constraints (HDBT). Hathaway points out that they avoid also many of
the spurious local maxima. Moreover, he proves strong consistency of the
properly constrained m.l.e. The m.l.e. is equivariant w.r.t. affine transforma-
tions. An important problem is that of selecting the number of components.
Kéribin (2000) studied conditions that ensure consistency of certain model
selection criteria. The Bayesian information criterion, BIC, turns out to be
a consistent maximum penalized likelihood estimator for normal mixtures.
If clusters are not well separated it needs, however, many data.

Hasselblad (1966) and Day (1969) designed alternating algorithms for
computing the m.l.e. in the hetero- and homoscedastic cases. Dempster et
al. (1977) noticed that they were special cases of a general concept for ML
estimation in complex models if the distributions can be conveniently repre-
sented by “hidden” variables. They named it the EM algorithm. Chrétien
and Hero (2000) embedded EM in the general scheme of PPA algorithms,
Martinet (1970) and Rockafellar (1976). Ma and Fu (2005) discuss acceler-
ations of the EM algorithm.

Parameter estimation can be severely affected by outliers. This is in
particular true for mixture models. A cluster of remote outlying observations
will, as a rule, want to establish a component of its own. If the weight of the
component is small, an estimate of the mizture itself may still be close to the
original w.r.t. a suitable metric on the convex set of probability measures,
cf. Toma (2007). But the estimate of the parameters of one component goes
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astray. This fact makes robust parameter estimation in mixture models a
difficult problem. It has been taken up mainly in recent years.

e McLachlan and Basford (1988) propose robust estimation of the pa-
rameters of the components, e.g., by means of Huber’s (1981) robust
Me-estimators.

e McLachlan and Peel (1998, 2000) use mixtures of t-distributions (or
Pearson’s type VII distributions) instead of normal mixtures.

e Fraley and Raftery (2002) propose an additional component uniform
on the convex hull of the data in order to accommodate outliers.

Hennig (2004), p. 1326, analyzes the performance of these methods with
known and unknown numbers of components on data sets with outliers and
inliers. He notices that all are ineffective in the presence of gross outliers,
at least if the number of components is known and fixed. In fact, one such
outlier causes one mean to break down in all three methods. As a remedy,
he proposes to

e modify Fraley and Raftery’s approach by an additional component
with a certain improper uniform distribution.

Hennig (2004), Theorem 4.11, shows for one-dimensional data that his method
adds breakdown robustness to the m.l.e.. Besides a lower bound on the vari-

ances which has to be carefully chosen, Hennig’s estimator needs the coef-

ficient of the improper uniform distribution, b, as a second parameter. He

does not transform his ideas to an implementable algorithm.

We take here a different approach to robust parameter estimation in
mixture models following in Section 2.1 our statistical model of “spurious”
outliers, see Gallegos and Ritter (2005, 2010). It leaves the primary role to
the regular populations and allows to derive trimming algorithms. We use it
here again in order to establish a mixture model with outliers and r retained
observations. The likelihood function of this model is the trimmed likelihood,
Neykov and Neytchev (1990). It uses only the retained observations. For
its maximization we design an algorithm that consists of the alternating
application of EM and trimming steps, the EMT algorithm. In Sections 2.3
— 2.9, we study its properties.

Denoting the positive-semidefinite (Lowner) ordering on the space of
symmetric matrices by >, we reformulate the HDBT constraints for the
multivariate, normal model with covariance matrices Vi,...,V, as
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Vi =cVyp forall j,lel.g. (1.1)

The constant c¢ is necessarily < 1. While restricting the relationships
between sizes and shapes of the g scale parameters V;, they impose no re-
striction on their absolute values. In other words, Vi may be any positive-
definite matrix. Two choices of the constant ¢ are of particular interest:
¢ = 1 specifies homoscedasticity and the constrained heteroscedastic case
with ¢ < 1 allows much freedom between scale parameters. We show in
Proposition 2.13 that the trimmed ML criterion for the HDBT-constrained
normal model possesses a maximum.

In general, the constant ¢ is not a priori given and, in Section 2.14,
we address its estimation. The HDBT ratio (Gallegos and Ritter, 2009) of
the g-tuple V. = (V4,...,V}) is the largest constant ¢ such that all HDBT
constraints (1.1) are satisfied. It is a measure of balance of the g components
and can be computed as

rappr(V) = max{e | V; = ¢V for all j, £} = min A (V,2V;v;2),

a2

(1.2)
where Aj1(A),...,A\g(A) denote the d eigenvalues of a symmetric d by d
matrix A. The larger the HDBT ratio of a mixture is the more similar
component scales are. In many applications, the solutions with the largest
likelihoods, i.e., with the highest fit, are spurious and undesirable suffering
from low balance. The desired solution often does not enjoy the best fit but
is much more balanced. We are thus facing a biobjective optimization prob-
lem: seek a fitting and balanced solution. In Section 2.14, we propose an
exploratory method for simultaneously estimating the HDBT ratio and de-
termining the trimmed m.l.e. for HDBT-constrained, heteroscedastic normal
mixtures, the (constrained) normal MTLE.

The aim of trimming is robustness. We compute in Sections 3 and 4
various (replacement) breakdown points of the normal MTLE. It turns out
that the constraints do not only guarantee existence of a solution but also
its robustness. Theorem 3.2 says that the normal MTLE of the covari-
ance matrices tolerates even more outliers than there are trimmed elements,
as long as at least half of the data set is regular. This implies a strictly
positive asymptotic breakdown point. Unfortunately, the (usual universal)
breakdown value of the estimates of the means is almost zero, Theorem 3.5:
whereas the criterion resists one gross outlier in any data set, there are data
sets such that one mean breaks down if two observations are replaced with
special outliers. One reason for this misbehavior is the stringency of the
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universal breakdown point. It requires proper performance of the estima-
tor even when it is applied with an inappropriate number of components.
For instance, one cannot expect breakdown robustness in a clear structure
of two components if three components are assumed. We, therefore, follow
here again a concept already introduced and investigated by Gallegos and
Ritter (2005, 2009), in the framework of clustering, the restricted breakdown
point. We show in Theorem 4.4 and its corollary that the asymptotic break-
down value of the normal MTLE of the means applied to data sets with
well-separated clusters is strictly positive if their natural number of clusters
is used. Not surprisingly, the better the components are separated, the more
uniform the mixing rates are, and the larger the HDBT constant c is, the
more robust the estimator turns out to be; see the comment before Theorem
4.4.

1.2 General notation. Given two integers m < n, the symbol m..n
designates the set of integers k s.th. m < k < n. The set of all r-element
subsets of a set M is denoted by (J\f ). The symbol A,_1 denotes the (g —1)-
dimensional unit simplex, that is, the set of all probability vectors of length
g. The convex hull of a subset T' C R? is denoted by conv T

We are given a data set D = {z1,...,z,} of n points x; in a measurable
sample space E, often d-dimensional Euclidean space R%. Given a subset
R C D, we denote the elements of R written as a tuple by xp and x =
xp = (z1,...,oy). Parameter spaces of statistical models are metric. We
denote them by the upper case Greek letters I', ¥, and © and parameters
by the corresponding lower case letters v, v, 6, and 9. If a random variable
X : Q — FE is distributed according to a probability measure pu we write
X ~ p. Its density function w.r.t. some (fixed) reference measure on F is
denoted by fx or f,. The conditional density of X given the parameter ~y
is fy(z) = fx[x | v]. We assume that it is a continuous function of .

1.3 The EM algorithm. The EM algorithm computes the ML (or MAP)
estimate of the parameter ¥ € © of a complex statistical model X ~ uy by
representing it as a measurable function X = ®(Y") of a so-called complete-
data model Y ~ vy that is easier to handle. At its heart is the so-called Q-
functional, the conditional expectation of the complete-data log-likelihood
In f,, given the observation w.r.t. the “current” fit

Q,0) =E,,[Inf, | ® =zl

Intuitively, one wishes to maximize the function 6 — In fy [y | 6]. Since it
is not observed, the EM algorithm recursively maximizes Q(9, -) if possible,
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i.e.,

¥ «— argmax Q(49, 0).
0

One step in this process is called an EM-step. Dempster, Laird, and Ru-
bin (1977) showed that each iteration of an EM-step increases the observed
likelihood (in the sense >) and if the iterations stall then, under regularity
conditions, they do so at a critical point of the observed likelihood function.

More recently, Chrétien and Hero (2000) derived the properties of the
EM algorithm from those of a proximal point algorithm (PPA), see Martinet
(1970) and Rockafellar (1976), with the conditional Kullback-Leibler diver-
gence as the penalty function. To this end they introduce the difference of
the observed log-likelihood and the Kullback-Leibler divergence of the com-
plete model w.r.t. the current complete distribution vy conditional on the
observation,

H(9,0) =1n fx[z | 0] — D(9,0). (1.3)
Assume that the divergence
fosly | @ = 2]
D(9,6 :/y dy | ® = z]In —2———

is finite and jointly continuous. A simple algebraic transformation shows
that the difference between the functionals @ and H does not depend on
the variable 8. Therefore, the EM algorithm may also be represented by the
PPA recursion
¥ «— argmax H (¢, 0)
0

from which its properties flow.

For a parameter 9, the statements ¥ € argmaxy Q(¢,0) and 9 € argmax,
H(9,0) are equivalent. Such a parameter ¥ is called a fized point (of H or

of Q).

1.4 EM for miztures. Among other things, Dempster, Laird, and Rubin
(1977) applied the EM algorithm to estimating the parameters ¢ = (u,~) €
Ay_1 X I' of a mixture with density

fu,'y(w) = Zujfvj(x)v (1'4)

mixing rates u = (u1,...,uy) € Ay_1, and population parameters v =
(Y15---379) €T CTy x--- xT'y, T'j being the parameter space of some fam-
ily of distributions on E. The random variable X ~ f , is a simple function
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of a model that is more easily accessible. It is sufficient to take g random
variables ZU ~ [y;5 J € 1..g, and a stochastically independent random label
L ~ u with values in 1..g, the hidden variable. By the formula of total prob-
ability, Z5) is distributed according to the mixture (1.4), ie., z0 ~ X.
The complete variable associated with the observation X is the joint vari-
able Y = (L, X). In the case of n observations D = {x1,...,z,} from inde-
pendent random variables Xi,..., X, one obtains with X = (X1,...,X,),
Y=W,...,Y,),and € = ({;)zep

f X ‘ U—;’Y H ZU]f»y and

zeD j

frl,x|u,]= H U, [y, () = H H u;j fr; ()

zeD J lz=]

A further simple computation shows that, with another pair of parameters
0 = (v,n) € Ag_1 x I, the functional ) becomes

Q((um),(vm))ZZ(ij(ﬂﬁ))lnvﬁZZwa JIn fy, (). (15)

the weight w; () being the posterior probability of the observation  to come
from component j w.r.t. the parameters u and . By Bayes’ formula,

u; fr, (2)
Do uefy,(z)

The weights sum up to 1 w.r.t. j, i.e., w = (w;(x))s ; is a stochastic matrix.
The entropy inequality allows to optimize Eq. (1.5) w.r.t. v. The maximum
is

wi(@) = PILi = j | X; = a] = (L6)

Unew,j = % Z w](x) = w](D)/n7 (17)

zeD

where we have used the abbreviation w;(T) = > .rw;(z), T € D. The
EM-step is thus split into an E-step and an M-step:

E-step:  Compute w;(x) from the current parameters u and -,
cf. Eq. (1.6);

M-step:  set unew,; = w;(D)/n and maximize »_,; >, wj(z)In fp, (),
cf. (1.5), w.r.t. n = (m1,...,my) to obtain the parameter

’YYIBW .
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The EM algorithm, a suite of EM-steps, is iterative and alternating. If
started from an M-step with a stochastic weight matrix w(®) | it proceeds as
follows:

WO S @® 40y 5 w® L @@ @) W@ L @® 43

The sequence of target values converges often to a local maximum even if the
m.l.e. exists. The latter is always the case if components are homoscedastic
normal.

Of course, the algorithm can only be applied to models f,; that actually
allow maximization in the M-step. The assumed continuity of the likelihood
function implies that this is always the case if I' is compact. Optimization
is easier if I' = Hj I'; is a g-fold Cartesian product. One then maximizes
the sum ) w;(z)In f,. (z) separately for each j. If I' is (locally compact
and) non-compact and if the likelihood function n +— f,(z) vanishes for all
x € D as n approaches the Alexandrov point of I' then the same is true for
the sum ) pw;(z)In f;; (7) and it is again plain that the maximum exists.
In other cases one is interested in special local maxima, Dennis (1982). See
also the discussion of the normal case below.

2 The EMT Algorithm

2.1 A mizture model with spurious outliers and its trimmed likelihood
function. Given a natural number r < n, we now establish an ML estimator
for mixtures which yields reasonable results if the data set contains at least
r regular observations. The remaining < n — r observations may (but do
not have to) be gross, unpredictable outliers which obey no statistical law
and which we call “spurious” (Gallegos and Ritter, 2005, 2009, 2010). We
feel that the best way of handling this idea in a statistical (!) framework
is by assuming that each outlier ¢ comes from its own Bayesian population
with random parameter ;. The following is the main assumption on the
spurious outliers.

(SVo) A spurious outlier X; : Q — E, i € 1..n, obeys a parametric model
fu, with parameter v¢; € ¥; such that the likelihood integrated w.r.t. some
prior measure 7; on V¥, satisfies

[I» Jo, (@) (dyy) =1, =z € FE, (2.1)

i.e., does not depend on x. In some sense, this equality says that the density
of X; is flat. Since each spurious outlier is obseved only once we cannot,
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and do not wish to, estimate the parameters v; and will later consider them
nuisances. There are two important and sufficiently general situations where
(SV,) holds.

(A) The sample space is Euclidean, E = R?, U, = E, the outliers obey
a location model
X; =U; +

with some (unknown) random noise U; : (2, P) — E, and 7; is Lebesgue
measure on ¥;. Indeed, in this case, the conditional Lebesgue density is

fu;(x) = fu,(x — ;) and, hence, f% fo, (z) dep; = 1.

(B) The parameter sets ¥; consist of one point, each, and the distribution
of X; is the reference measure on E so that fx, = 1. This case includes the
idea of irregular objects “uniformly distributed” on some domain.

Each regular observation X; comes from a mixture of g populations rep-
resented by a density function of the form (1.4). All densities f,, are strictly
positive on E. Popular examples are normal models on Euclidean d-space
with parameter space I' = R9? x V and V C PD(d)9, where PD(d) stands
for the cone of symmetric, positive-definite d by d matrices. The HDBT
constraints (1.1) are characterized by V = V. := {V € PD()? | V; =
cVy for all 5,4 € 1..g}.

The parameter set of our model is

(7) x Aga x T x [T, W,
the set (? ) of all r-element subsets of D standing for the possible (Z) subsets
of regular objects. Of course, the parametrization of the mixture model is not
identifiable in the strict sense, see however the discussion in McLachlan and
Peel (2000), Ch. 1. The density function of the ith observation for the pa-

rameters R € (lr)), u= (U,..., %), ¥ = (V1,---,7), and ¥ = (¥1,...,1¢y)
w.r.t. some fixed reference measure on F is

fuq(z), see Eq. (14), i€ R,

Fxile | Byw, 9] = {f¢i(x)7 see Eq. (2.1), i¢ R.

We assume that the sequence of observations (X;)i; is statistically inde-

pendent but not necessarily i.i.d. unless there are no outliers, n = r. By the
product formula, the joint likelihood for the data set D = {z1,...,z,} is

fX[X ‘ R7 u7’77¢] = H fu,'y(xi) Hfi,/iz(xl)

i€R i¢R
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Considering the parameters v; of the outliers nuisances to be integrated
out w.r.t. to the prior measures 7; we obtain with Eq. (2.1) the trimmed
likelthood

fxalwa) =TT funte) = TT (X wis (). (2.2

i€ER 1€ER J

the ML criterion to be optimized w.r.t. the parameters R € (]3), uc Ay,
and v € I'. We have, thus, statistically justified the idea of trimming the
likelihood (instead of the data) which goes back to Neykov and Neytchev
(1990). It was placed into a broader context by Hadi and Luceno (1997),
and applied to mixtures by Neykov et al. (2007). If, for each R € (]7? ), the
m.l.e.’s u* and v* of u and vy w.r.t. R exist then, by the principle of dynamic
optimization, the ML estimator of the parameters is the Mazimum Trimmed
Likelihood Estimator

argmax max In f[xp | u,y] = argmaxIn f[xp | u*,~v*]. (MTLE)
R u,y R

The numbers g and r are parameters of the model and of the algorithm below.
We comment in Section 2.14 how to exploit them in order to estimate the
numbers of components and of outliers in the data set. Both are unknown
in most applications.

2.2 The EMT-step. Our next aim is generating (local) maxima of the
trimmed likelihood function (2.2) w.r.t. u and 7. We extend the EM algo-
rithm to contaminated mixtures proposing the following EMT-step, a suite
of an E-, an M-, and a T-step. The E- and M-steps are carried out w.r.t. an
r-element subset of D and lead to new parameters while the trimming step
retains the 7 elements that best conform to the new parameters.

Input :  An initial subset R C D of r elements, mixing
rates (u1,...,uq), and initial population parameters
Yi5---5%g-

Output : A subset, mixing rates, and population parameters
with improved criterion (2.2), cf. Proposition 2.3.

E-step : compute the weights w;(z) = %, x € R,

jel...g
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M-step : set Upew,; = w;(R)/r, 1 < j < g, and maximize
> 2 werWi(7)In fy (z) wr.t. 4/ € T to obtain Ynew;
(possibly without constraints, see the end of Section
2.11; in the case of a product I' = Hj I'j, each sum
Y zerwj(z)In fq,}(:z:), Jj € 1l.g, is maximized sepa-
rately)

T-step : define R,y to be the set of data points x € D with the

r largest values of fu, .. vuew (T) = D ; Unew,j Jrnew,; (T)-

The EMT algorithm is the iteration of EMT-steps. Like the EM algo-
rithm it is iterative and alternating proceeding as follows

(RO, w0y MP (1) (1)) TSP (p(1) (1) (1)) ESP (1) )y Mostep

We may start it from the M-step with a randomly or expediently chosen
r-element subset R(Y) and a stochastic matrix w(®) as initial quantities. An
elegant procedure for uniform generation of a subset R(®) appears in Knuth
(1981), p.136, ff. The rows of the initial weight matrix w® may be chosen
uniformly from the (g — 1)-dimensional unit simplex A,_;. An efficient pro-
cedure is OSIMP, see Fishman (1996). An alternative is a set of randomly
sampled unit vectors or the output obtained from some clustering algorithm.
If components are sufficiently separated, the algorithm may also be started
from the E-step with initial parameters (u(®,~(©). We assume that all ini-
tial mixing rates are strictly positive. They preserve this property during
iteration. The iteration is successfully stopped as soon as the trimmed like-
lihood (2.2) is close to convergence or with a failure as there is indication
that convergence will not take place. If the m.l.e. exists, see Proposition
2.13, then convergence always takes place.

The remarks after the statement of the EM algorithm for mixtures apply
also to the EMT algorithm. As the likelihood function, its trimmed version
has many local maxima. We next analyze the behavior of the algorithm in
this regard. We say that (R, u,~) is a halting point of the EMT-step if the
ML criterion (2.2) remains unchanged after an EMT-step starting from it.
The EMT algorithm starting from a halting point has this point as a possible
output and the algorithm is stopped. A limit point (R,u,y) is a point of
convergence of the EMT algorithm starting from some initial parameters. A
critical point of a differential function is a point where its gradient vanishes.
There are relationships between fixed, halting, limit, critical, and optimal
points. Moreover, the successive values of the target function are monotone
as the following proposition shows.
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2.3 PROPOSITION. Let the statistical model be as described at the begin-
ning of this section.

(a) The EMT-step either improves the trimmed likelihood f[xg | u,~| or
does not change 1it.

(b) If (R,u,~) is optimal then so is (Rpew, Unew, Ynew) and (R,u,7v) is a
halting point.

PRrROOF. (a) The inequality f[xr | u,7] < f[XR | Unew; Tnew] is the well-
known fact that the EM algorithm is monotone, here applied to the data set
R, see Dempster et al. (1977), p. 8. Moreover,

In f[XR ‘ Unew, 'Ynew] = Z In Z unew,ff’ynewyz (x)

z€ER ¢
< Z In Z Unew,ff’Ynew,l (x)
$€Rnew ¢

=In f[XRnew | Upew; ’Ynew]

by maximality of the data points in Ryey-
(b) follows from the increasing property (a).
We need the H-functional (1.3) w.r.t. an r-element subset R C D,

Hp((w,7), (v;n)) = flxg | v,n] = Dr((w,7), (v,n)),

where Dr((u,7), (v,n)) is the Kullback-Leibler divergence of the complete
model w.r.t. R conditional on [® = xp].

2.4 PROPOSITION

(a) If (R*,u*,~*) is a halting point of the EMT-step then (u*,v*) is a
fized point w.r.t. R* (see Section 1.3.)

(b) If (u*,~*) is the unique fived point w.r.t. R* then (R*,u*,~*) is a
halting point

PROOF. Let us put ¢* = (u*,~7*) and Ynew = (Unew, Tnew), the output of
the EM-step starting from (R*,9*).

(a) If (R*,9*) is a halting point of the EMT-step then

HR* (’ﬁ*a ﬁnew) = lnf[XR* ‘ ﬂnew] - DR* (’ﬁ*a 'lgnew) < In f[XR* | ﬂnew]
<In fXRpew | Unew] = In f[xgs | 9*] = Hp+ (97, 97),
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i.e., ¥* is a fixed point w.r.t. R*.

(b) By assumption, we find ¥yey = ¢* after the EM-step starting from
(R*,¥") and the claim follows from the definition of the T-step.

2.5 PROPOSITION. Limit and halting points are the same.

PROOF. Let the sequence (R, us, ) = (R, ¥¢) converge to (R*, u*,v*) =
(R*,¥*). Since we have R; = R* for eventually all ¢, it is sufficient to con-
sider R; fixed. Abbreviate § = (v,n) and ¥y = (ug,y:). From Hpg, (9¢,0) <
Hpg, (9¢,9¢41) for all § we infer

HRt(ﬂ*70) = tgr& HRt(ﬁtaa) < tliglo HRt(ﬁtaQ?t—l—l) = HRt(ﬁ*?/&*)'

This shows that limit points are halting points.

Conversely, if (R*,¢*) is a halting point then ¥* is a fixed point w.r.t.
R*. We may, therefore, choose ¥yewy = 9% in the EM-step w.r.t. R* and
Ruew = R* in the subsequent T-step. This proves that (R*,9*) is a limit
point.

The following proposition investigates optimality of the mixing rates. It
applies in particular to fixed points. A face of the simplex A,_; is the convex
hull of a non-empty set of unit vectors in RY9. A subset F' C A,_; is a face
if it is the non-empty intersection of A,_; with some hyperplane H of RY
such that A, \ H is convex or again if it is the set of points in Ay,_; where
some linear form on RY assumes its minimum. To each non-empty subset
M C Ay there is a smallest face that contains it, the face generated by
M. The face generated by a subset that contains an interior point of the
simplex is the whole simplex. The face generated by one point contains this
point in its interior. (This is also true if the point is extremal.)

2.6 PROPOSITION. Let RC D, |R| =1, lety €T, and letu € Ay_y.
(a) The following statements are equivalent.

(i) The EM-step with input (R,u,7) retrieves u;
(ii) the vector 0 is an extreme point of the simplex or a critical point of the
function uw— f[xp | u,~| restricted to the face generated by it;
(i1i) the function u — f[xg | u,v] restricted to the face generated by u is
mazximal at 0.

(b) Let the equivalent conditions (i)-(iii) be satisfied. If u is an interior
point of the simplex then it is a mazimum of the function u — fxg | u,~].
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If, moreover, the g vectors

(f'n ($))xeR7 SEE (f'Yg (x))xeR

are affine independent then it is the only mazximum.

(c) Any fized point (u,7y) w.r.t. R satisfies the equivalent conditions in
(a).

PROOF. Part (a) is immediate if u is extremal. Otherwise, assume
without loss of generality ugy # 0, let F' be the face generated by u, and let
w be returned from the E-step with input (R,u,~). Since f, (z) > 0 by
general assumption, the partial derivative of the function

F—-R, uw~lnflxg|uy = Zln{Zu]f% Zuj)fvg(x)],

z€R J#9 J#g

w.r.t. j # g such that u; # 0 shows that u is critical if and only if w;(R) =
const - u; for all j. The equivalence of (i) and (ii) now follows from unew,j =
w;(R)/r.

In view of the implication (ii)=-(iii) note that

In flxgp | 0] = Zanu]f%

TER 7

is of the form ) _pIn(Au), with A, ; = f, (x). Assertion (iii) now follows
from concavity A.1 (a) of this function restricted to the mixing parameters
and from (ii). The sense (iii)=-(ii) is plain.

(b) If u is an interior point then the face generated by it is the whole
simplex and the first claim follows from (a). The second claim follows from
Lemma A.1(b).

(c) Let w be defined by (u,y) and let (unew, Ynew) be the parameters after
)

(
an EM-step starting from (u, ). Since both pairs maximize Qg ((u, ), ) and
since w;(R) = TUnew,j, Eq. (1.5) shows

Z Unew,; In Unew,j + Z Z w] hl f’Ynewg =r Z Unew,j In ﬁj
j xER
+ Z Z w] x)In f% x).

j xER
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The likelihood grows with the EM-step, hence

E Unew,j 1N Unew,j < E Unew,j 1N U;
J J

and the entropy inequality shows upew = u, i.e., (a)(i).

Our next proposition discusses the population parameters and the set of
retained observations of a halting point.

2.7 PROPOSITION. Let (R*,u*,v*) be a halting point of the EMT-step.

(a) Assume that I" is an open subset of some Euclidean space, that f-(z)
is differentiable w.r.t. vy for all x, and that the (conditional) Kullback-Leibler
divergence Dr(0,0) = D(vg[- | ® = xg|,vp[- | ® = xgr]) is differentiable
w.r.t. 8 at each point of the diagonal 0 =9 for all R. Then ~* is a critical
point of the function vy — f[xg« | u*,v].

(b) R* is consistent with the output (Wnew, Ynew) 0f the EM-step starting
from (R*,u*,~").

PrOOF. Let ¥* and ¥,y be as defined at the beginning of the proof
of Proposition 2.4. From that proposition, we know already that ¢* is a
fixed point w.r.t. R*. The point u* is interior to the face F' generated by
it. Therefore, ¥* lies in the interior of F' x I'. The fixed point ¥* maximizes
the H-functional 6 — Hpg«(9*,0) and minimizes the (conditional) Kullback-
Leibler divergence 6 — Dpg«(1¥*,0) since it vanishes there. By interiority of
¥, the gradients of both functions restricted to F' x I' vanish at this point.
Thus, the gradient of the restriction to F' x I' of the observed log-likelihood

0 — In f{xg- | 0] = Hp«(V",0) + Dp« (9", 0),

too, vanishes at 9*, this representation being valid at least near § = 9*. This
completes Claim (a).

Claim (b) follows directly from the estimate f[Xgr,.. | Unew] = f[Xr* |
"] < flxR+ | Unewl-

The EMT algorithm often converges. The following corollary, a conse-
quence of Propositions 2.5 — 2.7, summarizes properties of the limit.

2.8 COROLLARY. Let the assumptions of Proposition 2.7 (a) hold and
assume that the sequence of successive outputs of the EMT algorithm con-

verges with limit (R*,u*,~*). Then Propositions 2.6(b), (¢) and 2.7(a), (b)
apply to (R*,u*,v").
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log-likelihood u m v
-8.39821 0.5, 0.25, 0.25 | —3.00000, 2.07741, 3.92258 | 0.57442
-8.44833 0.5, 0.5 — o, @ | —2.99999, 2.99999, 2.99999 | 1.00007
-10.2809 l—-a-06,0,0 0,0,0 10

Table 1: Halting points for the data set —4,—2,2/4 and the homoscedastic
normal model with three components.

2.9 REMARKS. (a) In general, the trimmed likelihood function has sev-
eral or many local maxima. Here is a simple, one-dimensional, normal ex-
ample with an infinite number of halting points. The data set consists of
the four points —4, —2,2,4. It has two obvious clusters. Running the EM
algorithm (no outliers) with the homoscedastic model and g = 3 we find
the halting points shown in Table 1. The first is the global maximum. It
essentially uses the two negative observations for one component and each
of the two positive ones for the remaining components. The second line rep-
resents a continuum of halting points corresponding to the natural solution
with two components and means close to —3 and 3. One of the components
is split in two very similar parts. These halting points lie in a region that
is very flat in two directions, two eigenvalues of the Hessian being close to
zero. The last line describes a two-dimensional manifold of halting points
with equal log-likelihoods. The positive semi-definite Hessian is the same at
each point and has four vanishing eigenvalues. In the first line, the mixing
rates are unique by Proposition 2.6(b). Each of the first two lines induces a
number of symmetrical, equivalent solutions.

(b) Modifications to the M-step are possible. It is not necessary to go
to the maximum in the M-step. Each improvement in the M-step or in the
T-step improves the observed likelihood.

(c) If I is not open as required in Proposition 2.7(a) and if v* is at the
boundary of I then it is only true that directional derivatives of v — f[xp« |
u*, 7] at v* must be < 0 in all interior directions.

(d) There are the following relationships between the various interesting
parameters.

optimal 2.3 24 . fixed
T halting ==
limit ~—55 2655 critical
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2.10 Normal components. In the normal case, E = R? is d-dimensional
Euclidean space so that D C R™. The symbol N,, v designates the d-
variate normal distribution with mean m and covariance matrix V' and also
its Lebesgue density. The normal model is characterized by v = (m, V), m =
(m1,...,mg), V.= (V1,...,Vy), and the trimmed likelihood (2.2) becomes
the trimmed normal-mizture likelihood

g
f[XR ‘ u, m, V] = H Zuij],V](x) (23)
z€ER j=1
In the homoscedastic case, V4 = --- =V, = V, and the HDBT-constrained

heteroscedastic case is characterized by V € V. with ¢ < 1.

Besides the full model, two submodels specified by shape and orientation
of the populations are customary in each of the two cases, diagonal covariance
matrices V; = diag(vj1,...,vjq4) and spherical covariance matrices V; =
’Ude.

We make the standard assumption that the data points D are in gen-
eral position. 'This concept has different meanings for the three normal
sub-populations mentioned above. In the spherical case it means pairwise
difference of all data points, in the diagonal case pairwise difference of all
d entries of any two data points, and in the full case affine independence of
any k < d+ 1 points in D. We also assume throughout » > gd + 1 in the
“full” case and r > g + 1 in the “diagonal” and “spherical” cases.

We have to introduce some notation. Given a subset T' C D, the symbols
zr, Wr, and St designate the sample mean vector, the SSP matriz, and the
scatter matrixz of T, respectively. We also need weighted analogs of these
statistics w.r.t. a weight vector w = (w(z))zer of real numbers w(x) > 0
(in most cases w = wj, the j'th column in a stochastic weight matrix w =
(wj(%))zer,jer. g, 2o;wi(x) =1 for all z € T). Writing w(T) = >_,crw(z),
cf. the definition after Eq. (1.7), we define them, respectively, as

Fr(w) = — S w@e (=0, if w(T) =0)
zeT
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The pooled weighted SSP matrixz and the pooled weighted scatter matriz w.r.t.
a stochastic weight matrix w are, respectively,

Wr(w) =Y Wr(w,) and Sp(w) =
J
If weights are binary then w defines in a natural way a partition of T" and
Wr(w) and Sp(w) reduce to the ordinary pooled quantities.

We will repeatedly use the MAP partition {71,...,T,} of some subset
T C D w.r.t. some stochastic weight matrix w = (w;(2))zer je1.g: T €
T; < ¢ = argmax; wj(z). The obvious estimate

wj(xz) >1/g for all x € T} (2.4)

and Steiner’s formula A.3 imply for all j

Wr(w;) = 3 w;(@)(@ — Tr(w;) (@ — Tr(w;)T = gwn. (2.5)
$€T]-

2.11 The M-step in the constrained normal cases. As with all distribu-
tional models, the optimal mixing rates u; in the M-step can be directly
computed by the analytical expression (1.7) applied with R instead of D. A
routine argument using Steiner’s identity A.3 shows that, with the notation
above, the estimates of the location parameters in the M-step with input w
and R are in all cases

m; = Tr(uy). (2.6)
In the homoscedastic, normal case, ¢ = 1, the estimate of the common scale
parameter V', too, can be represented in closed form in the M-step. Normal
estimation theory shows that the minimizer of the scale parameter given R
and w is here

1
V = Sp(w) (full), v =V (k, k) (diagonal), v = > v (spherical),
k

(2.7)
ke .d. Furthermore, the trimmed likelihood (2.3) of a fixed point
(u*, *, V*) w.r.t. R of the homoscedastic EM algorithm assumes the form

In flxp |u*,m*, V*] = cdr+r2u Inuj —ZZw] x) Inw;(x)

j=1lxz€eR
-3 " lndet V7, (2.8)



182 M.T. Gallegos and G. Ritter

usz;f,V* (z)
2 i1 uj N v (@)
and V* from Egs. (2.6) and (2.7), respectively, into Lemma A.2, note that
we(R) = ruj, see Proposition 2.6(c), and apply standard matrix analysis.
The equality applies in particular to any halting point (R, u*, m*, V*) of the
EMT algorithm, see Proposition 2.4(a).

with ¢4, = —%(1 + In27) and wy(z) = Just insert m*

The HDBT-constrained heteroscedastic case is less obvious. The routine
argument above shows that the parameter V € V, returned from the M-step
with input w is the solution to the minimization problem

argminij(R)(ln det V; —i—trSR(wj)ijl). (2.9)

However, for ¢ < 1, we do not know a representation of the V;’s as in
the homoscedastic formulae (2.7). In general, it depends on the unknown
constant ¢ which must be estimated. We will deal with this question in
Section 2.14 using free, i.e., unconstrained, local minima. The estimates of
the scale parameters in the free heteroscedastic case are known to be

Vi = Sr(wy) (full), wv;r =Vj(k,k) (diagonal), wv; = éZvj,k (spherical), (2.10)
k

j€l...g, k€ 1l...d. The equivalent to Eq. (2.8) for a free fixed point
(u*,m*, V*) wr.t. Ris

g g
In fxg | u*,m*, V"] = cd7r—|—7“2u;lnu;—Zij(a:)lnwj(a:)

j=1 j=lzeR
r * *
— 5 u;ndetV]
J

where, w is the matrix of posterior probabilities defined by Eq. (1.6) for u*
and v = (m*, V*).

It depends on the situation, whether constraints between mixture com-
ponents such as the HDBT constraints (1.1) should be used in the M-step. If
constraints are unknown (e.g., an unknown constant ¢ in (1.1)) then we rec-
ommend free parameter estimation in the M-step resorting to Section 2.14 in
order to estimate the HDBT ratio together with the mixture. If constraints
are known and if there is a computationally efficient way of computing the
constrained maximum in the M-step then use them. An example is the
homoscedastic normal model where the estimate of the covariance matrix
is the pooled weighted SSP matrix given by Eq. (2.7). If they are known
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but there is no computationally efficient method for constrained parameter
estimation then we recommend to disregard the known constraints in the
M-step and to use from all replications the largest local maximum that sat-
isfies the constraints. This avoids universal optimization paradigms such as
gradient descent, the Metropolis algorithm, etc. which would lead to very
slow overall algorithms.

The following lemma is crucial for our theoretical analyses. It makes up
for the missing representation of the minimizer of (2.9).

2.12 LEMMA. Let R be some data set in R? of cardinality r and let
Vey..

; = wlNmpv (@) ,
(a) With wy(z) = ST N v, ()7 re R, 1< < g, we have for all j

2In f[xg | u,m, V] < —rindet 2ncV; — ctr WR(W)VJA.

(b) If [ RN D| > gd+ 1 and if D is in general position, there is a constant
K > 0 that depends only on D such that, for all j,

2In fxg | u,m, V] < —rIndet 2mcV; — cK trV; . (2.11)

PROOF. (a) By Lemma A.2, the HDBT constraints, and Steiner’s for-
mula A.3 we have

2In flxp | u,m, V] <2 ) w(z) InNp, v, (2)

! zER
=— Z Z we(z)(Indet 27V, + (z — mg) TV, (z — my))
{ zeER
< - Z Z wy(z) (Indet 2mcV; + c(z — mg)TVj_l(a: —my))
{ zeER
= —rlndet 2wcV; — ctr Z Z wy(x)(x —my)(x — mg)TVj_1
{ xER

< —rlndet2mcV; — ctrWR(w)Vj_l.

(b) Let {R1,...,Ry} be the MAP partition of R w.r.t. w in (a). By as-
sumption on |R N D| there is a subset Ry that contains at least d + 1
elements of D. By general position, Wg, is regular and, by Eq. (2.5),
Wr(w) = Wge(w) = %WRZ = K1, with some constant K > 0 that de-
pends only on D. The claim therefore follows from (a).
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We next show that an m.l.e. for the trimmed, constrained normal model
exists.

2.13 PROPOSITION. If D and r satisfy the standard assumptions made
in Section 2.10 then the HDBT-constrained trimmed normal-mizture likeli-
hood (2.3) possesses a maximum w.r.t. R, u, m, and V € V..

PrOOF. We prove the existence of a maximum for every subset R C D.
Let us first show that it is sufficient to consider mean values m; in the
convex hull conv R. Let V; € PD(d), m € R?\ conv R, and let m’ be the

Euclidean projection of V{U ’m on the compact, convex set V{U % conv R.

Then le/ ’m’ € conv R and we have for z € R
(.’13 — ‘/jl/Zm/)T‘/j_l(x - ‘/jl/Qm/) — H‘/jfl/Qx o m/||2
<V = m)|?

= (z— m)TVj_l(a: —m).

In view of the trimmed normal likelihood (2.3), this proves the first claim.

Now fix R and apply Lemma 2.12(b). The well-known behavior of the
upper bound (2.11) as a function of V; and the HDBT constraints imply
that the mixture likelihood vanishes at the boundary of PD(d)Y uniformly
for all u and m. The proposition follows since there are only finitely-many
sets R.

We call the maximizing parameters R*, u*, m*, V* € V), for any constant
¢ the Mazimum Trimmed Normal Likelihood Estimates, (normal MTLE’s).
Note that the expression “normal MTLE” includes in the present paper the
HDBT constraints.

2.14 The favorite solution: estimation of the HDBT ratio and of the
numbers of outliers and components. We next use the parameters r ang ¢
appearing in the trimmed likelihood (2.2) and in the EMT-step 2.2 together
with the HDBT ratios (1.2) of limit points of the EMT algorithm in order
to estimate the unknown numbers of outliers and components, an HDBT
constraint, and the mixture. Let us first determine a constant c together with
a solution keeping r and g fixed. Hathaway (1985) states that the HDBT-
constrained m.l.e. consistently estimates the parameters of the mixture if
their HDBT ratio exceeds the constant c. Unfortunately, application of
his theorem requires this constant. What is more, constrained optima are
not easily computed although any free halting point (2.10) that satisfies
the HDBT constraints is a constrained halting point. We, therefore, rather
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recur to the theorems of Peters and Walker (1978) and Kiefer (1978). Their
results say that a strongly consistent free local maximum of the trimmed
likelihood (2.2) exists and this is what we seek. Often, it is not the largest
one, see Section 2.14. Selecting it from all local maxima needs a further
assumption.

As already stated in the introduction, we expect the sizes and shapes of
the scale parameters not to deviate excessively from each other. In most
normal cases it is not only good fit, i.e., a large trimmed likelihood, but also
sufficient balance, i.e., a large value of the HDBT ratio (1.2) that charac-
terizes a reasonable solution. We wish to find the best-fitting among the
well-balanced solutions. In order to solve this biobjective optimization prob-
lem, we propose the following graphical procedure which was introduced
by Gallegos and Ritter (2009) in the related context of statistical cluster-
ing. We replicate the algorithm starting from many different randomly or
expediently generated parameters in order to find a good number of (uncon-
strained) local maxima. One of them is the favorite solution. In order to
select it, we create a negative double-logarithmic plot of the HDBT ratios
of their covariance matrices vs. their likelihoods. The left and lower parts
of the convex hull of all points often form a knee. The extreme points close
to its bend are candidates for the favorite solution. Sometimes this solution
is even unique. The plot provides also some guidance about the number
of replications needed: run the EMT algorithm until the convex hull has
stabilized.

The favorite solution can be detected with the aid of a criterion. Since
it belongs to an extreme point in the left lower part of the convex hull of
the plot, it is found by touching the point set in the plot from below with a
supporting line of (non-unique) negative slope. A suitable slope depends on
the data set. Let (—o,1), 0 > 0, be a vector in the direction of the support
line pointing northwest. The graphical method is equivalent to maximizing
the criterion

log f[xg< | u*,m*, V*] + o log ruppr (V") (2.12)

w.r.t. all limit points (R*,u*,m*, V*) of the EMT algorithm. In the ho-
moscedastic case, the theoretical HDBT ratio is 1 and the second term is
omitted in criterion (2.12).

By way of illustration, Figure 1 shows a data set of 20 points sampled
from the normal mixture %N,gehb + %Ngehb, e1 = (1,0). The framed three-
point constellation defines one component of the largest local maximum of
the (unconstrained) likelihood function for r = n, g = 2; see also the caption.
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~

Figure 1: A synthetic data set of 20 points randomly sampled from the normal
mixture %N_2617[2 + %Ngeh]Q. There are no outliers. The framed point triple
generates one of the two components of the solution with the smallest local minimum
of the negative log-likelihood. It is 60.93 whereas that of the favorite local minimum
close to the sampling distribution is 65.93. The HDBT ratio (1.2) of the former is
as small as 1/66,562 whereas that of the latter is 1/1.71.
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Figure 2: Synthetic data set of Fig. 1: Negative double-logarithmic HDBT-ratio-
likelihood plot for a number of local minima with two components and no discarded
elements. The favorite solution close to the sampling distribution is encircled.

This solution, however, is undesirable. Figure 2 shows the negative double-
logarithmic HDBT-ratio-likelihood plot. The favorite solution close to the
sampling population is the best-fitting among the well-balanced ones. Its es-
timated parameters are u; = 0.501, ug = 0.499, m; = (2.039, —0.790), mq =
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0.476 0.808
(-1.743,-0493), and V1 = <—o.o34 O.817>’ V2 = (—0.082 1.310)’

its negative log-likelihood is 65.93 and its HDBT ratio 1/1.71. By con-
trast, the estimated parameters of the best-fitting but spurious solution are
u; = 0.851, ug = 0.149, m; = (0.362, —0.880), mo = (—1.096,0.721), and
Vi = (_306;123 0.885)’ Vo = (8?22 0050), its negative log-likelihood
being 60.93 and its HDBT ratio as low as 1/66,562. The smaller component
is generated by the framed almost collinear point triple in Figure 1. As Fig-
ure 2 shows, there are nine other solutions that fit better than the favorite
one, but with much inferior balance. They are generated by other almost
collinear constellations in the data set.

Up to now, the parameters r and g were fixed. They can be used for
model selection, i.e., for estimating the numbers of outliers and of compo-
nents in the data set. A first option is the application of validation tech-
niques, e.g. based on goodness of fit of the mixture estimated for the pa-
rameter pair; see the literature cited in Redner and Walker (1984), p.202,
and McLachlan and Peel (2000), Sect. 3.5. The parameter g allows us to
estimate the number of components, e.g., by means of Gallegos and Ritter’s
(2010) corrected BIC. 1t is based on the model selection criterion BIC, see
Kéribin (2000). A way of estimating both numbers simultaneously was re-
cently proposed by Neykov et al. (2007), the trimmed BIC. The method
uses a table of BIC values for solutions indexed by ¢ and r returning the
parameter values where the minima w.r.t. g stabilize. In Table 2, it is ap-
plied to optimal solutions w.r.t. criterion (2.12). No matter what criterion is
used, the method requires solutions close to the optimum since otherwise the
stabilizing point may not be clear. In real-world applications this generally
poses a serious problem.

3 Universal Breakdown Points

3.1 Breakdown points. The finite-sample breakdown value of an estima-
tor, Hodges (1967) and Donoho and Huber (1983), measures the minimum
fraction of gross outliers that can completely spoil the estimate. Two types
of breakdown points are customary, the addition and the replacement break-
down point. The former refers to the addition of n — r arbitrary elements to
a data set of r regular observations and the latter to n — r replacements in a
data set of n regular observations. The former needs a sequence of estimators
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since the addition increases the number of objects. The latter needs only
the estimator for the given number of objects. We deal with replacements.

Let 6 : A — O be a statistic on its natural domain of definition A C E™.
In the context of a normal m.le., A is defined by the standard assumptions.
Given a natural number m < n, we say that M € A is an m-modification
of D € A if it arises from D by modifying m entries in an (admissible but
otherwise) arbitrary way. An estimator § “breaks down with the (n-element)
data set D under m replacements” if the set

{6(M) | M is m-modification of D} C ©

is not relatively compact in ©.! The individual breakdown point for D is
the number

B(6,D) := inf {m | 0 breaks down with D under m repla,cements}.
1<m<n Ln

If there is such an m then it is the minimal fraction of replacements in D
that may cause ¢ to break down, otherwise co. The individual breakdown
point is not an interesting concept per se since it depends on a single data
set. It tells the statistician how many gross outliers the data set M under his
or her study may contain without causing excessive damage if the imaginary
“clean” data set that should have been observed were D.

Donoho and Huber’s breakdown point is the universal breakdown point
4) = mi 0, D).
A(8) = min 5(4, D)

This concept depends solely on the estimator. We cannot always expect the
universal breakdown point to be large. An example is provided in Sect. 4.
We therefore introduced the restricted breakdown point (Gallegos and Ritter,
2005) of § w.r.t. some subclass K of admissible data sets. It is
A(8,K) := min 5(5, D).

The restricted breakdown point depends on ¢ and on the subclass K. It
provides information about the robustness of § if the hypothetic “clean”
data set D that should have been observed instead of the contaminated data
set M had been a member of K. The restricted breakdown value may be
seen as a relaxed version of the universal since we have the estimates

B(0) < B(6,K) <B(6,D), Dek.

LOf course, no breakdown is possible if © is compact.
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Plainly, 8(6) = p(,,A). The asymptotic breakdown point of § is
liminf,, .~ 5(9).

In order to compute breakdown points in special situations one has to
know the system of compact subsets of the target space of the statistic. We
deal here with breakdown points of the means and of the covariance matrices.
The relatively compact subsets of the parameter space R? of the means are
the bounded ones. A subset of PD(d) is relatively compact if it is bounded
above and below by positive-definite matrices in the positive-definite (or
Lowner) ordering < on the vector space of symmetric matrices. This is
equivalent to saying that the eigenvalues of all its members are uniformly
bounded and bounded away from zero.

We first show that the MTLE’s of the covariance matrices for the con-
strained normal models described in Sect. 2.10 are robust and compute their
individual breakdown point.

3.2 THEOREM. (Individual breakdown point of the normal MTLE’s of
the covariance matrices.)

(a) Assume 2r > n+ g(d+ 1) in the “full” case and 2r > n + 2g in the
“diagonal” and “spherical” cases. (Note that these assumptions imply the
standard assumptions on r made in Sect. 2.10.) The normal MTLE’s of the
covariance matrices remain in a compact subset of PD(d) that depends only
on D as at most n —r + g — 1 data points are replaced in an arbitrary but
admissible way.

(b) The covariance matrices returned from any M-step break down as
n —r + g data points are suitably replaced.

(¢) Under the assumption of (a) the individual breakdown value of the
normal MTLE’s of the covariance matrices is for all data sets D

1
ﬂCov(n’garaD) = E(n -r +g)

Proor. We give proofs in the “full” case; the others are similar.

(a) We first show that, no matter what the modified data set M is, the
maximum trimmed likelihood remains bounded below by a strictly positive
constant. The constant is determined by a simple solution that is sufficient
for our purpose. We choose as R the remaining n — (n —r +g — 1) =
r — g + 1 original observations and g — 1 of the replacements. Without loss
of generality, let the original data be x1,...,z,_441 and the replacements
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Yiy.-sYg—1. Let ug = -+ = uy = 1

g0 M1 = 0, mj = yj—1, j € 2.9, and
Vj = I4. The trimmed likelihood is

r—g+1 g—1
11 g{Xgﬂj—d/2e—nwAF/24_jg:(2ﬂ>—d/2€—nwr—ynﬁ/2}
i=1 j=1
g—1 1 g—1
12 . 112
<11 g{(%ydme*uyzu 1243 (2m) e Il /2}
i=1 j=1
r—g+1 —1
> ﬁ l{(zw)—dme—nxiHQ/z} QH l(zw)—dﬂ > (2m)~U/2g e IPIP2 = ¢
= 1y .y z g = (b,

a strictly positive constant.

Now, by assumption, any r-element subset R of the modified data set
contains at least r— (n—r+¢g—1) =2r—n—g+1 > gd+ 1 original points.
Therefore, Lemma 2.12(b) may be applied and we have thus shown

2InCp < 2In flxg | u*,m", V'] < —rindet 2mcV}" — KDtr(Vj*)_l

for 1 < j < g, with some constant Kp that depends only on D. It is
well known that the set of matrices V; € PD(d) for which the right side is
bounded below is compact.

(b) Let M be the data set D modified by n — r + g replacements and
let (Ry,...,R,) be the MAP partition of the r-element subset R C M as-
sociated with the stochastic matrix w input to the M-step. By assumption,
R contains at least g replacements. Hence, either one cluster contains at
least two replacements or each cluster contains at least one replacement, in
particular some cluster with > d + 1 elements. In any case the partition has
a cluster R, containing a replacement y and some other element x. Eq. (2.5)
implies

1
Wr(we) = §WR5

= (-l + o)+ o)+ - S+ )@ - 5+ 2))

Q|+

(y—=z)(y—a)".

&~
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Now, let (u,m,V), V € V., be the parameter computed from w in the
M-step. Since also 2V € V., minimality (2.9) of (u,m, V) implies

0< ij(R){ Indet 2V + trSp(w;)(2V;) ! — Indet V; — trSR(wj)Vj_l}
J
1 _ 1 _
=rdIn2 - - ZtrWR(wj)Vj L<rdn2 — St Wr(w)V, 1
j

1
<rdln2 — 4—(y - x)TV[I(y —x).
g

The estimate (y—2)"V, ! (y—z) < 4grdIn 2 obtained proves that the small-
est eigenvalue of V[l approaches zero arbitrarily closely if the replacements
are chosen in such a way as to be far away from all original data and from
each other.

Part (c) follows from (a) and (b).

It is interesting to remark that the normal MTLE’s of the covariance
matrices withstand g — 1 more outliers than there are discarded elements,
n — r. The constraints effect that outliers that are spread out may each
create a component of their own and outliers located close together may
create a common component. In each case the covariance matrices of the
optimal mixture do not completely break down.

3.3 COROLLARY (a) The mazimal number of outliers that the normal
MTLE’s of the covariance matrices can resist is

L§J -1 (diagonal and spherical).

ntg(d+1)

The parameter v has to be set to [ 5

] and {%] + g, respectively.
(b) The asymptotic breakdown point in each case is 1/2.

PROOF. (a) We are asking for the largest integer n —r+ g — 1 under the
constraint 2r > n 4 g(d + 1) (“full” case) and 2r > n + 2g (“diagonal” and
“spherical” cases). This proves Part (a) and (b) is immediate.

According to Davies (1987), the maximal asymptotic breakdown value of
any affine equivariant covariance estimator is 1/2. Part (b) of the corollary
says that the MTLE’s of the covariance matrices share this value.
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We next prove that, despite constraints and trimming, the wuniversal
breakdown point of the sample mean is small. We first state a lemma.

3.4 LEMMA. Let 1 < g <7, andlet R = (21,...,Tr—q,Y1,--.,Yq) cONSist
of r — q original data points x; and q replacements y;, and let (u,m, V) be
parameters computed in the M-step for R, e.g. a fixed point. Then

max [[m;|| — oo as [|yi[| — oo such that y; —y1, 2 <i <g,
J

remain bounded.

PROOF. Let w; be the weights that induce the parameters. Eq. (2.6)
implies

r—q q r—q q r—q q
> ma(Z wjlz)+) wj(yz‘)) = wt Y yi=Y witan+ Y (vi—y1)
7 =1 =1 =1 =1 =1 =1

and the claim follows since the quantities in parentheses on the left side
remain bounded.

3.5 THEOREM. (Universal breakdown point of the normal MTLE’s of
the means.) Let g > 2.

(a) Assume r < n and r > gd + 2 in the “full” and r > g+ 1 in the
“diagonal” and “spherical” cases. The normal MTLE’s of all means
remain bounded by a constant that depends only on the data set D as
one observation is arbitrarily replaced.

(b) Assumer > g+2 and r > gd+ 1 in the “full” case. There is a data
set in general position such that the normal MTLE of one mean breaks
down as two particular observations are suitably replaced.

(¢) Under the assumptions of (a), we have Bpean(n, g,7) = 2.

PRrROOF. We restrict ourselves again to considering full covariance matri-
ces, the other cases being similar.

(a) Let M = (z1,...,%5-1,9) be a modification of D by one admissible
replacement y. We show that the optimal solution (R,u,m, V) for M with
r < n under the condition that y is not discarded is inferior to some solution
which discards y if y is sufficiently distant. Let d; denote the Mahalanobis

distance induced by 17}, ie., c@(u, v) = \/(u — U)ijfl(u —v), let J](u, D)=
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min,ep J](u, v) and J](D) = maxy yeD J](u, v) denote the distance between
u and D and the diameter of D w.r.t. d;, respectively.

Without loss of generality, R = (1,...,2r—1,y). Let R = (x1,...,2)
and let

wr,  if dj(iy, D) > d;(D),

mj = . X
m;, otherwise.

We now show that the solution (E, u, rYl,\N/) is inferior to (R, u, m,{/‘) if y

is such that d;(y, D) > 3d;(D) for all j. Comparing the trimmed likelihood

of the former
r—1 g

(XN, 5 )Z%m;

i=1 j=1

termwise with that of the latter

r—1 g g
(TN, 5 @) YN, g @),
i=1 j—1 j=1

we see that it is sufficient to show d; (a:l,xT) < d, i(xi,my), i <r,if j is such
that d;(m;, D) > d;(D) and d; i(xr,my) < d; i(y,m;) in the opposite case.

~ Now, if d; j(m;, D) > Elj(D) then dj(a:i,xr) < dj(D) < d(ﬁ’L]’,D) <
dj(xi,mj); if d; j(mj, D) < dj;(D) then
(v, ;) > dj(y, D) = d; 7y, D)
> 3d;(D) — d; (i, D)
> d;(D) + dj iy, D)
> dj(x,, mj).

In order to prove that the means remain bounded, we still have to prove that
the locations of the replacement y where it is not necessarily discarded are
bounded by a constant that depends only on D. (Note that ‘73 and, hence,
the distance 67] depends on y!) In other words, we have to show that the
sets {y | c@(y, D) < 3(7](D)} are bounded by constants that depend only
on D. To this end we next show that 17] is bounded below and above by
positive-definite matrices L; and U; that depend only on D.
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Indeed, the optimal parameters (E, u,m, \N/) are superior to the param-
eters (R, (1 . 1),(0,...,0,y),Id), ie.,

9’y

f[xﬁ ‘ ﬁ’ﬁ:l’{}] 2 f[Xﬁ | (1/9771/9),(0, 707y)7Id]
=g " (Z No.1,(z;) + Ny,[d(fL'Z‘)> (Z No.z,(y) + Ny,Id(y)>

i<r j<g i<g
zgir ( H Z Novld(xi))NO,Id(O) =:cp.
i<r j<g

The constant c¢p does not depend on y. Since r > gd + 2, R contains at least
gd + 1 original elements and Lemma 2.12(b) shows

2Incp <2In f[xz | 4, m, V] < —rlndet 2770‘73- - Kp trf/j_l,

Le., the right side is bounded below by a constant that depends only on
D. TIts behavior as a function of V; provides two matrices L; and U; as
required. Denoting the Mahalanobis distances w.r.t. L; and U; by dr; and
dy;, respectively, the claim finally follows from

dy, (y,71) < dj(y,21) < dj(y, D) + dj(D) < 4d;(D) < 4dp,(D).

(b) We proceed in several steps.
(o) Construction of data sets D and M:

Let F :={z1,...,2,—4} be a set of data points in general position. We
complete F' to a data set D by points which we control by a constant K; > 0
and we control the two replacements by another constant K5 > 0. Both
constants are specified later. Using Lemma A.6, it is possible to inductively
add points 21, ..., 2,—ryg—2 to F' such that

(1) llze — 2]l > Ky for all £ # k;
(ii) ||zi — 2kl| > Ky foralli € 1..(r —g) and all k € 1..(n —r + g — 2);

(iii) Wy = cply for all H € (PO nrio-2hy,

with some constant cg that depends only on F. The set of x’s and 2’s is
of size n —2 > d+ 1. (For d =1 this estimate follows from r > g + 2 and
for d > 2 it follows from r > gd + 1.) Thus, (iii) implies general position of



TRIMMED ML ESTIMATION OF MIXTURES 195

the points constructed so far. The data set D is completed by two arbitrary
points g1, g2 in general position. In order to obtain our modified data set

M. =FU {Zl, ... ,Zn—r-i-g—Q} U {yl,yg}

we use again Lemma A.6 replacing the two points ¢; and ¢» with a twin pair
y1 7 y2 such that

(i) [ly1 — vl = 1;
(V) llu—ygl| > Ky for all w € FU{z1,...,2p—ryg—2} and for k = 1,2;

(vi) Wy = cply for all T € ( that contain at least one yy.

d+1)
Conditions (iii) and (vi) taken together imply Wz > cpl, for all d+1-element
subsets T' C M. The idea was to place the points z; and the replacements y;
in directions that guarantee general position as homotheties are applied. In
view of Lemma 3.4, we will show that the optimal solution does not discard
the outliers y; and yo if K7 and K5 are chosen large enough.

(#) The maximum of the trimmed likelihood for the modified data set
M is bounded below by a constant that depends only on F', g, and r:

It is sufficient to construct a subset R C M and a parameter set with
likelihood bounded below by a function of F', g, and r. We let R = F U

{21, zg—2 Udyn,u2d, wj = 1/g, myj = 25, 1 < j < g—2, myg_1 =0,
mg = Y1, and V = I;. Using g > 2 and (iv) we have

2

flxr | u,m, V]
r—g g 1 g
= H Z m]’Id T H - Z ijd(Zi) H
i—1 9= = g — —

- - 2
- H No,z,(;) H Nzj14(2i) H Ny, 1, (i)
=1 =1

QQIH
Q|+~

g
E m],Id y’b
Jj=1

v

r—g
“(@2r) % e [[ Nou(x:)

i=1
as required.

The assumptions of the combinatorial Lemma 4.2 by Gallegos and Ritter
(2005) are satisfied, so any partition R of any subset of M of size r in g
clusters has either the form
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R ={{z1,...,xr—g},{y1,y2}, g — 2 one-point clusters from the z;'s} or
there is a cluster Ry € R, |Ry| > 2, which contains some pair {z;,y,} or
some 2.

(v) The MAP partition R associated with the weight matrix w of an op-
timal solution (R, u*,m*, V*) is of the first kind if K and K are sufficiently
large:

Assume on the contrary that R is of the second kind. Choose Ry con-
taining a pair x;,yp or zp,u with some u # z;. By (i), (ii), and (v), Ry
contains two distant elements so that Eq. (2.5) implies

gtrWg(w) > gtrWg(we) > trWg, —  o0. (3.1)
Ki1,K9—00
Moreover, by r > gd + 1 there exists j such that |R;| > d + 1 and we infer
from Eq. (2.5), (iii), and (vi)

gWr(W) = gWgr(w;) = Wr; = crlq. (3.2)
Now, Lemma 2.12 (a), (5), and Eq. (3.2), show that the quantities
2In f[xg [ u", m", V'] < —rindet 2mcV}" — ctrWre(w) (V)™

J
< —rlndet 27cV;" — const tr(Vj*)*1

all remain bounded below by a constant that depends only on F'. The second
estimate shows that V" lies in a compact subset of PD(d) that is independent
of the choice of the points z; and of the replacements. Therefore, the first
estimate shows that tr Wgr(w) is bounded above by a constant that depends
only on F. This contradiction to Eq. (3.1) proves (7).

Finally choose K7 and K> so large that the MAP partition of any optimal
solution is of the first kind. In particular, the solution does not discard the
replacements. According to Lemma 3.4, at least one mean breaks down as
KQ — OQ.

(c) follows from (a) and (b).

3.6 The case g = 1 In the case of one component, the criterion (2.2)
reduces to Rousseeuw’s (1985) maximum covariance determinant, MCD, for
robust estimation of location and scatter. If @ < 0.5 then its asymptotic
breakdown point with parameter » = [(1 — a)n]| is known to be a, see
Rousseeuw (1985), p.291. This is in harmony with our result on the scatter
matrices, Theorem 3.2. For g = 1, reduction of the parameter r has the effect
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that breakdown of the mean occurs at a much higher number of outliers
compared with the case g > 1 stated in Theorem 3.5. The reason is that, in
the case g > 1, the outliers may establish a component of their own if they
are close to each other, thus causing one mean to diverge.

For ¢ = 1, not only the criterion but also the algorithm is known. The
weights are all 1 so that the E-step is trivial. The M- and T-steps of EMT
reduce to Rousseeuw and Van Driessen’s (1999), Theorem 1, alternating
C-step for computing the MCD.

4 Restricted Breakdown Point of the Means

Theorem 3.5 and the preceding remark state that the asymptotic break-
down value of the normal MTLE’s of the means is zero, an at first sight
disappointing result for a trimming algorithm. It is, however, not the esti-
mator that has to be blamed but the stringent universal breakdown point.
Besides allowing any kind of contamination it makes a statement about any
data set, even it is unlikely to emanate from a g-component model. Garcia-
Escudero and Gordaliza (1999) conjectured from simulations in the classi-
fication framework that it is hard to break down “clear” cluster structures
if the natural number of clusters is chosen as the parameter g. Robustness
of the means depends also on the structure of data set. This phenomenon
was mathematically analyzed by us (Gallegos and Ritter, 2005, 2009) in the
cases of homo- and heteroscedastic normal clustering. We transfer this result
to the heteroscedastic normal mixture model under the HDBT constraints
by considering the restricted breakdown value w.r.t. a subclass of data sets
with an inherent cluster structure, see Sect. 4.3.

We need more notation. Let P = {P,..., P} be a partition of D and
let ) # T C D. The partition PNT = {P,NT,...,P,NT} is the trace
of P in T. Let ¢ > 1 be a natural number and let 7 = (T1,...,Ty)
be a partition of T. The common refinement of P and 7 is denoted by
PNT ={PNTy | j < gk < g} apartition of T; some clusters may
be empty. The pooled SSP matriz ), Wr, of T is denoted by W and the
pooled scatter matriz of 7 is St = ﬁWT- We denote the set of all stochastic
matrices over the index set T' x (1..¢") by M(T,¢’). For a data set T and
ae M(T,g), Wr(a) = >y Wr(ayx) is the pooled weighted SSP matriz,
cf. Section 2.10. Given a partition @ = {Q1,...,Qg4} of some subset Q C D,
we also define

Wola)=) Wo,(a)=) > Wo,(ax).

J<g J<g k<g’
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If o is binary then Wo(a) is the pooled SSP matrix of the common refine-
ment of @ and the partition defined by a. The proof of the theorem of this
section depends on lemmas which we next state and prove. The following
one states a basic condition which implies robustness of the means. In Theo-
rem 4.4, we will see that it actually means a separation property of the data
set.

4.1 LEMMA. Let g > 2 and r < n, assume r > gd + 1 in the full
and r > g+ 1 in the diagonal and spherical normal cases, and let q €
max{2r —n,gd+1}..(r —1) (full case) and q € max{2r —n,g+1}..(r—1)
(diagonal and spherical cases). Assume that the data set D possesses a
partition P in g clusters such that for oll T C D, q < |T| < r, and all
ace M(T,g—1)

1
det Wr(a) > ¢° max  det —Wpnr (full and diagonal) (4.1)
Re(®),r2T €
1
trWr(a) > ¢¥?  max tr — Wpnr. (spherical)
Re(P),roT C

Then the individual breakdown point of the normal MTLE’s of the means
satisfies

ﬁmean(nvgver) > (T_Q"i_l)'

S

PROOF. in the “full” case. Let M be any data set obtained from D
by modifying at most r — ¢ elements. Let (R*, (uj)?zl, (m}-‘)?zl, (Vj*)gzl) be
an optimal solution for M and let w* = (w}(z))s,; be the related posterior
probabilities. We will show that the means m} are bounded by a number
that depends solely on the original data D. Our proof proceeds in several
steps. We write Xpng = (Tp,R; - - -, ZP,NR)-

(@)  flxp-

* * * -1 —
u,m 7V ] Z RGI?A%%{D) f[XR ‘ g y XPNR> S’PﬂR]'

T

Since ¢ > 2r — n there exists a subset R C M N D of size r and the claim
follows from optimality of (R*,u*, m*, V*).

Now let R* = (R, ..., Rj) be an MAP partition of R* w.r.t. the optimal
solution and let

Amin 1= min{\ | A eigenvalue of W¢, C C D, |C|=d+ 1},

a constant > 0 that depends only on the data set D.
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(B) The matrices V', j € 1...g, are bounded above and below by
positive-definite matrices that depend only on D, not on the replacements:

Since |R*| =71, R* = ?:1 R’ has at least ¢ > gd + 1 original observations.
By the pigeon hole principle, there exists 7 € 1..g such that \R;‘ ND| > d+1.
By Eq. (2.5), this implies the lower estimate

1 /\min
Wee(W*) = Wge(W}) = —Wgs =

g 7 9

I,

Applying 2.12(a) to the optimal solution, we infer from («) that the expres-
sion —3 In det 2meV; — S Amintr (Vj*)_1 remains bounded below by a constant
which depends solely on D, n, g, and r. The well-known behavior of this
function of V;* implies that the matrices V", j € 1...g, remain bounded
above and below in the Lowner ordering.

(v) If R} contains some original observation then mj is bounded by a
number that depends only on D:
Let z € R; N D. We have W« (w*) = é(a: —mj)(z — m;‘)T and, hence, ||z —
m;‘||2 < gtrWg«(w*). Part () will be proved if we show that tr Wg«(w™*)
has an upper bound that does not depend on the modifications. By Lemma
2.12,

ctrWps (w*)(Vj*)*l < —rindet2mcV} — 2In f[xp- | u*, m", V7],

and the claim follows from («) and ().

6) If R! contains some replacement then ||mf|| — oo as the replacement
J J
tends to co:

This is proved like () with x replaced by the replacement.

It follows from (v) and (0) that, in the long run, each set R} consists solely
of original observations or solely of modifications, i.e., either R} N D = 0 or
R:N(M\ D) =0.

() If R} contains some replacement then wj(z) — 0 for all z € R* N D
as the replacement tends to oco:
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Let z € R; N D. By Eq. (2.4), we have uj = 13> .. wj(2) > 1/gr and,
hence,

wy(det V)26 Hemm) T 070 o)
TS, (det Vi) 1 2e @m0 )
det V* e 3@—m5)T (V)" a—mj)
<gr L .
- det V¥ =3 (@=—my)" (Vi) (@—m;)

The claim follows from (f3), (), and (9).

(¢) Inflxp: |u*,m*, V*] <cq, —drinc— g Indet Sp«(W*):

wj («)

By 2.12(a),

21In f[XR*

U_*, m*,V*]
—drIn2rc® — [rIndet(Vy*/c) + tr (Vi /) " Wgs (w*)]

<
< —drIn2rc® — min [rIndet A + tr A" Wpe (w*)].
AX0

Now, standard normal estimation theory shows that the function
A rindet A+ tr A" Wre(w*), A >0,
attains its minimum at 1 Wg- (w*) with value 7| In det W”+(w*) +d]. This is
the claim.
(n) There is K > 0 such that R* contains no modification y, |ly|| > K:

Assume on the contrary that, for all K > 0, there is y € R*\ D, |ly|| > K,
y € R, say. Let ¢ > 0 and let K be so large that wy(r) < e for all

z € R"ND, cf. (). Putting o(z) = 110171(*2), xr € R*ND, j<g, we have
g
a*e M(R*ND,g—1) and
g—1
Wr-(w") = w; (@) (x — mj)(z —mj)"
j=1z€R*ND
g—1
= min (1-wi(@)) Y @) (z—mi)(z—m;)"
rER*ND <
j=1lxeR*ND

g—1
=(1=2) ) Wrenp(ef) = (1 = &)Wrenp(a)
j=1
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by Steiner’s formula A.3. We modified at most r—¢q elements and R* contains
at least one modification. Hence, ¢ < |[R* N D| < r and we may apply
Hypothesis (4.1) to continue

det Wr«(w™)

> (1 —¢e)ddet Wrenp(a*) > (1 —e)4g? max det —QmeR
Re(P),ROR*nD €

Since ¢ is arbitrary we conclude

1
det Wg- (w*) > ¢ max det =Wpnr
Re(P),ROR*ND c

and

2dInc+ Indet Sp+(w*) > 2Ing + max In det SpAg.
Re(V),ROR*ND

Now, for all R C D,
In fxg | 7', Xpnr, SPAR]

g
Z det 27 Spng)2e /2R eim) " Spnp(a—%r;)

r 1 _ _ —
> —rlng — §lndet27TSme— 52 Z (x—meR)TSP%R(x—meR)
(=1 zc€P,NR

=cqr—ring — %lndet SPAR-
The last two estimates and Part (¢) combine to show

1 — B _r .
RGI?A%D In fxr | 9, XpnRr, SPnR] > c4p —ring REI(HA}I%D) Indet Spar

T

r
>cqr—ring — - max Indet Spar
2 RE( ),ROR*ND

> cqr—drlnc— 2 " In det Sp+(w")

> lnf[XR* u*7m*7V*]7

a contradiction to («). This proves Claim (7).

Finally, (1) shows that the means m7 are convex combinations of elements
from D and replacements in the centered ball of radius K. This proves the
lemma.
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In order to remove the dependence on ¢ in Lemma 4.1 we need a defini-
tion. Assume g > 2, let ¢ > 0, and let u < n/g be an integer. We define the
real number

s = {max {27“ —n,(g—1)gd + 1, ?T_Z} (full)

max {2r —n, (g — 1)g+ 1, T (diagonal and spherical).

Plainly (gqf’f > d in the case of full covariance matrices and > 1 in the

diagonal and spherical cases. Before stating the separation property we
prove a combinatorial lemma. One of its assumptions is g, , < r — 1. This
is equivalent ton >r > (¢ —1)gd+1 and n — (1 — p)(r — 1) < u. Combined
with u < n/g the last estimate implies also o < 1/g.

4.2 LEMMA. Assume gy, <r—1. Let P ={Py,..., Py} be a partition of
D in clusters of size > u, let T C D such that ¢, < |T| < 1 (the assumption
On qy, o implies the existence of such a subset T'), and let T ={T",...,Ty—1}
be a partition of T; some Ty ’s may be empty. Then:
(a) For all j, we have |P; NT| > o|T|.
(b) There are clusters Ty, and P; such that |T}, N P;| > (gqf—’f)g.

PRrROOF. (a) Assume on the contrary that [P, NT| < o|T|. From D D
T U P, we infer

n 2 |T|+ [P = |[PeNT[> [T +u—oT| = u+ (1—-0)|T]
Zu+ (1= 0)que=ut+n—u
by definition of ¢, ,, a contradiction.

(b) The observations in T" are spread over the (g —1)g disjoint subsets of
the form T} N P;. If (b) did not hold, we would have |T| =3, [T} N Pj| <
Qu,0, & contradiction.

Define

0/2, g>3.

Given two subsets S, T C R%, d(S,T) denotes their Euclidean distance and
d(S) the Euclidean diameter of S.

_ {(1—9)9, g=2,
Ko =

4.8. The separation property. Assume g, , < r—1 and let ¢ be the HDBT
constant. We denote by L, , . the system of all d-dimensional admissible
data sets D of size n with the following separation property:
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D possesses a partition P in g subsets of size at least u such that, for all
subsets T C D, g, <|T| <,

1+ K, min (50 — 55) " Sphr(se — s5) (full and diagonal® cases)
sp €conv P, NT
t#j
(4.2)
1
maXRE(D) ROT det C—QW'PQR g—2 d
S 2 ), {1 _ gzt o }
=9 det Wpnr + 2d(g — 1) s,,glaéxPj (s—58) Sprr(s—s); ,
1<j<yg
T
o ming; d*(conv(P; NT), conv(P, N'T)) (spherical case)
¢ tr Spar
maxp_ (D tr SWpnr 9 _ (P;NT
>92/d e(7)RoT € {1+ g—2 maxigj<,d (PN )}
- tr Wpnr 2(g—1) ming tr Sprr ’

where 7 runs over all partitions of T"in g — 1 clusters. Lemma 4.2(b) shows
that the inverse matrices appearing in Eq. (4.2) exist. The factor on the
right hand side of (4.2) may be replaced with the expression

g—2 NT g—1 /
exp{i max (s—s')" S (s—s)},
2(9 - 1) s, s’ € P P
l<j<yg
T

a number independent of dimension d. The partition P appearing in the
separation property plays the role of a partition of the data set in well-
separated clusters. Note that condition (4.2) is affine equivariant. The set
Ly, o, increases with decreasing u and increasing ¢ < 1/2 and c.

Roughly speaking, a data set D has the separation property if it is com-
posed of well separated clusters. Moreover, it helps if population shapes are
balanced, i.e., the HDBT ratio c¢ is close to 1, and if cluster sizes are bal-
anced, i.e., u is large so that x, and ¢ may be chosen large. Note, however,
that k, is bounded since o < 1/g.

If a data set has the separation property, then the normal MTLE’s of
the means are much more robust than predicted by the universal breakdown
value in Theorem 3.5.

2In the diagonal case a similar estimate can also be given by working with the compo-
nents of R separately.
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4.4. THEOREM. (Restricted breakdown point of the normal MTLE’s of
the means) Let g > 2, r < n.

(a) Assumer > (g—1)gd+2 in the full and r > (g—1)g+2 in the diagonal
and spherical cases, respectively, and let w € N s.th. n—(1—p)(r—1) <
u < mn/g (hence 0 < 1/g by n > r). Then the restricted breakdown
value of the normal MTLE’s of the means w.r.t. L o satisfies

1
ﬁmean(n’ga T, £u,g,c) > E(T +1-— Qu,g)-

(b) The individual breakdown point of any data set D  satisfies
ﬁmean(n,g,T,D) < %(n —r+ 1)‘

(¢) Let 2r —n > (g — 1)gd + 1 in the full and 2r —n > (g — 1)g+ 1 in the
diagonal and spherical cases, assume 2(n—71) <n/g—1. Let u € N be
s.th. 2(n —r) <u <n/g and put o = u=20=r)  Thep,

2r—n

1
Pmean(1t: 9,75 Lu,g.c) = E(n —-r+1).

(d) If the hypotheses of (a) are satisfied and if the data set is of the class
Loy,o,c then the normal MTLE of R discards all replacements that are
large enough.

PrOOF. (a) The assumptions imply ¢, , < — 1. Let T C D such that
Qu,o < |T| < r and let o« € M(T,g—1). In order to shorten notation we use
the abbreviation

d(h, j, k,£) :=Zp,nr(an) — Tp,nr (o).
For j < g such that |P;NT| > 0 let

1

Arj(a) = m Z an(Py NT)ey (P NT)d(h, j, k, j)d(h, j, kyj)T-
J

1<h<k<g

Applying Lemma A.5 with ¢ = g — 1, we obtain Wp,nr = Wpnr(a) +
Arj(a) and

Woar = Wenr(a) + Y Arj(e) = Wpnr(e) + Ar(e).  (4.3)
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For k < g such that o (7T") > 0 let

Br(ax) =

= > (P NT)ax(BNT)d(k, 5 k, O)d(k, . k. 0"
T) | e,

Applying Lemma A.4 with w(z) = ax(z) and T; = P; N'T, we have for
ai(T) > 0 the identity Wr(ax) = Wpar(ag) + Br(ag) and hence

Wr(a) = Wpar(a) + > Br(ag). (4.4)
k:ap(T)>0

According to Gallegos and Ritter (2005), Lemma A.1(b), det(A+>", yryl) >
(1+>, yt A~ly) det Afor all A € PD(d). Applying this estimate, and using
Egs. (4.4) and (4.3), we infer

det Wr(o)

> det Wpnr(a) (1 + Y = > (P NT)ax(PNT)x
ki (T)>0 a(T) | e,

d(k, j, k, OWprd(k, 5, k, E)T>
=det Wpnar(a)(1 + rr(a)). (4.5)

1

We next estimate the two factors in (4.5) rendering them devoid of a. Since
Z Otk(T Ozk P ﬂT Z ak P ﬂT |PjﬂT‘
kTl ow(T RTET T T
Lemma A. 8(b) may be applied to the expression

> o according to Lemma 4.2 (a),

Z ; Z ak(ijT)Oék(PgﬂT)

k:ak(T)>0ak( ) 1<j<t<g

B ak(T) Oék(P' ﬂT) ak(PgﬂT)
> 2 e ad

ko, (T)>0 7] 1<j<t<g

implying
rr(o) > kK,|T)| min (s0— 85) T Walir(se — s5). (4.6)
sp € conv P, NT
(#]

Next use Lemmas A.8(a) and A.9 to estimate
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trWpnr(a)Ar(a)

1 _ . . . .
=X e 2 enlBnTar(B N T Wade(@)d(h, g,k )b, g,k )"
j<g 1<h<k<g

1 . . _ . .
=X e 2 cnlB N Tar(B NT)d(h g ks )T Wadr(@)d(h, ik )
i<g Y 1<h<k<g

T9=2 e (=) W) (s — §)
29-1 54¢ P;
1<j<yg
T g—2
Su 97 % max  max (s =) Wahs(s — ). o
29-17 44¢ P;
1<j<yg

The identity det(A+ B) = det A-det(I;+A~/2BA~1/2) and the arithmetic-
geometric inequality det C' < (3trC)?, valid for A > 0, B € R™<, and C »
0, yield the inequality det(A + B) < det A(l + étrAilB)d. Its application
to Eq. (4.3) shows together with Eq. (4.7)

1 d
detVVﬁmTv§(kleme(a){l—%meVV;%T(a)Aq(a)} (4.8)
_ d
<det meT(a){l + 1972 jax  max (s — S/)TS;%T(S - s’)} .
2dg — 1 8, S, E -P]
I<j=<yg

Eqs. (4.5) and (4.6), the separation property, and Eq. (4.8) finally combine
to show Eq. (4.1) and Claim (a) follows from Lemma 4.1,

(b) Let M be a set obtained from D by replacing n —r 41 of its elements
with a narrow and distant cluster. M contains only r—1 original observations
so that each r-element subset of M contains one modification, in particular,
each optimal set R*. Let {Rj,...,R;} be an associated MAP partition.
Then some R} contains at least one modification and Lemma 3.4 shows
that the norm of m} tends to infinity together with the compact cluster of
replacements.

(¢) The general assumption r < n yields the estimate 2r —n < r — 1
which in turn shows that the first condition in (a) is fulfilled and that the
given p satisfies 1 — o= (n —u)/(2r —n) > (n —u)/(r — 1). It follows that
the second condition in (a), too, is satisfied and that g is the largest number
s.th. gy, = 2r —n. The claim on Fyean now follows from (a).

Claim (d) follows from Part () of the proof of Lemma 4.1.
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The following corollary is a consequence of Theorem 4.4. We formulate it
in the case of full covariance matrices. Combined with Cor. 3.3 it says that
EMT is asymptotically robust on data sets with a well-separated, balanced
cluster structure if the natural parameter g is used.

1 1 )
4.5 COROLLARY. Let > 2, let 0 <7< < g, letr = [n(1 -5 +3)],

let u = [n(é - 77)] , and let o = Then, asymptotically,

d—n
1—1/g+4 "

1/1
Binean (9.7 L) =2 5(; = 5)

4.6 REMARKS. (a) The inequality n — (1 — ¢)(r — 1) < u required in
Theorem 4.4(a) implies v > n — r 4+ 2. That is, the sizes of the natural
clusters must exceed the number of discarded elements in Theorem 4.4(a).
Moreover, the assumptions of Part (c) imply that these sizes exceed twice
the number of discarded elements.

(b) Although we have formulated the trimmed likelihood function and
the EMT algorithm for general statistical models, we have stated and proved
our robustness results only for various normal models. Extensions to other
models are possible but not straightforward, in general. The proofs in the
present paper depend on the crucial Lemma 2.12. We sketch how this lemma
and much of the robustness theory can be extended to a whole family of
elliptical distributions including the normal case leaving the details to the
interested reader.

Denote the d-variate elliptical density function with radial function
¢: Ry — R-, mean vector m € R?, and scale parameter V € PD(d) by

L Ty —1 d
T) = z—m) V (zx—m)), x&RY
fcp,m,V( ) detVsD(( ) ( ))
In the normal case, p(s) = (27)~%2e~%/2. Lemma 2.12 remains valid if

the normal densities N, v, are replaced with elliptical densities fym; v,
provided that

(i) ¢ is strictly decreasing and logarithmically concave.

This condition implies limg .o sp(s) = 0 for all t € R. We infer
that Proposition 2.13 holds true, i.e., a maximum of the HDBT-constrained
trimmed likelihood function exists. Under (i), Theorem 3.2(a) remains also
true for the estimates of the scale parameters. The estimated means returned
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Figure 3: (a) The data set D and (b) its modification shown at the critical distance
a = 12.42 where transition between robustness and breakdown occurs.

from any M-step lie in the convex hull of R. Theorem 3.5, too, remains valid
under the condition (i).

Any concave function is differentiable from the right and, from (i), we
infer limg_,o s(In)’(s) = —co. This is needed to show also the robustness
results stated in Theorem 3.2(b) and (c) for the estimates of the scale pa-
rameters. Finally, Lemma 4.1 (full case) remains true if the inequality (4.1)
is replaced with

. -1
Aerggl(d) (Indet A —2Inp(tr {Wr(a)A™"}))

1 2 —_—
> max [1n92det—W'p R— — Inp((x —ZTpar,;) S T — TPAR,j ]
RG(?),RQT CQ i " ;IG%:QR (( " ]) ’PmR( " ])>

In the normal case, this inequality reduces to inequality (4.1). Examples
where the condition (i) is satisfied are light-tailed elliptical distributions
with ¢(s) =¢1 - e p>1, ¢y > 0.

4.7 Illustrations. Theorem 4.4 requires well-separated components in
order to guarantee robustness. We give first an example which shows that
such an assumption is necessary. Consider the two-dimensional data set D
consisting of the n = 17 regular points
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P () ) O O ) 7))
4 ’ 3 ’ 4 ’ 0 ’ 1 ’ 0
AGE-E)0)6))
4 )’\4)7V o )7\1)\0
U{(a—i—?) <a+4> <a+6> <a+3> <a—|—4.3> <a+5>}
4 ’ 3 ’ 4 ’ 0 ’ 1 ’ 0 '
displayed in Fig. 3(a). As expected, the classical ML estimate with the full
homoscedastic model and g = 3 determines the left, the middle, and the
right components. Now assume that the two stars * in Fig. 3(a) have been
grossly mismeasured as shown in Fig. 3(b). Their mutual distance is now
1. Then for a > 12.43, the homoscedastic EMT algorithm with ¢ = 3 and
r = 15 produces a reasonable estimate discarding both outliers. However for
a < 12.42; it discards the two (original) observations interior to the convex
hulls of the right and middle clusters thus producing as MTLE two slim
horizontal components complemented by a component determined by the
two outliers. Its negative log-likelihood is 73.3324 whereas that of the natural
solution is 73.3355. Using upper and lower bounds on the Mahalanobis
distance square appearing on the left side of Eq. (4.2) we estimated that the

lower bound of values a for which the separation property is satisfied lies
between 1763 and 3841. For the spherical model this interval is [60, 61].

This special and contrived example represents the worst case. First, the
two replaced elements are purposefully chosen. Second, they are replaced
with two close outliers aligned horizontally. Third, a further removal of two
points makes the remaining original points two narrow horizontal clusters
which determine the solution if there is not enough separation between the
three original clusters.

The MTLE may be robust also w.r.t. the means even when applied to
substantially overlapping components. To underpin this contention, we ran-
domly generate in a second experiment 54 four-dimensional data sets of
1504100450 regular data points, each, randomly drawn from Nq 7,, N3¢, 15,
and N, 13, respectively, where

1
-15 4
-1 -2 9
0 -1 3 16

Vs = , Vi = diag(1,16,9,4).
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n—r 0 1 2 3 4 5 6 7 8
g
1 222.1 | 219.4 | 216.1 212.6 208.5 205.4 202.4 199.4 195.8
2 227.8 228.6 | 210.9 | 207.0 | 203.9 | 200.9 | 197.7 | 194.8 | 191.4
3 229.4 225.7 217.3 213.8 211.8 208.1 206.2 201.9 199.4
4 238.9 235.5 227.7 222.5 219.8 216.1 212.4 209.0 207.0

Table 2: Table of trimmed BIC values for various numbers of components and of
discarded elements. The boldface numbers mark the columnwise minima. They
stabilize at the values ¢ =2 and n —r = 2.

To each data set we add 30 “outliers” randomly drawn from N jg47,. It turns
out that the normal MTLE (best among 500 replications of the EMT algo-
rithm) with full covariance matrices subject to the HDBT constraints (1.1)
with ¢ = 200 and with the parameters g = 3 and r = 300, 295, 290, 285, 280
correctly identifies all outliers in all 270 runs. These findings plead again
for its robustness. The assumption of too many outliers is not harmful. Of
course, we must not assume less than 30 outliers.

It is hardly possible to predict the number of replications necessary to
achieve the optimum. In most cases, the optimum among the 500 replications
appears during the first 50 trials, often earlier, sometimes substantially later.
One replication consists on the average of about 50 EMT-steps for which our
C++ implementation of the algorithm needs 0.04 sec on a 2 GHz processor.

Mixture modelling is also used for the purpose of data clustering. As
our last illustration, we randomly draw 60 samples from the normal mix-
ture 0.8 Ng¢, 1, + 0.2N_y, 7, and add two outliers at the points (7,0.1) and
(7,—0.1) in order to discuss the effect of different choices of the number of
discarded elements. Moreover, we compare the clusterings created by EMT
and by Fraley and Raftery’s (2002) MCLUST.

We first determine the favorite solution according to Section 2.14. Table
2 shows the BIC values for the optimal solutions w.r.t. criterion (2.12). The
minima in each column stabilize at the value g = 2 and this takes place at
n—r = 2. We conclude that the data set was sampled from a two-component
mixture and contains two outliers. Figure 4 presents the MAP clusterings
for the optimal mixtures obtained with ¢ = 2 components and zero, one,
two, and eight discarded elements (asterisks). The first two images reveal
a marked instability as long as the number of outliers exceeds the number
of discarded elements. FEverything can happen. Whereas the clustering
that retains all elements looks reasonable, although the outliers could not
be recognized, the clustering that discards one element is in disorder. The
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Figure 4: Sixty data points randomly sampled from 0.8 N, 1, + 0.2 N_g., 7, with
two additional outliers. The images show five clusterings determined by MAP
discriminant analysis on the basis of estimated heteroscedastic, full normal mixtures.
First two rows: mixtures estimated with the present EMT, two components and
zero, one, two, and eight discarded elements shown as asterisks. The left image
in the second row belongs to the favorite solution selected with trimmed BIC, see
Table 2, according to Section 2.14. Bottom: a typical mixture estimated with
mclustBIC (VVV) for two components plus noise (asterisks). There is a spurious
component and the solution clearly overestimates the number of noise elements.

retained objects are separated by a horizontal line instead of a vertical one.
The situation changes suddenly as the number of discarded elements reaches
the number of outliers, second row, left. This solution is correct. Increasing
the number of discarded elements further does not dramatically change the
clustering, see the second row, right. The method of Section 2.14 returns a
reasonable result although we discard eight elements while there are actually
only two outliers. It just discards also a few extreme elements in each cluster.

The procedure mclustBIC of the MCLUST package (Version 3.3.1) im-
plements EM algorithms for various normal models and has three main char-
acteristics: (i) it initializes the EM algorithm with a partition obtained from
normal ML-clustering optimized by hierarchical agglomeration; (ii) it pro-
vides an additional uniform component for handling noise; (iii) it uses the
BIC to determine the number of components. We replicated mclustBIC 100
times with two full normal components (VVV) and with random initializa-
tions of the outliers at a Bernoulli rate of 3.2% (the true value). All MAP
clusterings contain spurious clusters similar to that in the image on the
bottom of Figure 4. Obviously, the algorithm gets trapped in unbalanced
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solutions containing small, elongated components, a result of the overfitting
m.le.. Gross outliers usually do not conform to a statistical model, not
even to the uniform one. This is another reason why mclustBIC does not
recognize the correct two clusters taking instead a large number of regular
observations for noise (asterisks).

4.8 Summary and Discussion. The design of automatic methods for
data analysis is still considered a true challenge, in particular in view of
real applications. Dougherty and Brun (2004) write: “Although used for
many years, data clustering has remained highly problematic — and at a
very deep level.” We believe that methodological progress in data analysis
will arise from statistical models and assumptions by means of statistical
paradigms. Algorithms designed for homoscedastic models are stable but
should be applied only when it is a priori known that the underlying data-
generating mechanism enjoys this property. Most of the data analytic world
is heteroscedastic and here the phenomenon of spurious solutions appears.
Although it has been known for a long time, algorithms have essentially
ignored it.

The present communication focuses on two main topics: spurious so-
lutions in connection with heteroscedastic models and gross outliers. We
solve the first problem by proposing a compromise between model fit mea-
sured by the likelihood and model balance measured by the HDBT ratio.
This leads to a method that does not primarily seek a large likelihood. The
examples and illustrations clearly show its advantage. Our theorems in Sec-
tions 3 and 4 show that balance offers also a solution to the second problem,
outlier robustness. A main characteristic of many outliers is that they do
not conform to any statistical population, see also the discussion of outlier
types by Ritter and Gallegos (1997). Otherwise, they could be modeled with
an additional component of the mixture. Trimming the likelihood offers a
simpler and more effective way of dealing with gross contaminations than
mixture models with outliers do. Our main Theorems 3.2 and 4.4 state that
the HDBT-constrained MTLE provides substantial protection against gross
outliers while being at the same time affine equivariant.

The weakness of our method is the high time consumption of EMT which
it shares with the EM algorithm. Real applications of only medium size re-
quire hundreds of thousands of replications of EMT runs. Although the EM
algorithm, mainly due to its elegance, has superseded all other optimization
paradigms since its appearance in mixture estimation the question still re-
mains whether there is no computationally more efficient tool. Finally, our
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method could be sharpened by other population models than the normal,
such as heavy-tailed or asymmetric ones. But this would be at the cost of
an even higher time consumption.

A Appendix

A.1 LEMMA. Let A € R™9 be a matriz with all entries > 0.
(a) The function ¥ : Ay_1 — RU{—o0}, ¥(u) =), In(Au);, is concave.

(b) If no row of A vanishes and if the g columns of A are affine indepen-
dent then W is real valued and strictly concave in the interior of Ag_1.

PROOF. (a) Each of the summands u — In(Au); is concave as a function
with values in RU {—oo} and so is their sum.

(b) Under the first assumption of (b) all summands u — In(Au); are
finite in the interior of A,_; and so is their sum W. Under the second the
mapping u — Au is one to one. Hence, if u # v then there is an index i
such that (Au); # (Av); and, by strict concavity of the logarithm, we have
lnA{%u—F%v}i =In{i(4u); +1(Av);} > 3{In(Au); +1n(Av); } and Claim
(b) follows.

The following formula is found in Hathaway (1986).

A2 LEMMA. Let (R,u,v) be any parameter triple. With the weight
matriz w defined by Eq. (1.6), we have the representation

In f[xp | u,7]

=S un R - S o))+ 3 Y o) £,(0).
4

¢ xER { x€ER

Moreover, In f[xg [u,7] <3, > cprwe(z)In fy,(2).
PROOF. Since ), w¢(r) =1, Eq. (2.2) implies

g
In flxg | u,vy] = Zanu]f,yj Zng anujfw(a:)
j=1

zeR j=1 zeR /¢
Uéf’Ye( )
_;ze: wn(e)

This is the first claim and the second follows from it by the entropy inequality
applied to the probabilities (wy(x)), and (ug)e.
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The following lemma is of Steiner’s type. We omit its elementary proof.

A3 LEMMA. Let T be a (finite) data set in R, let w = (w(z))zer be a
family of real numbers such that w(T) := Y w(x) > 0, let b € RY, and let
T(w) = ﬁ Y zerw(x)x, the weighted mean. Then

> w(@)(z—b)(z—0)"
=Y w(@)(@ —T(w)(z - T(w)" +w(T) - (F(w) - b)(@(w) —b)".

In particular, Y, w(z)(z — b)(z — b)T = 3 w(@)(z — F(w))(z — T(w))T.

Our next lemma reduces a global weighted “within-samples” SSP matrix
to a sum of local weighted “within-samples” SSP matrices and a weighted
“between-samples” SSP matrix. In its proof we use the identity

> ajagar(me — mg)(my —my)T =AY " agaj(mg —my)(mg —my)T (A1)
7t j<t

valid for any real numbers a;, A = ) a;, and any vectors m;. Indeed,
exploiting symmetries, we have

Zajawt(me - mj)(mt - mj)T

YRR
= Z ajagat(mgmtT — mjmtT — mngT + m]m;F)
gt
= Z ajagat(mjmJT - mgm;-r) =A Z ajar(m;j — mg)m;-F
Jhit Y
=A Z ajap(m; — mg)m;-F +A Z ajag(m; — mg)m;-F
j<t i>L
=AD" agaj(mg —my)(mg —my)".
j<t

A4 LEMMA. Let g > 1, let T be a Euclidean data set, let {T1,...,T4}
be a partition of T, let w = (w(x)),cr be a family of real numbers s.th.
w(T) > 0, and put w; = wyr;. With the notation agreed upon in Section
2.10 we have

1

WT(w):ZWTJ(Wme ST w(@)w(Ty) (@ (wy)—Fr, (we)) (Fr, (w;)—Fr, (we))
=1 1<j<t<g
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Proor. By Lemma A.3 applied to all subsets T},

=33 w@)(@ - Tr(w)(@ - Tr(w)”

Jj xz€Tj
= ZWT w; +Z ) @1, (w;) — Tr(w) (@ (wy) — Tr(w) ™. (A2)
From Ze w(Ty) = w(T) we infer

Tr(w) — Ty (wj) = L > w(To)Er, (we) — Ty (wy)

and, hence, the second sum on the right of (A.2) equals

Zw (Z (T0) @, (we) — Ty (03)) ) (30 w(T0) @, () — P (03 )

£

TIGE > w(Ty)w(To)w(Th) (@, (we) — Tr, (w))) (Fr, (we) — Tr, (wy) T

The claim now follows from Eq. (A.2) and the identity (A.1).

A.5 LEMMA. For any nonempty subset U C D and a« € M(U,¢'), we
have

Wy = Wo(a) + ﬁ S an@arU)(@o(an) — To(ow)) @0 () — T (o).

PROOF. This follows from Lemma A.4 if we put g = ¢/, T; = U for all j,
T = the disjoint union of all Tj’s, and w(z) = a;(z), z € T;. (The family
w is thus the linearization of the weight matrix a.) It follows w(T;) =
0y (U), 71, (1) = Tv (a5), w0(T) = Xyeq w(w) = 5, Yo, () = U], and
Zp(w) = Ty, and the claim is a term-by-term translation of Lemma A.4.

A6 LEMMA. Let E = {xq,...,24} be a set of d+ 1 points in R, If its
convex hull contains a ball of radius r around its mean vector then Wg =
2r21,.

PrOOF. Without restriction let the mean of E be the origin and let Wg
be diagonal. By assumption, the centered r-ball B,.(0) satisfies

0) C {Ed:m |\ > O,Ed:&- - 1}.
=0 1=0
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Orthogonal projection to the coordinate axes shows [—r,r] C { Z?:o N |
A >0, Z?:o Ai = 1}, 1 <k <d, i.e., the interval [—r,r| is contained in the
convex hull of the set {zg,...,Zqk}, i.e., min; x; ), < —r, max; z; , > r for
all k. This implies Wg(k, k) = Y022, > 2r%

A7 LEMMA. Let g > 2. For any stochastic matriz (ap, ;) ; € RO

we have
thinZahj > 1.

J ]

Proor. For each column j, consider the line h with minimal sum
Yoo 25 Oh - Since there are g columns but only g — 1 lines, the pigeon hole
principle implies that some line appears for two j’s and the two related sums
cover all elements in this line.

A.8 LEMMA. Let g > 2.

(a) The mazimum of the function a — >y op, <, anax w.r.t. all vectors
a = (a1,...,aq9) € [0,1]9 22'3 attained at the point (1/g,...,1/9)> . ar and
-1
has the value QQ—Q(Zk ak)”.

(b) Let o < 1/g be a nonnegative real number. The minimum of the

exTPression
E B E a0k ¢

1<k<g 1<j<t<g
w.r.t. all probability vectors B € RI™' and all stochastic matrices A =
(agj)r; € RYUTVXI such that BTA > o (pointwise) is assumed at 3* = (1)
and A*=(1—0,0) ifg=2 and at * = (1729 I 2Q)T and

g2 ’ g—2"
1 0 0
1 O o o
A" = ) o 0 |
0 1 0 0
00 -~ 0 1/2 1/2

if g > 3. The minimum is the number k, defined before Sect. 4.5.

PrOOF. (a) It is sufficient to determine the maximum of the sum
El§h<k§g apay subject to the constraint ), a; = 1. Now, 2 Zl§h<k§g apa =
(> ak)2 —|lal|* = 1—||a]|? and the point on the plane >, a; = 1 with min-
imal distance to the origin is (1/g,...,1/g). The claim follows.
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(b) The case g = 2 being simple we let g > 3. Using Lemma A.7 we
estimate

2 ) B Y arjare= > 5kzak3ake—zz:ﬁkak,]zake

1<k<g 1<j<t<g 1<k<g j#L U#£]
>ZZﬁkak]mmZahg > QZmanahg > 0 = 2K,.
L£j J L£j

That is, the least upper bound is > k,. The remaining claims are plain.

The following lemma frees the estimates from the stochastic matrix «
replacing it with SSP matrices. Part (b) could be proved by the extremal
property of the partitions contained in M(T,¢'). The present proof uses a
disintegration technique that provides more insight.

A.9 LEMMA. Let P be a partition of D, let T be a nonempty subset of
D, let g >2, and let c € M(T,¢’).

(a) There exists a finite sequence (1)l _1, t < ¢'|T|, of strictly positive

numbers rp, such that > rp, =1 and a finite sequence (T(m))fn:l of parti-
tions T(M) = {Tl(m), e ,Tg(/m)} of T in g subsets (some may be empty) such
that Wprr(a) = 3t T Woprgm) -

(b) Assume that, for each m, there exist indices k and j such that |Pj N
m)\ > d. Then

(i) The matriz Wpnar () is regular and Wpap(a) ™ < S0 ) TmeﬂlT(m)

(i) Given y € RY there exists a partition T of T in ¢’ clusters such that,
for all @ € M(T, ), y"Wprr(a) 'y <y Wpiry.

PROOF. (a) Let r; be the smallest non-zero entry in the matrix (ag(x)).
In each line z, subtract the number r; from any of its smallest non-zero
entries to obtain a new matrix a!) with entries > 0. All its row sums are
equal and it contains at least one additional zero. Let T,gl) = {:1: eT |

a,(cl)(ac) # ag(z)}, k < ¢'. Now continue this procedure with o) instead of
a and so on. It stops after at most ¢'|T’| steps with the zero matrix and we
have constructed a representation

¢
= Z rmlT;im) (x)
m=1



218 M.T. Gallegos and G. Ritter

of a. Moreover, > 7, = 1. Define T(m) — (Tl(m),...,Tg(fﬂ)). Summing up
over x € T' we have

Wp,ar (o)

= Z ag(z)(r —Tpnr(ag)) (T — ijmT(ak))T

IBGPjﬂT

t
=> rm Y 1yom (@)(@ = Tpnr (o)) (@ — zp,nr(ar))’
m=1

IBGPjﬂT

— Z T'm Z (x —Zp,nr (o)) (z — ijmT(Oék))T

m=1 zEP; ﬂT,Em)

by Steiner’s classical formula. Now sum up over j and k to obtain (a).

(b) By assumption, each SSP matrix Wpry(m) is regular. Estimate (i)
therefore follows from (a) and monotone decrease and convexity of the matrix
inversion on PD(d), cf. Marshall and Olkin (1979), E.7.c.

(ii) Among the finitely many partitions of 7" there is some 7 such that
yTW;HITy is maximal. Hence, by (i),

t
Y Waar(@)y < ray "Wl Ly <yTWhly.
m=1
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