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ABSTRACT ARTICLE HISTORY
In this article, we propose new estimators of location. These estimators Received 15 February 2016
select a robust set around the geometric median, enlarge it, and com- Accepted 25 May 2017

pute the (iterative) weighted mean from it. By doing so, we obtain a
robust estimator in the sense of the breakdown point, which uses more Breakdown point; Estimators;
observations than standard estimators. We apply our approach on the Geometric median; Location;
concepts of boxplot and bagplot. We work in a general normed vector Trimmed mean

space and allow multi-valued estimators.
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1. Introduction

Robust statistical methods try to weaken quite restrictive assumptions of classical methods.
For instance, in many statistical models it is assumed that residuals are independent and iden-
tically distributed. Moreover, the assumption of normality of residuals is often added and the
Euclidean norm is usually employed. But for real data these assumptions are often violated
and classical approaches fail. This leads to a necessity to consider robust statistical methods.
As classical examples of robust methods we mention replacing the I, norm by the /; norm
or replacing the mean by the median. Such development was also enabled by the progress in
computer technologies as the robust methods are usually more complicated and computa-
tionally demanding than the classical methods.

In this article, we are interested in robust estimators for the parameter of location. One of
the first attempts to deal with such estimators are M-estimators, see Huber (1964) or Maronna
(1976). They are computationally simple but suffer from low breakdown point, see Ham-
pel (1971) or Donoho and Huber (1983). This, loosely speaking, expresses the data fraction,
which can be “arbitrarily modified” without affecting the finiteness of the estimator. Its value
is at most d+r1’ see Maronna et al. (2006), where d is the dimension of observations. Later,
multiple estimators got proposed, among others we mention:

e minimum volume ellipsoid estimators (MVE, Rousseeuw, 1985) whose name stems from
the fact that among all “proper” ellipsoids containing at least half of observations, the one
given by MVE has minimal volume. However, their efficiency is rather poor.

e S-estimators (Davies, 1987) have been suggested to overcome the low efficiency of MVE.
They combine approaches of MVE and M-estimators.

e r-estimators (Lopuhag, 1991) also employ the idea of M-estimators but they do not
require preliminary scale estimator.
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¢ Stahel-Donoho estimator (Donoho, 1982; Stahel, 1981) is based on the idea that any

outlier in multivariate case should be an outlier in some univariate projection.

The advantage of these estimators is their high breakdown point, which is the highest which
a shift equivariant estimator can attain. However, their computation usually requires heavy
effort. Therefore, Maronna and Zamarb (2002) suggested a way of reducing the computational
complexity while sustaining the high breakdown point. As a price to pay, one is no longer able
to estimate the covariance structure.

In this article, we follow the goal of finding easily computable robust estimators with high
breakdown point. From a sample, we first select a set A of observations, which are robust in the
sense of breakdown point. Then we utilize these observations to construct further estimators,
for example, by enlarging A and computing the (iterative) weighted mean of observations
from the enlarged set. Set A is based on the geometric median (also called the spatial median),
which is a direct generalization of the real median proposed by Haldane (1948). Since the
geometric median has breakdown point of 7, our estimators will be able to keep this property
as well.

Our estimators enjoy the following nice properties:

¢ Instead of considering the R? space, we work with a general normed vector space X. This

opens a natural way to tackle time series by our approach.

¢ Qur estimators have high breakdown point and are simple to compute.

e We partially consider the covariance structure.

e We are able to work with set-valued estimators instead of single-valued estimators.

Note that estimators usually only satisfy several of the above properties, for example, either
they have high breakdown point or they do not take into account the covariance structure at
all.

This article is organized as follows: in the first part of Section 2 we define basic concepts of
breakdown point and geometric median. Even though geometric median may be a set and not
a point in general, most authors do not handle this fact. Because of this, we have decided to
work with estimators, which are multifunctions (also known as set-valued maps). The second
part of Section 2 contains new results. We propose new estimators, discuss their breakdown
point, and provide a comparison between our algorithms and M-estimators.

Our notation is as follows: by (X, | - ||) we understand a normed vector space. For
a set A C X, we define |A| :=sup,, |Ix]l. Often we will use the bold notation for
X = (x1,...,%,) € X". By the lower index we understand a component of a vector while by
the upper index, we mean an iteration number. A multifunction R : X =3 Y is a generalization
of a function, where R(x) does not have to be one point but may be a (nonempty) subset of
Y. We say that R is bounded on bounded sets if U,c4R(x) is a bounded set for all bounded
sets A C X. Since we consider multi-valued estimators, some of the definitions are slightly
generalized.

2. New estimators based on generalization of trimmed mean

In this section, we first recall the geometric median and on its basis derive other estimators.
The basic idea is to find first the geometric median, then restrict ourselves to a set of neigh-
boring observations and construct an estimator based only on this restricted set. If this set is
chosen in a proper way, the estimator will have a breakdown point of 3. The breakdown point
is nowadays one of the standard measures of robustness and expresses the minimal proportion
of the data, which can be corrupted (made arbitrarily distant) before the estimator becomes
unbounded.
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Definition 2.1. Consider a normed vector space X and an estimator T, : X" =2 X of some
functional T. Forx = (x;,...,x,) € X"andm =1, ..., n define

A, a(x) = {x € X"| X and x have at most m different coordinates },
M, (T, X) = maXpeq,...n) {m ’ SUP3c A n(x), Z€Tn(X), 2Ty (x) Iz -zl < OO} .

Then we say that T, has the breakdown point
1

8Z(Tnv X) = _m:(TrU X)'
n

Finally, for family of estimators {T,, : X" =2 X} we define the asymptotic breakdown point as

¢ := lim inf € (T}, x).
n—o00 xeX

We continue with the definition of geometric median.

Definition 2.2. We define the geometric median as a multifunction T,:X"= X satisfying

fn(xl,...,xn):argminZHa—xjH. (1)

aeX =1

We present now two examples. The first one shows that the choice of the norm can change
the geometric median in a significant way and that the geometric median may indeed be
multi-valued. The second one depicts a simple situation where we are able to compute the
geometric median. Moreover, it will be used later in some proofs.

Example 2.1. Consider X = R? and points x; = (1, 0), x, = (=1, 0), and x3 = x4 = (0, 1).
Then it is not difficult to verify that for the following norms, we have

R, |- ) = Ti(x. ..., x4) = conv{(0, 0), (0, 1)},

R, |- 1I) = Ta(xy, ..., x4) = {(0, 1)},

R - lloo) = Talx1, ..., x5) = {(0, )},

where conv stands for the convex hull. We see that for || - ||, and || - ||« the geometric median
is determined in a unique way. This does not hold any more for || - ||;.
Example 2.2. Consider x € X andx = (xy, ..., X,,), where x; = - - - = x,,, = x for some m >

5. Fix any y € X. Then we have

Ylx—xll= D Ix—xl< D Ix—yl+ D ly—=xl
i=1

i=m+1 i=m+1 i=m+1
n n m m
= WE=yl+ D ly—xl+ D ly—xl =) ly—xl
i=m+1 i=m+1 i=1 i=1

=Y ly—xll+ (n—2mly—xl <) ly—xl

i=1 i=1
due to the m > 7. But this means that x € T,(x).

Recall that a shift equivariant estimator T, satisfies T,(x;+y,...,x,+y) =
T.(x1,...,x,) +yforallxy, ..., x, € X and y € X. For single-valued estimators, it has been
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shown in Maronna et al. (2006, formula (3.25)) that a shift equivariant estimator satisfies

e (T, x) < EL“—”J @
n 2

Since the geometric median possesses this property, it is not surprising, that we obtain
formula (2) as well. Moreover, we obtain even equality in this estimate.

Lemma 2.1. For any x = (x1, ..., x,) € X", we have for the geometric median
~ 1(n—1
8:(Tnax):_L J7
n 2

and thus for the asymptotic breakdown point we have £* = 3.
Proof. The second statement is an immediate consequence of the first one. Note that the first

statement is equivalent to mz(f’n, X) = ny with ny := L%J From Example 2.2, we see that
%, which further implies mﬁ(f},, x) < 7 — 1 < ny. To finish the proof, it is suffi-
cient to show that m’ (TA",,, X) > 1.

Consider thus any X € A, ,(x) and denote by I the index set of coordinates where x and
x differ and by J its complement. Denote by #; the cardinality of I and observe that n; < .
Denoting further R := max;_; __, ||xi|l, we have ||x;|| = |lx;|| < R for all j € J. Taking any

j € Jand y € X, we obtain the following estimate:

m? (T, x) <

YoNE =@l <) N5 — %l +2(—n)R <Y NF =yl + Y lly — %l +2(n — n)R
=1

lel lel lel

=Y ly =zl =D Iy =&l + mlx; - yll +2(n — n)R
=1

leJ
<Y ly=%0 =DMy =%l + D% — &l + m I — yll +2(n — )R
=1 le] le]

<> Ny =&l + @m = m)lly — % + 4(n — np)R.
=1

Since 21, — n < 2ny — n < 0, we obtain that there is R; > 0 such that for all Iyl = R; we
have

n n
Do =m0 < Y lly -l
I=1 I=1

But this means that the geometric median lies in a ball with radius R;. Since there is only finite
number of possible subsets I, we have finished the proof. O

The next lemma is allows us to compute the breakdown point of an estimator.

Lemma 2.2. Consider multifunctions &, : X" = X" and @, : X" x X™ =2 X. Assume that the
following assumptions are satisfied:
1. All components of &, have breakdown point at least p.
2. There exists 3 : X™ =% X which is bounded on bounded sets such that ||®,(x,y)|| <
|D5(y)|l forallx € X" andy € X™.
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Then estimator T, defined as
Tx) = |J &y
yed1(x)
has breakdown point at least p.

Proof. Due to the first assumption, there exists some R > 0 such that for m := np, all X €
A, . (x) and for all y € ®;(X) we have |y|| < R. But then we have ||®,(X, y)|| < [|P5(Y) ]l
which is uniformly bounded due to the second assumption. Thus, the statement has been

proved. O
We come now to new estimators. For a set S C X and a point x = (x1, ..., x,) € X", we
define

— [22] . _ ; -
Z(8,%): U{XIGX 2 HIC{I,...,n}-ngeaIXlez yllfie{plg}\lllxz v,

yeeey

yes

where x; denotes the restriction of x to components I. The interpretation of this set goes as
follows: we select some y € S and choose x; to be the | “5* | observations closest to y. Then
Z (S, x) is the union of all such subsets with respect to all choices of y € S. Since every such
x; contains less than 5 components of x, this set is stable with respect to perturbations of x
whenever less than one half of observations is contaminated.

We will use .Z (S, x) to define further estimators. The next theorem says that if we start with
the geometric median § = YA“” (x) and a multifunction R with certain boundedness properties,
we obtain an estimator with the same breakdown point as the geometric median.

Theorem 2.1. Consider any multifunction R : X L*2*] = X, which is bounded on bounded sets

and for which there exists z* such that |R(Z*, ..., Z°)|| — oc. Then for estimator T, : X" = X
defined as
o= |J Ry (3)
yeZ (Ta(x),%)
and for everyx = (x1, ..., x,) € X", we have the following relation
A 1|n—-1
SZ(Tnl, x) =¢e,(T,,x) = ;L 5 J

Proof. From Lemma 2.2 with m = L”T—lJ, D, (x) = .,Z”(YA’,, (x), x), and ®,(x,y) = R(y) and
Lemma 2.1 we obtain

. 1| n—1
SZ(TJ,X)ESZ(Tn,X)Z—V J
n

2

To show the opposite inequality, realize that the statement is equivalent to m* (T, x) < L”T_IJ .
For contradiction assume that m* (T}, x) > L”T_IJ +1> LgJ We change the first HJ coor-
dinates of x to zF and denote the perturbed point by ¥*. Then Example 2.2 tells us that
2 € T,(%). Due to the definition of .%, we see that (z*, ..., z) € L (T, (%), %) and the
imposed assumption of R implies a contradiction. O

If both R and . (YA"” (x), x) are single-valued functions, expression (3) reduces to

T!(x) = R(ZL(T,(x), x)).
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Moreover, in such a case & (YA}, (x), x) denotes one half of observations, which are closest to
the geometric median. There are several natural choices for R: for example, mean, weighted
mean, or geometric median.

One of possible drawbacks of estimator (3) is that it utilizes only half of the original data. We
want to make use of as many observations as possible while maintaining the high breakdown
point. To this aim, we first consider a general set . C X" for some m € N, for example, we
may consider mean of x as a subset of X or f(fn (x), x) as a subset of XL"7']. Then we
consider some b : X x X" — [0, 00) and enlarge . by defining

&% = {x,| I={il x € U By b(yj,x))}} . (4)
ye&

Here, B(y;, b(y;, x)) stands for a ball around y; with radius b(y;, x). The interpretation goes
as follows: from . we select y, make balls around all of its components, and select all com-
ponents of x, which lie in the union of this balls.

Example 2.3. Consider the case of X = R, n = 5, and x = (—3, —2, 0, 2, 4). Then the geo-
metric median equals to T, (x) = 0 and since ny = an;lJ = 2, we also have

L(T,(x),x) = {(=2,0), (0,2)} C R
If we consider b = 1, then
E(L (T,(%), %), X) = {(=3,=2,0), (0,2)}.
Note that both elements of &(.Z (T}, (x), x), x) are of a different dimension.

We obtain the following variant of Theorem 2.1, for which we omit its identical proof.

Theorem 2.2. Consider b: X x X" — [0, 00) bounded on bounded sets in the first variable,
uniformly in the second one, any family of multifunctions R, : X* = X fors =1, ..., n, which
are all bounded on bounded sets and for which there exists z* such that | R,(z*, . . ., Z5)| — oo.
Then for estimators T? : X" = X and T : X" = X defined as

') = | Ramy®. (5a)
ye&(Th(x).%)
T (x) = U Ramy® (5b)

Ye& (L (Tn(%).%),%)

and for every x = (x1, ..., x,) € X", we have the following relation for breakdown points

sﬁ(Tnz, X) = ej(T:, X) = SZ(YA}, X) = an IJ.
n 2

Function b should neither have too large values (which corresponds to big enlargement

of the set in question) because outliers may be close to the non-contaminated data, nor too

small values because some information could be missed. We suggest a possible choice in the
Appendix.

To improve the behavior of the estimators, we implement an iterative procedure. We

start with geometric median 2° = T,(x) and in every iteration k compute a new estimate

z*. To do so, we employ (5b) with R being the weighted mean, where the (non-normalized)
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weights satisfy

1 ify; € Z({Z'}, %),

k=1 .y i ,
wi(z", ) = max (1 - l{’ %’”) otherwise (6)
yjeL (Z1).%) o

for some b* based on .2 ({z¥~'}, x). This choice of weights makes use of the possibly division of
components of y € &,(-Z ({z"'}, x), x) into two parts: those who belong to .Z ({zF!}, x) and
those who were added by enlarging this set. For the first part, we choose the (non-normalized)
weight equal to one, the weight for observations from the second part decreases with the
increasing distance to .Z ({zF"!}, x). We summarize this approach in Algorithm 2.1. Con-
sidering the termination criterion, any standard criterion may be used, for example, if the
(relative) change in z* is small.

Algorithm 2.1 An estimator based on iterative weighting

Input: observations x = (x, ..., X,)
k< 0,2° « T,(x)
2: while not terminate do
3: k< k+1

4 determine b* based on .Z ({7}, x)

5 pick any y* € &4 (L ({Z51}, %), x)

6: compute w* according to formula (6) and renormthem such that their sum equals
tol

no 2= T wlyl

8: end while

9: return estimate X < z*

Finally, we would like to point out that every update step in Algorithm 2.1 keeps the stability
result, which we already mentioned several times in the previous text. For k = 1, we may write

Zk = U (DZ(X’ Y)7

yeP; (x)

where y =y!, ®,(x) := &,(Z({z°}, x), x), and ®,(x,y) := Zdimyl w;(x,y")y!. Then @,

i=1
has breakdown point %L”Z;IJ and since ||®,(x,y)|| < nmax,,e, ||lyi|l holds true, thanks to
Lemma 2.2 we obtain that z' has the same breakdown point. By applying the same proce-
dure to subsequent iterations, we obtain the same result for all z*.

In the previous text, we highlighted some benefits of our estimators. Note that naturally
there are also situations where it is better to use standard estimators. Consider, for example,
the one-dimensional double exponential distribution with density % exp(—|x — p]). Then the
(geometric) median coincides with the maximum likelihood estimator of i, see sec. 6.3 in
Lehmann and Casella (2006), and therefore the median is the most efficient estimator. Thus,
by employing additional observations apart from the median, we only worsen the quality of
an estimator. However, to benefit from such situation, we would have to know the true distri-
bution and know that there is no contamination.

Remark 2.1. There is some connection between our estimators with M-estimators. In
Algorithm 2.2, we summarize the algorithm from Maronna et al. (2006, sec. 2.7.3).
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Algorithm 2.2 M-estimator from

Require: observations x = (xi, ..., X,), weighting functions W, and W,
1: k < 0,2° < T,(x), dispersion estimate ¢°

2: while not terminate do

3 k< k+ 1}
X i gk—1

4 ri < 1ak*1

5: wk <~ Wi (rF), wk . < W, (r*) andnorm the weights to sum to one
k nok k 1\ )k k=142

6: 25— ) Wy X, 0F < - Yo wy (i — 2

7. end while

8: return estimate X < z*

Both approaches (iteratively) compute a weighted mean of observations. While M-
estimators are based on the maximum likelihood estimate, ours are based on geometric intu-
ition and trimmed mean. If X = R and if W, in Algorithm 2.2 has finite support, we can say
that our estimators belong to the very wide class of M-estimators. This changes for RY though.
Under the standard assumption that W, is symmetric around zero and non-increasing on rays
emanating from zero, the weight of an observation depends only on the distance from z<~!.
Thus, two observations have the same weight if and only if their distance to zF~! is identi-
cal. On the other hand, in our approach all points in .Z({z*"!}, x) have the same weight and
this set is enlarged farther for distant observations. Thus, even though none of the algorithms
estimates the covariance structure, our algorithm makes at least an attempt to consider it.

Of course, there are M-estimators, which along with the location also properly estimate the
covariance structure. But this raises the computational complexity and reduces the breakdown
point to d#ﬂ. To summarize: we can say that our algorithms try to pick the best properties of
M-estimators, on one hand they have high breakdown point and are simple to compute; on
the other hand, they at least partially consider the covariance structure.

Another advantage of our estimator over M-estimators is a simpler theoretical analysis. To
show that our estimator has the limiting breakdown point 3, it is sufficient to apply Lemma
2.2, which itself directly follows from the definition of the breakdown point. To the best of our
knowledge, such direct application of the definition is not possible for M-estimators, for exam-
ple, one has to take care of properties of weighting function due to the division by dispersion.

3. Numerical results

In this section, we first show numerical performance of our estimators and then show how
they comply with the well-known concepts of boxplot and bagplot.

3.1. Numerical performance

We consider X = R? with d € {1, 15} and compare our algorithms with known estimators;
for reader’s convenience we summarize the used algorithms in Table 1.

To generate the samples, we first generate z; from N(0, 1), then contaminate them by
some distribution with probability p and finally modify them via a covariance structure. This
modification is performed in the following way: we randomly generate a correlation matrix
C and diagonal matrix X* with diagonal elements having distribution U[0.5, 10]. Then we
compute covariance matrix V = XCX, its Cholesky decomposition V = ST, and finally set
yi = Sz; + u, where = (0, ...,d — 1). Together we consider N = 10,000 samples with
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Table 1. Summary of algorithms. The horizontal line divides them in known and our algorithms.

Mean mean

Med median or geometric median

Trun a-truncated mean witha = 0.2

Winsor «-winsorized mean with o = 0.2

M1 Huber M-estimator, see Huber (1981)

M2 Algorithm 2.2 from Maronna et al. (2006)

SD Stahel-Donoho estimator, see Stahel (1981) and Donoho (1982)
GM1 formula (3), where R is the mean

GM2 formula (5a), where R is the mean

GM3 Algorithm 2.1

Table 2. Value of loss function (7) for contaminations of N(0, 1) by some other distribution with probability
pforX =R.

Distribution p Mean Med Trun Winsor M1 M2 GM1 GM2 GM3

0 0.080 0.099 0.085 0.083 0.081 0.081 0.116 0.085 0.083
N(0, 100) 0.05 0.190 0.103 0.089 0.089 0.084 0.088 0.119 0.087 0.086
Cauchy 0.05 0.657 0.099 0.086 0.084 0.082 0.083 0.116 0.086 0.084
U(-10, 10) 0.05 0.129 0.103 0.090 0.089 0.084 0.088 0.120 0.087 0.086
N(0, 100) 0.1 0.259 0.110 0.096 0.097 0.089 0.098 0.125 0.090 0.089
Cauchy 0.1 0.642 0.101 0.088 0.087 0.084 0.086 0.116 0.088 0.086
U(-10, 10) 0.1 0.162 0.108 0.095 0.096 0.090 0.096 0123 0.090 0.090

U(-20,10) 0.4 1.992 0.288 0.565 1.098 0.192 0.596 0.198 0.161 0.153

n = 100 observations. The loss function equals to

LN
NZZ'X"J—”J"’ (7)
i=1 j=1
where %; ; denotes an estimate for sample i and coordinate j =1, ..., d.

We present the results in Table 2 for X = R and in Table 3 for X = R'*. The values show the
loss function (7) for contaminating distribution (first column) with given probability (second
column). Bold numbers are the best values among all estimators and numbers in italic are
those within 5% of the best loss function value. For X = R, the results between M-estimators
and our estimators are comparable with M-estimators in a slight lead, which is not surprising
due to Remark 2.1. For X = R, the performance of both estimators turn around and now
our estimators perform better than the examined M-estimators. This is again expected as our
estimators try to take into account the covariance structure as explained in Remark 2.1. For
the second case, our estimators manage to beat the Stahel-Donoho estimators almost in all
cases.

Table 3. Value of loss function (7) for contaminations of N(0, /) by some other distribution with probability
pforX = RP.

Distribution p Mean Med M1 SD GM1 GM2 GM3

0 0.151 0.154 0.151 0.159 0.213 0.151 0.152
N(0, 100) 0.05 0.360 0.162 0.155 0.160 0.215 0.155 0.156
Cauchy 0.05 2424 0.160 0.160 0.160 0.214 0.155 0.158
U(-10,10) 0.05 0.241 0.161 0.160 0.160 0.215 0.155 0.157
N(0, 100) 0.1 0.491 0.169 0.160 0.161 0.217 0.159 0.160
Cauchy 0.1 2.095 0.167 0.171 0.162 0.216 0.160 0.165
U(-10,10) 0.1 0.308 0.168 0.171 0.162 0.217 0.159 0.162

U(—-20,10) 0.4 3.586 0.610 0.371 0.194 0.234 0.215 0.214
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(a) p=0.1,n = 100, N(0,100) (b) p =04, n=100,U(-20,10)

Figure 1. Comparison of the classical boxplot (left-hand side of each figure) and our modification (right-
hand side of each figure). In both cases, we contaminate N(0, 1) with a probability p by the distribution
described under the figures.

3.2. Relation to boxplot

Boxplot was proposed for the first time in Tukey (1977). It takes the median, then computes
the interquartile range (IQR), which is later widened. Observations, which are not present
in this widening (known as whiskers) are considered as outliers. We compare boxplot with
our method, where instead of considering IQR, we takey € .Z (f‘n (x), x). Thus, we do not
need to take 25% observations with lower value than the median and 25% observations with
higher value than the median but we take 50% observations closest to the median. Whiskers
are based on &; ({y}, x).

We depict this comparison in Fig. 1. We contaminate the standard normal distribution by
some other distribution. In each (sub)figure, the left-hand side is the boxplot and the right-
hand side is our modification. Since both approaches differ in the way in which they treat non-
symmetry, both graphs in the left figure are identical. However, if we assume non-symmetric
distributions (right figure), then our modification is able to detect outliers in a better way than
the standard boxplot.

3.3. Relation to bagplot

In this subsection, we consider generalization of boxplot into more dimensions. For two
dimensions, this is known as bagplot and was studied for the first time in Rousseeuw et al.
(1999). For generalization to functional data, see, for example, Sun and Genton (2011).

To construct bagplot, a real number called depth is assigned to every observation, see Zuo
and Serfling (2000). Then the observation with highest value of depth is called the depth
median and the convex hull of approximately 50% observations with the highest depth is
called the bag (this corresponds to IQR for boxplot). Then the bag is enlarged to the so-called
fence (which corresponds to whiskers for boxplot). The observations not in the fence are con-
sidered as outliers.

We now present our modification of the bagplot, illustrated in Fig. 2. Having a sample
X, we compute first its geometric median Tn (x). For simplicity, we assume that it is defined
uniquely. Then we choose an arbitraryy € X 12| from & (T, (x), X), construct a convex hull
containing all coordinates of y, and call this set the bag. In the last step, we enlarge the bag by
considering

coinv{f}, x) + 30 — T,(x)},
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Figure 2. Description of the bagplot based on GM2. (O): observations, l: mean, e: fn (x), full and dashed
line: convex envelope of . and &, respectively, ¢: GM1, #: GM2, X: outliers.

see a similar procedure in Rousseeuw et al. (1999). In this figure, we also denote GM1 (as the
mean of all observation in the bag) and GM2 (as the mean of all observation in the fence).

Here, the geometric median corresponds to the depth median, the convex hull to the bag,
and its enlargement to the fence. Note that the construction of the fence is very similar to the
construction of &,(.% (f}, (x), x), X). Moreover, since the construction of GM2 is based on
objects, which have the limiting breakdown point of , estimator GM2 has the same property.
On the other hand, since bagplot is a generalization of boxplot, which has breakdown point of
1, we cannot expect the bagplot to have higher breakdown point than this. Thus, our version
of bagplot deals better with outliers than the original method.

Appendix: Choice of b

In this short section, we derive an estimate for b for algorithms GM2 and GM3 described
in Table 1. Note that due to the construction of the algorithm, it is sufficient to define b, :=
b(x;, x) for all observations in .& (YA}, (x), x). Since we want to keep GM2 as simple as possible,
we consider constant b and relax this assumption for GM3. Moreover, we derive different value
for one- and more-dimensional cases. We start with a technical lemma.

Lemma A.1. Let Y be a random variable with a finite second moment, distribution function
G, mean u, standard deviation o, and let q, , denote its quantile function. Then for a fixed
a € [0, 1], the following ratio does not depend on the values of i and o

_ uo(1 = @/2) — guo(@/2)
du.c (075) —Yu.o (025) ’

KG,a

Proof. This follows from the fact oqo ; (&) + it = g0 (). O
For the case of one dimension, consider a randgm sample x from N(u, 0?) and denote its
median by T, (x). For simplicity assume that . (T, (x), x) C R isa singleton. Then we
may estimate g, ,(0.75) — g,,.» (0.25) by
max % (T,(x), x) — min Z(T,(x), x).

Then we define b as

maxf(fn(x), X) — ming(fn(x), X) _ Guo (1l —a/2) —qu.(a/2)

b:= K
N, 1), 2 2
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This value thus estimates the distance between chosen quantiles divided by two. If we take all
observations, which distance from median is b, then we get, under assumption of not con-
taminated normality, approximately 1 — « of our observations.

For the multidimensional case R?, we assume that x follows the N (i, o2I) distribution.
We use max, . o ) x) ly — Tn (x) || as an approximation of o x} 5.» Where Xo 5.q 18 the quantile
function of x? distribution with d degrees of freedom evaluated at probability 0.5. To include

approximately fraction o € (0, 1) of all observations, we set

. bor
b.= max ”}/_Tn(x)“ :’ .

yeZL (Ty(x),x) X()_s,d

For GM3, we consider directly RY. Assume again that our sample x has distribution
N(u, 0%I), then for x; from the boundary of £ (T, (x), x) we have

i = (0l

o

2
0.5,d*

Now fixing given probability level o € (0, 1) and weight w € (0, 1), we want to have all x,
with

X — T, (x)|| >
~ Xa d
o s

to have weight (6) at least w. But plugging this in the definition of weight results in
l—xll e =TI _ =Tl o (/o in)
b, > > — ~ ( 2 2
T 1l-w T 1-w 1—w 1—w \Ved Xos.d
_ o “xi - Tn(x)” ( X2 _ Xz )
= = vV Xa,da Ty Xosa) -
1= - T,
Approximating again the distribution and taking minimum value of b;, we set

2. X;,d Ry, Xg.s,d N
b= ————|x; — T,

(1 - w) X(%S’d

In the numerical experiments, we have chosen « = 0.99.
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