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Since 2017, Jordanova and co-authors investigate probabilities for p-outside values and
determine their explicit forms in many particular cases. They show that they are closely
related to the concept of heavy tails. Tukey’s box-plots are very popular and useful
in practice. In particular, the relative frequencies for observing a data point in different
sections of the box-plot can help practitioners find the exact probability distribution of the
underlying random variable. These open the door to working with distribution-sensitive
estimators, which can be more accurate, especially in small sample investigations. All
these methods, however, suffer from the drawback that they use the interquantile range
in a symmetric way. This study gives greater influence on asymmetry in the analysis
of the tails of distributions. New theoretical and empirical box-plots and characteristics
of the tails of distributions are suggested. The theoretical asymmetric p-outside value
functions do not depend on the center and scaling factor of the distribution and do not
need existence of moments. Therefore, they are appropriate for comparing the tails of
distributions and for estimating the parameters that govern their tail behaviour.
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Ot 2017 r. MlopnanoBa 1 ¢baBTOPU H3CJIEABAT BEPOSITHOCTUTE 33 P-BBLHIIHU CTONHOCTH U
HaMUPAT TEXHUS SIBEH BUJ B MHOTO KOHKDETHU CJIy4dan. |e moKa3BaT, ue T€3H BEPOSATHOC-
THU Ca TICHO CBbP3aHU C KOHIEMIUATA 3& TEKKN onamkn. Kyruure ¢ mycradku Ha Tioku
ca MHOIO TOIYJISIPHU W IOJIE3HU Ha HpakTuka. OTHOCUTETHUTE YECTOTU HA ChOUTHSATA
IaJIeHO HAOJIIo/IeHne J1a, MOTaIHE B PA3JIMYHU TEXHU YaCTH JONPUHACIT 338 HAMUPAHETO
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Ha TOYHOTO BEPOSITHOCTHO pasmpejieieHne Ha HabTIoMaBaHaTa BeInInHA. Te TpaBsaT Bb3-
MOYKHA paboTara ¢ 49yBCTBUTEIHU KbM PA3MPEIEIEHNETO OIEHKN, KOUTO MOTaT Ja 6baaT
IIO-TOYHHU, OCODEHO ITPU MAJIKU U3BaIKU. BCUYKM Te3u MeTo/u, obade CTpajaT OT HeJ0C-
TaTbKa, Ye M3M0/I3BAT MEXK/IYKBAHTUIHHUS pa3Max 0 cuMeTpudeH HaduH. Pesynrarure
OT TOBa U3CJEeJBaHE TO3BOJISIBAT IMO-TOJISIMO BJIMSIHUE HA aCUMETPHUSITA BbPXY aHAJIN3A
Ha OIAIIKUTe Ha pa3mpeieseHusTa. 1[peokeHn ca HOBH TEXHU TEOPETUIHU U €MIIU-
pruunu rpadUKu U XapakTepUCTUKU. Acumerpudaure (pyHKIUA HA BHHITHUTE CTORHOCTH
HE 3aBUCAT OT IEHTbPa U KoedUIMEeHTa Ha MalabupaHe Ha pPA3lpeeJeHNeTO U HIMAT
HY?KJ[a OT CbIIECTBYBaHe Ha MOMEHTHU. Te ca IOJIXO/sAIM 338 CpaBHsIBaHe HA ONAIIKUTE U
3a OlleHsIBaHE Ha IIapaMeTPUTE, KOUTO YIPABJISBAT TIXHOTO IIOBEJIEHNE.

KirouoBu AYyMMU: PA3INPEaeIeHUus C Te2KKHU OIIalllK!, OIIEHKU Ha €KCTPEMAaJJIHUA THIIEKC

1. Introduction. Throughout this work, we consider a sample of independent
identically distributed (i.i.d.) observations X7i,...,X,, on a random variable (r.v.) X
and the corresponding increasing order statistics X7., < ... < X,,.,. Denote the right-
continuous version of the cumulative distribution function (c.d.f.) of X by Fx(z) =
P(X < x) and its quantile function (generalized left-continuous inverse) by Fx (p) =
inf{z € R: Fx(z) > p}, p € (0,1]. We assume that Fx is continuous, Fx (0) = sup{z €
R : Fx(x) = 0}, and sup () = —oo. The empirical p-quantiles can be defined in different
ways. We restrict ourselves to the version defined via the empirical c.d.f.,

0., T < Xl:n;

(1) Fn(x) = 1; T € [Xi:n;Xi+1:n)§ zeR.
n
1, 2> X,

Then F,,(X;.n) =i/n,i=1,2,... n.

Assume that F,; (0) = Xy, and, for p € ((i — 1)/n,i/n], i = 1,2,...,n, define the
empirical quantile function by
where [a] is the ceiling of a, i.e. the smallest integer greater than or equal to a. See,
e.g., [2, 5, 10]. The above can be implemented in R using the function quantile with
parameter Type =1 [9]. Then Fy (i/n) = Xip, 1 =1,2,...,n.

In 1977-1978, Tukey et al. [11, 8] defined the box-and-whisker plots. In [1], there is
a definition for mild and extreme outliers related to similar extremal box-plots. These
works define outliers as points isolated to varying degrees from the center of the distri-
bution, without taking into account the exact distribution of the observed r.v. Given a
sample of independent observations on a r.v. of a fixed probability type, the authors of [6]
compute the probabilities of an observation to be a mild or extreme outlier and suggest
to classify the tails of the linear probability types with respect to these probabilities. The
latter, compared with Devore’s plots for extreme outliers, allows one to determine ap-
proximately the distribution of the observed r.v. Later, Jordanova and co-authors [7, 4, 5]
generalize these results for arbitrary p € (0,0.5]. They investigate the probabilities for
p-outside values and determine them in many particular cases. All these results suffer
from the drawback that they use the interquartile range (IQR) in a symmetric way. More
precisely, the midpoint of the interval between the p-th and (1 — p)-th quantile coincides
with the midpoint of the interval between the corresponding left and right p-fences. It
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is well-known that the tail behaviour is not obligatory symmetric with respect to the
center of the distribution. Here, we give greater influence to asymmetry when analyzing
the tails of distributions and improve these results. We suggest new theoretical and em-
pirical asymmetric p-box-plots and corresponding probabilities for asymmetric left and
right p-outside values. We then find their explicit forms in the Pareto and Fréchet cases.
This allows us to improve the existing classification of distributions in terms of their tail
behaviour. Finally, we present how these characteristics can help us find the most appro-
priate classes of distributions for fitting the corresponding distribution of the observed
r.v.

This work mainly considers the right tails of distributions in the case where there
are positive probabilities for right p-outside values. There are many cases where these
probabilities are zero. In these cases, we do not need to estimate the parameter which
governs the tail behaviour. Therefore, these cases are not the subject of this study.
Analogous results for the left tails can be easily obtained by multiplying the considered
r.v. by —1.

2. Definitions and preliminaries.

Definition 1. Fiz p € (0,0.5]. We call the theoretical asymmetric right p-fence
the value of

RA(Fx,p) = RAX.p) 1= P (1= p) + 22 L (F5 (1 =) — F5 05)

2— 1-
= PR -p) -2—LFg(05)
p p
2 _
= F£(0.5) + Tp(pgu —p) — F£(0.5)).

The corresponding function of p € (0,0.5] is called the theoretical asymmetric right
fence function.

Definition 2. Fiz p € (0,0.5]. We call the theoretical asymmetric left p-fence the
value of

LA(Fx.p) = IA(X.0) o= F () = 2L (P (0.5) = Fi: (9)

2—p 1—p
= = EFE ()~ 2 FFE(05)

2-p
=F§®5%——;%F§@5%—E?@»
The corresponding function of p € (0,0.5] is called the theoretical asymmetric left

fence function.

LYX, p) F(p) F(0.5) F<(1p) RIX D)

Figure 1: Scheme of asymmetric theoretical box-plot.

Figure 1 depicts an example of the placement of asymmetric fences with respect to
the center of the distribution in the case when p = 0.25.
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Definition 3. Fiz p € (0,0.5]. We denote by

PaRp(X) = parp(Fx) = P(X > R*(Fx,p))
the probability that a r.v. X exceeds the theoretical asymmetric right p-fence of its dis-
tribution, and call it the probability for asymmetric right p-outside value. The
corresponding function pa g »(X) of p € (0,0.5] is called the theoretical asymmetric

right outside value function.
Definition 4. Fiz p € (0,0.5]. We denote by
pa,Lp(X) = pa,rp(Fx) :=P(X < L4(Fx,p))

the probability that a r.v. X is less than the theoretical asymmetric left p-fence of its
distribution, and call it the probability for asymmetric left p-outside value. The
corresponding function pa.r,(X) of p € (0,0.5] is called the theoretical asymmetric
left outside value function.

The main but easy to prove property of these probabilities is that, for any constants
a€Rand b > 0,

X+a

X +a
(3) paLp(X)=DpaLy <b> and  pa.rp(X) =Darp (b> )

This means that they do not depend on the center and scaling factor of the distribution.
Therefore, they are very suitable for comparison of the tails of distributions and esti-
mation of the coefficients which govern the tail behaviour. Here again we must clarify
that if the scaling is negative, then we have to change our considerations, and instead of
the left tail the results are for the right tail and vice versa. The most important case is
pa.Lp(—X) =pa rp(X), because pa,rp(—bX) =pa rp(X), for any b > 0.

Another interesting property is that these probabilities are invariant with respect to
exceedances of the distribution. More precisely, for all p € (0,0.5] and ¢ € R such that
P(X <t)>0,

PaLp(X —t| X >t) =parp(X|X >t), parp(X —tX >t)=parp(X|X >1).
Remark. The asymmetric outside values depend on the distribution of the considered
r.v. An observation can be an asymmetric p-outside value with respect to (w.r.t.) a
distribution, and for the same p, not be an asymmetric p-outside value w.r.t. another
probability law. In this way, one can chose the probability type that fits the data in the
best way.

By plugin the estimators (1) and (2) in the above four definitions, we obtain the
corresponding empirical counterparts.

Definition 5. Fiz p € (0,0.5]. The empirical asymmetric right p-fence is

RAp) = B (1= p) + 2L (1= p) = B (05))

2— 1-—
= = EE(1-p) -2 LET(05)

= F05)+ LB (1= p) - B (09),

The corresponding function of p € (0,0.5] is called the empirical asymmetric right
fence function.
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Definition 6. Fiz p € (0,0.5]. The empirical asymmetric left p-fence is
l—p
Ly (p) == Fy (p) - QT(FTT(O-L’)) -y (p)

2 — 1-—
e 27%:(0.5)

= F(05) - 2—P(E(05) - - (0).

The corresponding function of p € (0,0.5] is called the empirical asymmetric left
fence function.

Definition 7. Fiz p € (0,0.5]. We call the empirical asymmetric right (or left)
p-outside values the observations X;, i = 1,2,...,n that are bigger (or smaller) than
RA(p) (or LA(D)).

Definition 8. Fiz p € (0,0.5]. The relative frequency of the observations X;, i =
1,2,...,n that are bigger (or smaller) than R2(p) (or L2 (p)) is called the plug-in es-
timator of the probability for asymmetric right (or left) p-outside value. We
denote them by pa.1(p) (or pan(p))-

Analogously to the results in [5, Section 3.3|, it can be shown that under relatively
general conditions the empirical asymmetric right(left) p-fences are asymptotically unbi-
ased, asymptotically normal, weakly consistent, and asymptotically efficient estimators
for the corresponding theoretical asymmetric right(left) p-fences. Moreover, the latter
plug-in estimators are weakly consistent and, under mild conditions, are asymptotically
unbiased and asymptotically efficient estimators for the corresponding probabilities for
asymmetric p-outside values.

3. Particular cases. Probabilities for extreme outliers (or “0.25-outside values”) for
the probability distributions considered in this section are computed in [7, 4, 5]. Here,
we determine theoretical asymmetric fence functions and theoretical asymmetric outside
value functions for four particular cases: exponential, Pareto, Fréchet, and log-logistic.
We consider p € (0,0.5] and, due to property (3), without lost of generality, we chose the
simplest parametric form of the considered linear probability types.

Exponential [-type. Let X be a r.v. with c.d.f. Fx(z) =1—e " for x > 0, and
Fx(z) = 0 otherwise. Then F¥ (p) = —log(1 — p) and R*(X,p) = —(2 — p)log(p)/p —
2(1 —p)log(2)/p. In this case, L4(X,p) = —(2 — p)log(1 —p)/p — 2(1 — p)log(2)/p. The
plots of pa rp(X) = p(=P)/p4(=P)/P apq prp(X), see [3, 5], are presented in Figure
2. For p € (0,po], where pg is the solution of (2 — p)log(l — p) + 2(1 — p)log(2) = 0,
ie. po =~ 0,4041, we have pa 1 p,(X) = 0. When p € (po,0.5], we have par p(X) =
1— (1 —p)@P/p40=P)/P Iy particular, pa g.o.25(X) = 1/256 ~ 0.0039.

Pareto [-type with positive shape parameter ¢ = a~! > 0. In this case, X
is a r.v. with c.df Fx(z) =1 — 2" for 2 > 1, and Fx(x) = 0 otherwise. Then
Fx (p) = (1-p)~ and RY(X,p) = (2 p)/p'"* — (1 -p)2°*" /p. Now, LA(X,p) = (2 —
p)/(p(1—p))—(1—=p)2°*" /p. The plots of pa g, (X) = ((2—p)/p" T¢—(1—p)2¢T! /p)~1/¢
and ppp(X), see [3, 5], for different values of the shape parameter &, are presented in
Figure 3. We observe that the larger the parameter &, the greater these probabilities are.
This corresponds to the well-known result from extreme value theory that the greater the
parameter &, the heavier the right tail of the distribution. Analogously, for p € (0, po],
where po is the solution of (2 — p)(1 — p)~¢ — 2571(1 — p) = p, we have parLp(X) =0,
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Figure 2: pa g p(X) (solid line) and Figure 3: pa,rp(X) and pgrp(X) in
Prp(X) (dashed line) in the the Pareto cases.
exponential case.

and pa,zp(X) =1 (2= p)/(p(1 —p)°) = (1= p)2°*" /p) 7%, for p € (po, 0.5].

Fréchet [-type with parameter a > 0. Let us now consider a r.v X with c.d.f.
Fx(z) = exp{—2~%} for x > 0, and Fx(z) = 0 otherwise. In this case, the quantile
function is Fir (p) = (—log(p)) /. Therefore, Definitions 1 and 2 entail

LA(X,p) = W(—logua))-é -2 og(2)

R0 = Eo P tog - ) 2P log(2) .

In this case, L*(X,p) > 0 if and only if (2 — p)(—1log(p))~Y/* > 2(1 — p)(log(2)) "/« if
and only if (—log(2)/log(p))Y/* > 2(1 — p)/(2 — p) if and only if log(— log(2)/ log(p)) >
alog(2(1 — p)/(2 — p)) if and only if a > log(—1log(2)/log(p))/log(2(1 — p)/(2 — p)).
The last consideration means that if we denote by aq := log(—log(2)/log(p))/log(2(1 —
p)/(2 — p)), then for a € (0, o], we have p4 1 ,(X) = 0, and for a > ay, letting py be
the solution of (2 —p)(—log(p))~/* = 2(1 —p)(log(2))~'/*, we have, for p € (0, po], that
pA,L,p(X) =0 anda for pe (p()a 05]7

1 1 1-p )
paLp(X) = exp { (p(log@)) " (log(2) ) } :
Analogously, we obtain RA(X,p) >0, for all @ > 0 and p € (0,0.5]. Therefore,

Parp(X) =1 —exp {— <(2;p)(—10g(1 _p) -2t ;p(log(2))—;>a} .

In this case, the plots of pa g ,(X) and pg ,(X) (the latter is defined in [3, 5]) as functions
of p and for different values of the parameter a could be seen in Figure 4. We observe
that the smaller the parameter «, the greater these probabilities are and the heavier the
right tail of the distribution.

Log-logistic [-type with parameter a > 0. Let X be a r.v. with c.d.f. Fx(x) =
1/(1 4+ 27) for > 0, and Fx(z) = 0 otherwise. This c.d.f. corresponds to Fx (p) =
(p/(1=p)"/*, RYX,p) = (2= p)((1 = p)/p)"/*/p — 2(1 = p)/p and L*(X,p) = (2 —
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Figure 4: pa r,(X) and pgp(X) in the Figure 5: pa g p(X) and pg,(X) in the
Fréchet cases. Log-Logistic cases.

p)(p/(1 — p)/*/p — 2(1 — p)/p. The latter means that L*A(X,p) > 0 if and only if
a > oy > 0, where ag = log(p/(1 —p))/log(2(1 — p)/(2 — p)). Thus, parp(X) =0,
for all p € (0,0.5], when @ < ag. If @ > ap and pp is the solution of the equation
(p/(1 —p))l/a =2(1-p)/(2—p), then pa r,(X) =0 when p € (0, po], and

1
pa,Lp(X) = - when p > po.

2-p( p \* _9l=p -
1+(p<1—p) 2p>

Analogously, we obtain R4(X,p) > 0, for all a > 0. Therefore, for all p € (0,0.5],
1

1 (e
2—p (1-p\® _9l-p
1+<p(p> 2p>

The last probability, together with pg ,(X), are plotted in Figure 5. They confirm that
the tail behaviour of the log-logistic distribution is very similar to the one of Pareto and
Fréchet distributions.

4. A new classification of linear probability types with respect to their tail
behaviour. It is well-known that in the case where it exists, the tail index governs the
tail behaviour of the corresponding probability c.d.f. independently of the location and
scale parameters. The same is true for the probabilities for asymmetric right p-outside
values. However, these probabilities allow us to insert a larger class of distributions in
this partial ordering for any fixed p. Here, we fix p = 0.25. To simplify our considerations,
we discuss only absolutely continuous distributions with infinite supports.

Using the results in the previous section, we obtain that, for all distributions in the
exponential linear probability type, the probability of asymmetric 0.25-outside values is
pa,rp(X) =~ 0.0039. Analogously, we could compute that for the Gumbel linear type it
is & 0.0015, and for the logistic case it is =~ 0.0005. The dependence of the probabilities
for asymmetric 0.25-outside values on the parameter o = 1/¢ within the set of positive-
Weibull, Hill-Horror (see, e.g., [5] for the definition), and the considered distributions
is presented in Figure 6. In this plot, the exponential distribution appears as positive-

paRp(X) =
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Weibill with parameter o = 1.
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Figure 6: Dependence of pa g ,(X) on a.

The classification, based on the probabilities for asymmetric 0.25-outside values, con-
firms the corresponding well-known results based on the concepts of light- and heavy-
tailed distributions and the extremal index. Its advantage is that it is more detailed, and
therefore, more useful in practice. It outperforms the popular concept of kurtosis insofar
as in many of the considered cases the kurtosis does not exist.

5. Two distribution-sensitive estimators of the parameters which govern
the tail behaviour. Simulation study. Here, we assume that we have a sample of
i.i.d observations, that there is at least one observation which is larger than the em-
pirical asymmetric right p-fence, and that R4(p) > 1. Thus, we are working given
Xpm > RA(p) > 1. Depending on the values of the plug-in estimators of Pa,rp(X) and
pa,Lp(X), we choose the most appropriate probability types for modelling the observed
r.v. Then, analogously to the method of moments and by using the expected equality
between the large sample estimates and the theoretical values of ps g, (X), we express
the unknown parameter. In this way, we obtain different formulae for the estimators.
In order to simplify the computations, empirical asymmetric right p-fence can be used if
needed. Finally, we can use some goodness of fit test in order to chose the best model.
It is clear that in order to apply this algorithm, we need the explicit form of pa g ,(X).

We consider two cases and obtain the following distribution-sensitive estimators.

Case 1. If the observed r.v. X is Pareto(«), a > 0 distributed, then we apply

_ log (pa,r(p))
log (R4 (p))
Case 2. For X € Fréchet(a), o > 0 the corresponding estimator is
_log (=log (1 —pa,.r(p)))
log (74 (p))

The best value of p seems to be around the middle of the interval (0,0.5], because in
this case the sensitivity of pa g ,(X) with respect to the different probability laws is the

6zPa'r',n (p) =

aan (p) =
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Table 1: Empirical results.

Distribution AParn OFrech,n
: . ett
of X. " Mean St. Dev. Mean | St. Dev. es]fj)l%la?c%r

30 | 05434 | 0.1318 | 0.5318 | 0.1341 QFrn
100 | 0.5147 | 0.0692 | 0.5024 | 0.0707 Qprn
1000 | 0.5011 | 0.0205 | 0.4887 | 0.0210 | Aparn

10000 | 0.5002 | 0.0065 | 0.4877 | 0.0066 | @parn

30 1.0339 0.2339 | 1.0209 | 0.2366 QFrn
100 1.0345 0.1544 | 1.0229 | 0.1571 QFrn

Pareto(a) | a=1"1 1500 | 1.0033 | 0.0445 | 0.9917 | 0.0453 Qparn

10000 | 1.0004 | 0.0141 | 0.9889 | 0.0144 | @pgrn
30 | 1.8935 | 0.3993 | 1.8764 | 0.4005 | @Qparn
100 | 2.0760 | 0.3316 | 2.0655 | 0.3352 QFrn

C=2 1 1000 | 2.0109 | 0.1029 | 2.0012 | 0.1042 QParm
10000 | 2.0009 | 0.0317 | 1.9912 | 0.0321 Qparn

30 | 0.5621 | 0.1469 | 0.5492 | 0.1485 QFrm

W—o5 | 100 | 05203 | 00747 | 0.5159 | 0.0760 dFrn

1000 | 0.5151 0.0218 | 0.5014 | 0.0223 QFrn
10000 | 0.5138 0.0069 | 0.5001 | 0.0070 Qprn

30 | 1.0482 | 0.2376 | 1.0351 | 0.2399 aFrn
100 | 1.0522 | 0.1645 | 1.0407 | 0.1672 QFrn
1000 | 1.0147 | 0.0462 | 1.0032 | 0.0471 QFrn

10000 | 1.0117 | 0.0143 | 1.0002 | 0.0146 QFrn

Frechet(a) | a=1

30 1.8662 | 0.3918 1.8507 0.3923 Qparn
100 2.0789 0.3330 | 2.0699 | 0.3362 QFrn
1000 | 2.0192 0.1068 | 2.0109 | 0.1080 Qprn
10000 | 2.0095 0.0332 | 2.0012 | 0.0335 QFrn

best one. Therefore, this section ends with p = 0.25. First, we made n independent obser-
vations from a Pareto(a) distribution and, separately, n independent observations from
a Frechet(a) distribution, for different values of o € {0.5,1,2} and n = 30,10%,10%,10%.
We then repeated these experiments m = 10% times. In this way, we calculated 10* val-
ues of &pgrn a0d &Frech,n, their means and standard deviations. The results are given
in Table 1. Analogously to [6], we observe that for distributions with heavier tails, our
approach gives better results.

6. Conclusive remarks and open problems. In this work, we have shown that
the suggested classification of linear probability types with respect to their tail behaviour
refines the well-known classification based on the extremal index in the cases where it
exists. It outperforms the role of kurtosis. The corresponding estimators have a relatively
fast rate of convergence. However, their biggest drawback is that they are distribution-
sensitive. Therefore, choosing the most appropriate probability type is an important
preliminary step before estimating the parameters that govern the tail behaviour.
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