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Abstract

In this paper, we are interested in the entropy of a non-negative random variable. Since the un-
derlying probability density function is unknown, we propose the use of Poisson smoothed histogram
density estimator in order to estimate the entropy. To study the performance of our estimator, we
run simulations on a wide range of densities and compare our entropy estimators with the existing
estimators that based on different approaches such as spacing estimators. Furthermore, we extend our
study to residual entropy estimators which is the entropy of a random variable given that it has been
survived up to time t.

Keywords: entropy estimator, information theory, residual entropy, density estimator, survival func-
tion.

Introduction

For a continuous random variable X, the differential entropy H (X) is defined as

In the literature, it is also often referred as Shannon entropy as it generalizes the concept of entropy for

) =- [ " f(@)log f(x)dz.

a discrete random variable proposed by by Shanon (1948) in his landmark paper, that is given by

where A is the set of possible values of X, and P(X) denotes its probability mass function (pmf). We will

H(X) ==Y P(z)logP(x),

z€EA

simply refer to H(X) as the entropy of the random variable X.



Yogendra P. Chaubey and Nhat Linh Vu

The concept of entropy takes a central place in statistical theory and applications (see Cover and
Thomas, 1991 Kapur, 1993 and Kapur and Kesavan, 1992). One of the well known applications of en-
tropy in statistics is the test of normality for a random variable because of the characterizing property
that the normal distribution attains the maximum entropy among all continuous distributions with a
given variance [see Vacicek, 1976 and an adaptation to testing exponentiality by Chaubey, Mudholkar
and Smethurst, 1993].

Ebrahimi (1996) provided an interpretation of H(X) as a measure of uncertainty associated with f.
In the context of life testing, X being the lifetime of a unit, knowing that the unit has survived up to
time ¢, a more appropriate measure for uncertainty in f is defined as

where R(t) = P(X > t) is the reliability or the survival function. H(X,t) is called residual entropy of X
given the event {X > t¢}. In this paper, we focus on estimating H(X) and more generally H(X,¢) when
X is continuous and more specifically, when X is a non-negative. In recent decades, there exist a huge
literature on entropy estimators, which can be classified as follows.

(i) A naive approach is to discretize the support of the underlying density function into m bins, then
for each bin we compute the empirical measures, corresponding to p; = [ A f(x)dx. That is if
X1, Xo, ..., X,, are independently and identically distributed (i.i.d.) continuous random variables,
then p; = %Z?:l 14,(X;), where {A;}", are mutually disjoint subsets of R such that U, A; =
support(X). Clearly, p; is the maximum likelihood estimator (MLE) for p;. With this estimator p;,
a “naive” or “plug-in” MLE estimator of entropy is given as

m
HMEE(X) = =" pilog pi. (4)
=1

It has been shown that this MLE estimator of entropy results in heavy bias. Consequently, the
problem of bias correction and the choice of m have drawn the attention of many researchers; see
Paninski (2003) for a detailed account.

(ii) One straightforward approach for entropy estimation is to estimate the underlying density function
f(x) by some well-known density estimator f,(z), then plug it into (??) to obtain the entropy
estimator

fPein(X) = / " fu(@) log fu(x)da. (5)

The fized symmetric kernel density estimator fF ized (1) which is already a well-known and popular
approach for estimating the pdf with an unbounded support, is an example of density estimator

which is defined as
i 1 < r— X,
Fized i
= — K 6
et = 52 (255). (6)

where K is a symmetric density function with mean zero and variance one, and b is the smoothing
parameter, called the bandwidth. It is obvious that the performance of this plugin entropy estima-
tor totally depends on the density estimator f,,. However, when dealing with non-negative random
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(iii)

(iv)

variables, this ff ized(.) is shown to produce a heavy bias near the boundary. Consequently, it would
result in a better estimator if we replace fI7#¢¢ by some density estimators that is free of boundary
effect.

Motivated by the representation of entropy as an expected value
H(X) = - /0 f(@)log f(x)dz = —Ellog f(X)].

By the strong law of large number we haw —% S log f(Xi) “3 H(X). Thus we obtain a new
entropy estimator if we replace f(-) by an appropriate density estimator fn(), as given by

frveanton () — LS 10g f,(). (7)
=1

The entropy can be estimated by another approach, called “spacing”, which is initiated by Vasicek
(1975). By the change of variable p = F'(x), the entropy (??) can be expressed in the form

mx=- [ Z f(2)log f(x)dz = /O log {CZ)F*(p)}dp.

To estimate H(X), the distribution F' is replaced by the empirical distribution F),, and the dif-
ferential operator is replaced by the difference operator. As a result, the derivative of F'~(p) is
estimated by 5 (X(ipm) — X(i—m)) for (i = 1)/n < p <i/n, i = m+1,m+2,..,n — m, where
X(;)’s are the order statistics and m is a positive integer smaller than n/2. When p < m/n or
p > (n—m)/n, one-sided differences are used. That is, (X(j1m) — X(1)) and (X(,) — X(i_p,)) are in
place of (X (jm) — X(i—m)) respectively. All together this leads to the following estimator of entropy

7V asice 1 - n
Yok (X) = nzlog{m(X(ier) _X(im))}' (8)
=1

Motivated by the idea of spacing, researchers have followed this direction and proposed other ver-
sions of entropy estimator, which are claimed to have a better performance. We will list some of
them in the next section. One of the greatest weakness of this spacing estimator is the choice of
spacing parameter m, which does not have the optimal form.

Lastly, different from all above estimators, Bouzebda et al. (2013) presented a potentially stimator
of entropy based on smooth estimator of quantile density function. Their idea again starts with the
expression of the entropy

H(X)Z/Ollog{cz)F‘l(p)}dpz/Ollog{CZ)Q(p)}dpz/OllogQ(p)dp,

where Q(p) := inf{t : F(t) > p} for 0 < p < 1 is the quantile function and ¢(p) := dQ(p)/dp =
1/f(Q(p)) is the quantile density function. Then a new entropy estimator can be obtained by
substituting ¢(-) by its appropriate estimator ¢, (-). That is

1
HQuantZIE(X) :/0 log cjn(p)dp. (9)

3
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Bouzebda et al. (2013) were motivated by the work of Cheng and Parzen (1997), which introduced
a kernel type estimator §,(-) that has good asymptotic properties.

For estimating the residual entropy H(X,t) we can write (?7) as suggested in Belzunce et al. (2001)
1 oo
H(X.1) = 0g(R(0) = 75 | f@og flayde (10)
t

Then the residual entropy can be estimated if we replace R(t) by an empirical or kernel estimator R(t),
and an estimator g,(x) = f,(x)log f.(x) in place of the functional g(z) = f(z)log f(x).

The organization of the paper is as follows. We propose our entropy and residual entropy estimators
corresponding to nonnegative random variables in Section 2. The first part of Section 3 is dedicated to
the entropy estimators comparison, in which we compare our entropy estimators to the existing entropy
estimators by running simulations on a wide range of densities. Finally, we perform the comparison of
our residual entropy with other estimators in the second part of Section 3.

2 Main results

2.1 Entropy estimators

In this sub-section, we will propose two entropy estimators based on the idea of (??) and (??). The
asymptotic properties of these estimators, such as asymptitic convergence and asymptotic normality in
the context of densities with non-negative support can be established along the same lines as in Hall and
Morton (1993) for estimators of type (??) and Eggermont and LaRiccia (1999) for estimators of type
(??7). We defer the discussion of these in another publication.

Recall that the entropy of a random variable can be estimated by the direct plugin approach:

FPiein(x) = /0 " fu(e) log fu(2)d,

or by the sample mean of log f(X;),i =1,2,....,n:
1 n
FMeontos(X) = —— % "log fu(X,).
n
i=1

We observe that both the entropy estimators presented above mainly depend on the density estimator,
so we would expect to obtain a good entropy estimator if the chosen density estimator is well-behaved.
In literature, regarding to non-negative random variable, there are so many candidates for the density
estimators with nice asymptotic properties. Among these, we especially focus on the Poisson smoothed
histogram density estimator, which has the following form (see Chaubey and Sen, 2009),

fPoiS(m) _ k@f; |:Fn <H_kl> — F, <;)]e—kz (k:;)27 (11)

where F),(+) is the empirical distribution function, and k = k(n) can be viewed as the smoothing param-
eter. This estimator fF°*(z) can be interpreted as a random weighted sum of Poisson mass functions.
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The asymptotic properties of fp %is(z) have been studied and its first weak convergence was proven by

Bouezmarni and Scaillet (2005) under the assumption lim k, = oo and lim nk,? = co. They also ob-
n—oo n—oo

tained the weak convergence for the case of unbounded pdf f at z = 0. Later on, Chaubey et al. (2010)
filled the gap in the asymptotic theory of fP °is hy proposing the asymptotic bias, asymptotic variance,
strong consistency and the asymptotic normality of the estimator. Particularly, under the assumptions
that k, = cn” for some constant ¢ and 0 < h < 1, and f'(x) satisfies the Lipschitz condition of order
a > 0. The asymptotic bias and variance of f7 °i5(.) are given by

Bias[fPOis(a:)] R @) (12)

2enh’

Var[fPOis(x)] ~ % _c

5\ 3 f(x)n/>1, (13)

For the strong consistency of fFo5(z), if E[X 2] < oo, f'(z) is bounded and k, = O(n"), then

1779 (2) — f ()] “3 0.

For the asymptotic normality of fFo5(z), if E[X 2] < 00, k, = O(n?/®), and f'(z) satisfies the Lipschitz
order « condition, then for x in a compact set I C RT,

W) (@)~ o () B 6,

where G is the Gaussian process with covariance function 426, s, where 2 = %(27@3)*1/ 2f(x)0,0,5=0
for x # s, 6ps=1for x = s, and § = li_}In (n_1/5k711/2).

n—oo
Similar to the problem of bandwidth selection in kernel density estimators, the choice of the smoothing

parameter k strongly affects the performance of the resulting density estimators. In general, large values
of k correspond to over-smoothing, whereas small values of k correspond to under-smoothing.

With these nice asymptotic properties of f P %is(.), we propose here two entropy estimators of the form

ﬂplugianoiS(X) — _/0 fPoiS(x) lOg fPOis(LU)dIL‘, (14)
ﬁMeanlog—POis(X) — Z log fPOiS(Xi). (15)
=1

2.2 Residual entropy estimator

Motivated by the well-behaviour of fp °is(.), we suggest a direct plugin residual entropy estimator where
the f7°(x) is in place of f(z). That is, our proposed residual entropy estimator is of the form

1
R(t)

ﬁplugin—POis(X’ t) _ log(R(t)) . /too fPOiS(:L,) log fPOis(l‘)dl', (16)

where R(t) = [ [P (2)da.
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3 Simulation studies and discussion

To study the performance of entropy and residual entropy estimators, we run simulations for a wide range
of densities which consists fifteen non-negative densities below. They are categorized into three groups:
monotone density, unimodal density, and bimodal density.

1. Monotone density

— Standard Exponential(1) with true H(X) = 1.

— Exponential(10) with true H(X) = —log10 — 1 ~ —1.3026.
Pareto(2,1) with true H(X) ~ 0.8069.

Log-Normal(0,2) with true H(X) ~ 2.1121.

— Weibull(0.5,0.5) with true H(X) ~ 0.4228.

2. Unimodal density

— Gamma(2,2) with true H(X) ~ 0.8841.
Gamma(7.5,1) with true H(X) ~ 2.3804.
Log-Normal(0,0.5) with true H(X) ~ 0.7258.
Maxwell(1) with true H(X) ~ 0.9962.

— Maxwell(20) with true H(X) ~ —0.5017.

— Weibull(2,2) with true H(X) ~ 1.2886.

3. Bimodal density

— Mix Gamma: (1/2)Gamma(0.5,0.5)4(1/2)Gamma(2,2) with true H(X) ~ 2.2757.
Mix Lognorm: (1/2)Lognorm(0,0.5)+(1/2)Lognorm(0,2) with true H(X) ~ 1.6724.
— Mix Maxwell: (1/2)Maxwell(1)+(1/2)Maxwell(20) with true H(X) ~ 0.8014.

— Mix Weibull: (1/2)Weibull(0.5,0.5)+(1/2)Weibull(2,2) with true H(X) ~ 1.1330.

The densities in the monotone group are chosen with different rates of decay, from the slowest standard
Exp(1) to the fastest Exp(10). The Pareto distribution is included here to show the effect of different
support [1,00) on entropy estimation. On the contrary to the first group, the second group consists of
well-behaved densities from highly concentrated Maxwell(20) to widely spread Gamma(7.5,1). Lastly,
the simulations are extended to the bimodal densities where each density is a mixture of the same family
density but with different parameters. Note that for some densities with high rate of decay and small
variance like Exp(10) or Maxwell(20), the integrand f(x)log f(z) produces non-finite value for large value
of z in R software due to the round-up. However, since the contribution of the right tail of the integrand
to the entropy is insignificant for sufficiently large x, we obtain the approximately true value of entropy
by cutting of the negligible right tail of the integration. That is, instead of integrating over the entire
support of f(x)log f(x), we integrate up to a certain value at which the right tail is negligible.

3.1 Comparison of entropy estimators

In this sub-section, we run simulation experiments on different estimators which are classified into two
groups, namely, ‘spacing estimators’ and ‘non-spacing estimators’.
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3.1.1 Spacing estimators

1. Vasicek’s estimator by Vasicek (1976):

N 1 — n
Hy = - ;log {2m(X(z‘+m) - X(im))}' (17)

Vasicek showed that if the variance is finite, then as m — oo and m/n — 0,
ﬁVasicek(X) ﬂ H(X)

2. Ebrahimi’s estimator by Ebrahimi et al. (1992):

N 1 & n
Hy = nzglog{cim(X(ier) _X(im))}7 (18)
1=
where '
14+ 21 1<i<m
=<2 m+1<i:<n—m
14 nt n-m+1<i<n

It was shown that HEbrahimi(x) 5 H(X) as n,m — oo, and m/n — 0. Also, its bias is smaller than
that of Vasicek’s estimator.

3. Van’s estimator by Van Es (1992):

n

. 1 = +1 1
Hy = — > log {”m (X(ipm) — X(i))} +)° o+ log (). (19)
=1

n—m < n+1

k=m

Van established, under certain conditions, the strong consistency and asymptotic normality of H Van(x),

4. Correa’s estimator by Correa (1995):
b 15 g {0~ Kl
" n i (Xg) — X@)
1 i+m

where X (i) = TmiT 2ujei—m X (j)- The resulting estimator of entropy is shown to attain a smaller mean
squared error (MSE) compared to that of Vasicek’s estimator.

(20)

5. WG’s estimator by by Wieczorkowski and Grzegorzewski (1999):

W(2m)+‘l’(n+1)—iil’(i+m—l). (21)
=1

- - 2m n—2m
H5 = Hl +10g (7) —

where U(k) = 25:11 1 — v is the di-Gamma function defined on integer set,
and v = 0.57721566... is the Euler’s constant.
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6. Noughabi’s estimator (kernel-spacing) by Noughabi (2010):

n rFized Xz ) + FFized Xifm
Hﬁz—lzlog{f (X(igm)) + [ X ))}'
n

: (22)

where the bandwidth in meed(:c) is fixed to b = 1.06sn~ 1/ and s is the sample standard deviation. Simi-
lar to HYV sk ( X'), Noughabi showed that HNou9hbi( X} weakly converges to H(X) using the same proof.

3.1.2 Non-spacing estimators

To see how the Poisson smoothed histogram density estimator performs in the estimation of entropy,
we also run simulation on other direct plugin and mean of log entropy estimators that use the fixed

symmetric kernel density estimator fF ired and the Gamma asymmetric kernel density estimator fG‘””
which has the form "
n xT
X" exp(—X;/b)
Gam Gam ) v
f ZKm/be Z; ST+ 1) (23)
Thus, we obtain another four entropy estimators to compare with our proposed estimators. They are
o0
Plugin Fixed : Hy; = —/ frized () log fEed (1) d, (24)
0
1o :
Meanlog Fixed : Hg= - Zlog frized(x,), (25)
A o0 ~ ~
Plugin Gam : oy = — / FEam () log FEU™ (2)da, (26)
0
1 n
Meanlog Gam : Hjp = - Zlog fEm(X;). (27)

The final entropy estimator we want to compare with is based on the quantile density estimator. Here
the quantile function is first estimated by the method of Bernstein polynomial of degree m, which is of

the form . ‘
P =2 G )imn) el

i=0
where Q,(-) is the empirical quantile function, b(i, m,p) = P[Y = i] where Y follows the binomial(m, p),

and m is a function of n such that m — oo as n — oo. Then the estimator of ¢(-) can be obtained by
differentiating Q,(+)

inlp) = dQ” Z@n( Jotimp) | 2. (25)

Indeed, g, (-) is the special case of the quantile kernel density estimator, proposed by Cheng and Parzen
(1997), which has the general form

0= Q0 = b [ QR )

8
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As a result, the last entropy estimator is of the form: Hyq = fol log ¢n(p)dp.
Together, we label our estimators as Hio = HPlugin—Pois anq fJ,, = HMeanlog—Pois

The simulation study is organized as follows. For each density, 500 replicated data are generated for
three sample sizes: n = 10, n = 50, and n = 100. To obtain the entropy estimator, we need to assign
value to smoothing parameters. Particularly, since the optimal choice for m in spacing estimators is
still an opening problem, for each spacing estimator, we compute the sample entropies for all values of
m from 2 to n/2 — 1, then we use the optimal entropy with the smallest MSE to compare with other
entropy estimators. On the other hand, the bandwidth selection in f¥ wwed(\) is set to b = 1.06sn~1/5
while b = sn=2/% is used in fGam(-). The choice of the polynomial degree m in the quantile density
estimator ¢(-) is fixed to m = n/logn. Lastly, for our estimators, we applied the smoothing parameter
k = n2/®> + 1. To compare the performance between estimators, for each density and each estimator, we
compute the point estimate and its MSE shown in the parentheses. The simulation results are shown in
the Table 77 to Table ?7. Each column in the table corresponds to one density with the associated true
entropy right below, and the bold value in that column indicates the best estimator with the smallest
MSE for that density. By observing the simulation results below, we have some important remarks.

Remark 3.1. There does not exist the uniquely best entropy estimator in all cases.

It is clear from the simulation results that depending on the density and the sample size, the best
entropy estimator switches from one to another. When comparing entropy estimators, not only the
smallest MSE is considered, but the computation expense is also an important key to determine the best
estimator. Indeed, in terms of speed, the entropy estimators in the spacing group seem to dominate
estimators in the other group. For instance for the sample size n = 50, it takes at most two seconds
to obtain the spacing entropy estimators while it is up to thirty seconds for the direct plugin entropy
estimator to be computed. This totally makes sense because the amount of computations in the latter
estimators is much heavier than those in former estimators due to the presence of integration in their
form. Definitely, this could be the main reason why most of papers in literature only focus on spacing
estimators but a few in the direct plugin estimators.

Monotone densities

Exp(1) Exp(10) Pareto(2.1) Lnorm(0,2) Weibull(0.5.0.5)

H=1 H=-1.3026 H=0.8069 H=2.1121 H=0.4228
« | i 0.5694(0.3167) -1.7332(0.3167) 0.4857(0.3907) 1.8084(0.6484) 0.4196(0.4067)
£ m 0.8694(0.1505) -1.4332(0.1505) 0.6350(0.2904) 2.0045(0.5677) 0.4785(0.3998)
% 7L | 0.8869(0.1503) -1.4157(0.1503) 0.7083(0.2581) 1.9921(0.5311) 0.5426(0.4297)
E R 0.7625(0.1896) -1.5401(0.1896) 0.6311(0.2988) 2.0206(0.5815) 0.4936(0.4015)
g | 0.9908(0.1313) -1.3117(0.1313) 0.8515(0.2628) 2.2210(0.5680) 0.6950(0.4707)
< |, 1.0627(0.1428) -1.2399(0.1428) 1.1180(0.5314) 2.9613(1.8878) 1.2738(1.2629)

2 H, 1.0142(0.0704) divergent 0.7446(0.0659) 1.2540(0.9033) divergent
5 | 1.0934(0.1525) -1.2091(0.1525) 1.1658(0.5780) 3.0210(2.0037) 1.3304(1.3736)
Z | B 1.0390(0.0842) divergent 1.1095(0.2202) 1.7242(0.3123) 0.9027(0.3854)
g [ Fuo 1.0102(0.1178) -1.2923(0.1178) 1.2326(0.4528) 2.5934(1.0828) 0.9867(0.7638)
g [ 0.7272(0.2140) 1.5754(0.2140) 0.6924(0.3503) 2.2866(0.8415) 0.6751(0.5048)
& [ fAn 1.0610(0.0676) -0.2004(1.2198) 1.1612(0.1958) 1.7180(0.3854) 0.8643(0.3612)
BN 0.8677(0.0983) -0.8690(0.2064) 1.0988(0.1748) 1.6043(0.5424) 0.4957(0.2262)

Table 1: Simulation results for n = 10 of the monotone density group. The point estimate and MSE (in parentheses) are computed
for each estimator. The bold value is the best estimator with the smallest MSE.
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Unimodal densities

Gam(2.2) Gam(7.5,1) Lnorm(0,0.5) Maxwell(1) Maxwell(20) Weibull(2,2)

H=0.8841 H=2.3804 H=0.7258 H=0.9962 H=-0.5017 H=1.2886
a | 0 0.3676(0.3560) 1.8444(0.3569) 0.2076(0.2723) 0.4790(0.3319) -1.0189(0.3319) 0.7885(0.3228)
’g T, 0.6342(0.1489) 2.0746(0.1576) 0.4608(0.1746) 0.7084(0.1407) -0.7895(0.1407) 1.0229(0.1371)
% H; 0.7103(0.1300) 2.1784(0.1191) 0.5316(0.1482) 0.8290(0.1045) -0.6688(0.1045) 1.1352(0.1096)
20| 0.5401(0.2063) 2.0139(0.2043) 0.3786(0.2259) 0.6481(0.1860) -0.8498(0.1860) 0.9577(0.1822)
5; TRl 0.7745(0.0973) 2.2571(0.0848) 0.6203(0.1149) 0.8917(0.0754) -0.6062(0.0754) 1.1787(0.0801)
7 0.9023(0.0874) 2.3403(0.0646) 0.7244(0.1042) 0.9756(0.0588) -0.5223(0.0588) 1.2893(0.0668)
z 1, 0.8891(0.0613) 2.4273(0.0548) 0.8021(0.0895) 1.0301(0.0435) divergent 1.2912(0.0442)
g H, 0.8332(0.0951) 2.2495(0.0802) 0.6503(0.1156) 0.8840(0.0711) -0.6139(0.0711) 1.2016(0.0756)
HES 0.9395(0.0571) 2.6388(0.0968) 0.9217(0.0959) 1.1949(0.0648) -0.2888(0.0731) 1.4138(0.0467)
S 0.8406(0.0742) 2.3963(0.0444) 0.7333(0.0801) 0.9933(0.0395) -0.5046(0.0395) 1.2688(0.0489)
i I, 0.5040(0.2332) 1.9697(0.2387) 0.3450(0.2533) 0.5998(0.2212) 0.8980(0.2212) 0.9114(0.2112)
5 , 1.0245(0.0532) 2.3802(0.0257) 1.0476(0.1271) 1.2644(0.0832) 0.2563(0.5828) 1.4288(0.0387)
Z His 0.8120(0.0504) 2.1908(0.0707) 0.7665(0.0400) 1.0046(0.0215) -0.1038(0.1655) 1.2183(0.0353)

Table 2: Simulation results for n = 10 of the unimodal density group.The point estimate and MSE (in parentheses) are computed for
each estimator. The bold value is the best estimator with the smallest MSE.

Bimodal densities

MixGam MixLnorm MixMaxwell MixWeibull

H=2.2757 H=1.6724 H=0.8014 H=1.1330
« | A 2.0233(0.0945) 1.3541(0.5505) 0.4218(0.1888) 0.9726(0.1635)
£ [m 2.3402(0.0350) 1.5502(0.4641) 0.7387(0.0486) 1.2228(0.1480)
% H; 2.4074(0.0504) 1.4707(0.3565) 0.8033(0.0595) 1.3422(0.1414)
| 2.2469(0.0333) 1.5604(0.4861) 0.6319(0.0734) 1.1713(0.1532)
2| A 2.3214(0.0432) 1.7667(0.4581) 0.8247(0.0444) 1.3253(0.1918)
2 2.6307(0.1614) 2.2060(1.5798) 0.9993(0.0913) 1.5081(0.2682)
g | B, | 2.4427(0.0539) 1.2077(0.3345) 1.0057(0.0703) 1.3375(0.0623)
S [H | 2.470000.0946) 2.2567(1.6634) 1.0161(0.0967) 1.5286(0.1927)
Z | 2.5721(0.1097) 1.4677(0.1810) 1.0041(0.0675) 1.3452(0.0695)
g (Mo 2.5106(0.0952) 1.9468(0.8679) 0.9495(0.0585) 1.3924(0.1293)
ii i, 2.1290(0.0563) 1.7298(0.8283) 0.5777(0.0961) 1.0935(0.1563)
£ [ 2.2509(0.0190) 1.5151(0.1883) 1.0488(0.0793) 1.3312(0.0664)
BN 2.0440(0.0813) 1.3316(0.2847) 0.8673(0.0264) 1.1107(0.1077)

Table 3: Simulation results for n = 10 of the bimodal density group. The point estimate and MSE (in parentheses) are computed for
each estimator. The bold value is the best estimator with the smallest MSE.

Monotone densities

Exp(1)
H=1

Exp(10)
H=-1.3026

Pareto(2.1)
H=0.8069

Lnorm(0.2)
H=2.1121

Weibull(0.5.0.5)
H=0.4228

0.8818(0.0368)
0.9941(0.0229)
0.9516(0.0270)
0.9758(0.0236)
1.0174(0.0230)
1.1124(0.0364)
1.3702(0.1554)
1.5531(0.3478)
1.0648(0.0219)
1.0577(0.0250)
1.0215(0.0250)
1.0665(0.0215)
0.9650(0.0211)

Spacing estimators

Non-spaicng estimators

-1.4207(0.0368)
-1.3085(0.0229)
-1.3509(0.0270)
-1.3268(0.0236)
-1.2851(0.0230)
-1.1902(0.0364)
divergent

-1.1404(0.0506)
-1.0389(0.0915)
-1.2449(0.0250)

1.2811(0.0250)
-0.5605(0.5543)
-1.0823(0.0581)

0.7405(0.0663)
0.7653(0.0587)
0.7454(0.0547)
0.7875(0.0570)
0.8142(0.0535)
1.2279(0.3808)
1.0947(0.1223)
1.3116(0.4532)
1.1494(0.1534)
1.2538(0.2882)
0.9867(0.1284)
1.1189(0.1188)
1.0811(0.1031)

2.0568(0.1184)
2.0646(0.1143)
2.0646(0.1123)
2.0793(0.1120)
2.1403(0.1111)
3.4125(2.2625)
2.1172(0.0657)
3.5042(2.4923)
1.7962(0.1410)
2.8416(0.8425)
2.5532(0.3923)
1.8701(0.1160)
1.9167(0.1194)

0.4555(0.1011)
0.4475(0.1029)
0.4677(0.1002)
0.4595(0.1054)
0.4647(0.1065)
1.3432(0.9828)
1.2002(0.6431)
1.4557(1.1993)
1.0498(0.4362)
1.0126(0.4482)
0.7510(0.2102)
0.7985(0.1898)
0.5376(0.0785)

Table 4: Simulation results for n = 50 of the monotone density group.The point estimate and MSE (in parentheses) are computed for
each estimator. The bold value is the best estimator with the smallest MSE.
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Unimodal densities

Gam(2,2) Gam(7.5.1) Lnorm(0,0.5) Maxwell(1) Maxwell(20) Weibull(2.2)

H=0.8841 H=2.3804 H=0.7258 H=0.9962 H=-0.5017 H=1.2886
w [ H | 07377(0.0363) 2.2204(0.0379) 0.5805(0.0419) 0.8436(0.0320) -0.6543(0.0320) 1.1291(0.0361)
‘§ | 7L | 0.8597(0.0165) 2.3436(0.0151) 0.6915(0.0238) 0.9655(0.0103) -0.5324(0.0103) 1.2480(0.0135)
2 E ]  os2640.0214) 2.3025(0.0216) 0.6508(0.0279) 0.9360(0.0157) -0.5619(0.0157) 1.2244(0.0172)
= 0.8327(0.0178) 2.3166(0.0166) 0.6756(0.0234) 0.9398(0.0123) -0.5581(0.0123) 1.2238(0.0153)
gl 0.8792(0.0149) 2.3619(0.0126) 0.7183(0.0206) 0.9869(0.0087) -0.5109(0.0087) 1.2707(0.0109)
“ 1A, 0.8962(0.0164) 2.3811(0.0124) 0.7300(0.0194) 0.9848(0.0102) -0.5131(0.0102) 1.2865(0.0110)
g | B 0.9466(0.0164) 2.469(0.0188) 0.5744(0.0347) 1.0689(0.0126) divergent 1.3212(0.0088)
S H: | 091910.0175) 2.3518(0.0125) 0.7390(0.0221) 0.9785(0.0093) -0.5194(0.0093) 1.2748(0.0107)
2| H | 09593(0.0171) 2.5833(0.0489) 0.9091(0.0492) 1.1594(0.0323) -0.3360(0.0332) 1.3908(0.0172)
g o] 0.8970(0.0139) 2.4078(0.0105) 0.7630(0.0195) 1.0153(0.0079) -0.4825(0.0079) 1.2899(0.0089)
£ 0| 0.8705(0.0169) 2.3480(0.0151) 0.7267(0.0259) 0.9621(0.0105) -0.5358(0.0105) 1.2434(0.0138)
g | He 1.0109(0.0247) 2.4258(0.0096) 0.9796(0.0726) 1.2045(0.0468) 0.1018(0.3659) 1.3998(0.0176)
“ 5 0.8797(0.0113) 2.3276(0.0122) 0.7750(0.0150) 1.0245(0.0067) -0.2296(0.0765) 1.2728(0.0078)

Table 5: Simulation results for n = 50 of the unimodal density group. The point estimate and MSE (in parentheses) are computed

for each estimator. The bold

value is the best estimator with the smallest MSE.

Bimodal densities

MixGam MixLnorm MixMaxwell MixWeibull

H=2.2757 H=1.6724 H=0.8014 H=1.1330
» | Hi 2.2335(0.0117) 1.6370(0.0742) 0.6712(0.0237) 1.1196(0.0440)
=] -
g 1L 2.2732(0.0086) 1.6386(0.0707) 0.7997(0.0069) 1.1524(0.0431)
7| H 2.2847(0.0080) 1.5939((0.0704) 0.7801(0.0100) 1.1969(0.0306)
2l 2.2792(0.0088) 1.6486(0.0684) 0.7649(0.0082) 1.1160(0.0438)
g | Hs 2.2955(0.0099) 1.7084(0.0690) 0.8109(0.0067) 1.1781(0.0444)
“ | B, 2.5927(0.1088) 2.6941(1.7221) 0.9969(0.0462) 1.5212(0.1882)
z 1, 2.5123(0.0619) 1.5856(0.0733) 1.0167(0.0515) 1.3733(0.0263)
g 8 2.5520(0.0864) 2.7858(1.9013) 1.0072(0.0503) 1.5531(0.1118)
Z | A 2.6064(0.1150) 1.6203(0.0302) 0.9806(0.0369) 1.3559(0.0239)
g | e 2.5520(0.0845) 2.1751(0.5432) 0.9149(0.0185) 1.3840(0.0428)
g | Hy 2.3299(0.0121) 2.1617(0.4259) 0.8168(0.0079) 1.3226(0.0996)
A ER 2.3168(0.0077) 1.5664(0.0495) 1.0213(0.0522) 1.3105(0.0195)
AER 2.2166(0.0118) 1.5316(0.0676) 0.8761(0.0097) 1.1669(0.0378)

Table 6: Simulation results for n = 50 of the bimodal density group. The point estimate and MSE (in parentheses) are computed for
each estimator. The bold value is the best estimator with the smallest MSE.

Monotone densities

Exp(1) Exp(10) Pareto(2,1) Lnorm(0,2) ‘Weibull(0.5,0.5)

H=1 H=-1.3026 H=0.8069 H=2.1121 H=0.4228
z | B | 0.9246(0.0166) -1.3780(0.0166) 0.7705(0.0290) 2.0973(0.0518) 0.4337(0.0466)
’é | FL | 0.9975(0.0107) -1.3051(0.0107) 0.7820(0.0265) 2.1137(0.0509) 0.4323(0.0469)
B | Hs | 0.9595(0.0129) -1.3431(0.0129) 0.7715(0.0256) 2.0754(0.0521) 0.4448(0.0455)
| H | 0.9854(0.0107) -1.3172(0.0107) 0.8010(0.0250) 2.1238(0.0507) 0.4409(0.0479)
g | Hs | 1.003000.0104) -1.2996(0.0104) 0.8152(0.0244) 2.1296(0.0504) 0.4469(0.0485)
i =" 1.0916(0.0196) -1.2110(0.0196) 1.2405(0.3582) 3.4532(2.1463) 1.3183(0.8771)
g | B | 1098000175 divergent 1.1411(0.1391) 2.1739(0.0389) 1.2275(0.6685)
g i 1.1501(0.0335) -1.1525(0.0335) 1.3429(0.4410) 3.5585(2.4107) 1.4594(1.1432)
z | He 1.0501(0.0111) -1.0950(0.0534) 1.1478(0.1347) 1.8295(0.1033) 1.0531(0.4198)
g E 1.0451(0.0121) -1.2575(0.0121) 1.2469(0.2491) 2.8244(0.6626) 0.9872(0.3663)
S | Hu | 1.0375(0.0128) -1.2651(0.0128) 0.6637(0.0502) 1.9686(0.0903) divergent
é i 1.0041(0.0066) -0.6973(0.3688) 1.2950(0.2498) 1.8994(0.0776) 0.7686(0.1453)
= Hys 0.9733(0.0103) -1.1530(0.0280) 1.0713(0.0851) 1.9845(0.0585) 0.5433(0.0476)

Table 7: Simulation results for n = 100 of the monotone density group. The point estimate and MSE (in parentheses) are computed

for each estimator. The bold

value is the best estimator with the smallest MSE.
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Unimodal densities

Gam(2.2) Gam(7.5.1) Lnorm(0.0.5) Maxwell(1) Maxwell(20) Weibull(2.2)

H=0.8841 H=2.3804 H=0.7258 H=0.9962 H=-0.5017 H=1.2886
e | H | 0.7951(0.0150) 2.2896(0.0147) 0.6469(0.0151) 0.9033(0.0132) -0.5946(0.0132) 1.193(0.0140)
‘é | H, | 0.8742(0.0075) 2.3668(0.0060) 0.7153(0.0090) 0.9882(0.0049) -0.5096(0.0049) 1.2763(0.0055)
G| 0.8446(0.0102) 2.3333(0.0097) 0.6770(0.0125) 0.9569(0.0077) -0.5410(0.0077) 1.2508(0.0080)
ol A | 0.8629(0.0076) 2.3587(0.0071) 0.7106(0.0088) 0.9732(0.0053) -0.5247(0.0053) 1.2635(0.0056)
S ES 0.8843(0.0070) 2.3777(0.0064) 0.7280(0.0085) 0.9983(0.0046) -0.4995(0.0046) 1.2851(0.0049)
“ 1 A, 0.8939(0.0079) 2.3560(0.0068) 0.7296(0.0087) 0.9779(0.0049) -0.5200(0.0049) 1.2794(0.0048)
z | H | 0.9397(0.0093) 2.4614(0.0124) 0.8477(0.0235) 1.0597(0.0079) divergent 1.3233(0.0049)
g | | 0.9180(0.0089) 2.3663(0.0063) 0.7400(0.0093) 0.9866(0.0046) -0.5113(0.0046) 1.2873(0.0047)
% [ | 0.9464(0.0097) 2.5499(0.0331) 0.8808(0.0310) 1.1301(0.0210) -0.3666(0.0214) 1.3782(0.0114)
2| B 0.8930(0.0068) 2.4025(0.0059) 0.7537(0.0086) 1.0094(0.0041) -0.4885(0.0041) 1.2935(0.0042)
E|Hy| 0.8628(0.0100) 2.3522(0.0103) 0.6953(0.0137) 0.9700(0.0073) 0.5278(0.0073) 1.2546(0.0079)
£ | Hp | 0.9891(0.0156) 2.4262(0.0065) 0.9407(0.0503) 1.1704(0.0324) 0.0272(0.2806) 1.3856(0.0121)
A EN 0.8816(0.0058) 2.3514(0.0063) 0.7639(0.0076) 1.0180(0.0038) -0.2849(0.0485) 1.2834(0.0038)

Table 8: Simulation results for n = 100 of the unimodal density group. The point estimate and MSE (in parentheses) are computed
for each estimator. The bold value is the best estimator with the smallest MSE.

Bimodal densities

MixGam MixLnorm MixMaxwell MixWeibull

H=2.2757 H=1.6724 H=0.8014 H=1.1330
@ H, 2.2615(0.0054) 1.6434(0.0346) 0.7194(0.0103) 1.1248(0.0216)
S =1
g H, 2.2818(0.0037) 1.6476(0.0335) 0.7998(0.0037) 1.1424(0.0213)
% L 2.2834(0.0033) 1.6211(0.0348) 0.7926(0.0053) 1.1735(0.0154)
Bt 2.2817(0.0037) 1.6850(0.0327) 0.7854(0.0040) 1.1513(0.0215)
S ES 2.2859(0.0041) 1.6869(0.0326) 0.8035(0.0036) 1.1524(0.0214)
“ 1A, 2.5557(0.0824) 2.8079(1.8217) 0.9702(0.0328) 1.5147(0.1646)
z A, 2.5170(0.0611) 1.8478(0.0672) 1.0020(0.0432) 1.3790(0.0175)
HE! 2.5496(0.0795) 2.9098(2.0306) 0.9793(0.0359) 1.5534(0.0919)
% | B 2.5966(0.1058) 1.6365(0.0158) 0.9584(0.0273) 1.3569(0.0144)
2| fuo 2.537(0.0755) 2.1910(0.4629) 0.8873(0.0104) 1.3706(0.0239)
5 Hi 2.4534(0.0393) 1.5709(0.0510) 0.7508(0.0076) Divergent
é Hy, 2.3167(0.0044) 1.5792(0.0287) 0.9955(0.0398) 1.2996(0.0100)
“ [, 2.2402(0.0050) 1.5759(0.0345) 0.8617(0.0059) 1.1753(0.0250)

Table 9: Simulation results for n = 100 of the bimodal density group. The point estimate and MSE (in parentheses) are computed
for each estimator. The bold value is the best estimator with the smallest MSE.

meed} fGam unantzle

Remark 3.2. The direct plugin entropy estimators by means of encounter

the convergence problem when computing the integral.

, and

Another issue when we run the direct plugin entropy estimators is the convergence of the integral.
Perhaps, this is the greatest weakness of the direct plugin estimators. Indeed, in most cases, we could not
evaluate the integral in Hy, = HPugin—Fized(X) and Hy = HP9in—=Gam(X) over the same interval that
we used to compute the true entropy because it produces non-finite values on the right tail. Thus, we
have to cut off the larger tail of the integral to a shorter finite interval up to the point that the value of the
integrand is finite. This issue, however, does not appear in our entropy estimator Hyy = HPlugin=P %S 50
it makes our entropy estimator more favorable than other entropy estimators based on the direct plugin
approach.

Remark 3.3. Our entropy estimator by the mean of log of Poisson distribution based density estimator
H,3 = HMeanlog=Pois gooms to be the best entropy estimator when the sample size is small.

We see that most of the times, the MSE of H,3 is the smallest comparing to that of others estimators
for small sample size in the same density. Note that we have to take into account that while the spacing
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entropy estimators are computed with the best optimal spacing parameter m, the smoothing parameter
in our estimators is set to k = n?/° 4 1, which may be far away from the optimal value. Still, our entropy
estimator Hi3 outperforms other entropy estimators in most cases.

Remark 3.4. As the sample size increases, the spacing entropy estimators, ﬁQ, ﬁg, JEI4, and f[5, perform
much better, and converge to the true value.

Although for a small sample size like n = 10 (Table ?7-77?), the performance of the entropy estimators
from spacing group is quite poor comparing to the estimators in other group, their rate of convergence,
however, pick up very fast as the sample size increases as in n = 100. For instance, the number of the
best entropy estimator that falls into the spacing group increase as the sample size increases from 10 to
100. Therefore, together with the fast computation, the spacing entropy estimators would be a better
choice in the case of large sample size.

In conclusion, there is a trade-off between the speed and the performance for the two groups of entropy
estimators. It is obvious that any spacing estimator (Ebrihami’s estimator, Van Es estimator, Correa’s
estimator, or WG estimator) would do a good job when dealing with large sample sizes due to its fast
rate of convergence and fast computation; though the answer to the question of what value of m would
be considered for a large sample size is still unknown. However, when sample size is small, the choice
of estimator for entropy becomes more difficult and requires careful studies. This is why in the small
sample size, the entropy estimators by means of density estimator come to handy because they give a
more precise result. Among non-spacing entropy estimators presented above, our mean of log of Poisson
density points His consistently performs better than the others.

3.2 Residual entropy estimators comparison

In this subsection, we want to see the performance of our proposed estimator for residual entropy function
as well as comparing it with the existing ones. Particularly, we still use the same set of testing distributions
in the previous section, and the set of estimators are

];iilBelzunce<X-7 t) = log R(t) B / fFia:ed(x) log fFia:ed(l,)dx’
R(t) Ji
. N 1 <« t—X; SR
HPmee(X t) = log R(t) — — ZRK( >1°g feed(Xa),
R(t) b
- Ouantil - Poi 1 !
HuanzeXJf = log(R'°"(t A/ lo ~n d7
(X, 1) g( (t)) RPos® Jpq g qn(p)dp
J A Do 1 > tPoi £ Poi
HPO’LS X,t) = lo RPozs 1) — A/ Pois 2) 1o Pois 2)dx.
(X0 = tog RP() = s [ o )

where the estimated survival function R(t) is computed based on the integration of fFi¢d(.) the band-
width is fixed to b = 1.06sn~/5 in fF”ed, the smoothing parameter k£ in fPOiS is assigned to n?® + 1,
and the parameter m in @, () is set equal to n/logn.

The setup of simulation study is as following. We present here both performance comparison by graphics
(for n = 50) and by mean intergrated squared error (MISE) (for n = 50,100 and 500). In order to
produce the plots of residual entropy estimators, for each distribution, we run 500 replications, then
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we compute the sample mean residual entropy estimator functions of these 500 replications. As men-
tioned in Belzunce et al. (2001) that the behavior of residual entropy function is smooth up to certain
bound because R(t) — 0 very fast when ¢ — oo, it is recommended to stop the estimation at the time
t* = inf{t : R(t) < 0.01}. Therefore, the MISEs are just computed on the interval [0, t*] (for Pareto(2,1)
).
sample size n = 50 and n = 100 for each distribution, but only 100 replications for sample size n = 500.
The plots and tables below show the performance of our estimators and the ones in Belzunce et al. (2001).

is [1,t*]
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Similarly, the MISEs comparison between estimators are done based on 500 replications for

Lognormal(0,0.5)

0.0

05 10 15 20 25 30

1
Gamma(2,2)

00 05 10 15 20 25 30

t
Maxwell(1)

00 05

10 15 20 25 30

t

Figure 1: Plots of residual entropy estimators for n = 50. The true function is in black solid line, HPois (X,t) in red dotted-dashed
line, HQuantile(X t) in black long dashed line, 1‘1{3512”‘"65(){7 t) in blue dashed line, and HQBEZZ“"CE(X, t) in green dotted line. There

are some plots without the green dotted line because the function is not in the range.
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Residual entropy

Residual entropy
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Figure 2: Plots of residual entropy estimators for n = 50. The true function is in black solid line, HPois (X,t) in red dotted-dashed
line, HQuantile(X 1) in black long dashed line, HE*%e¢(X 1) in blue dashed line, and HP¢#u"c¢(X ) in green dotted line.

Intergrated Mean Squared Error (IMSE)

Interval o8 (x,0) A, P (x ) 15 6. &)

Exp(1) (0.4.605) 0.608 25816 98387
Exp(10) (0,0.461) 0.2535 13814 0.0719
Gamma(7.5,1) (0,15.289) 0.9315 1.5832 14.4769
Gamma(2,2) (0.3.319) 0.1993 0.9969 3.1009
LogNormal(0,2) (0.,3.200) 22236 0.9033 29778
LogNormal(0,0.5) (0.,3.200) 0.2631 2.188 3.1081
Weibull(0.5,0.5) (0,10.604) 15.6378 >10000 >10000
Weibull(2,2) (0,4.292) 0.2945 0.3276 1.797
Maxwell(1) (0.3.368) 0.4408 0.1853 0.6615
Maxwell(20) (0.0.753) 0.7173 0.0379 0.0367

Pareto(2) (1,10.024) 19.6957 6509.037 181.6876
MixGamma (0,14.130) 1.1988 0.8582 17.3737
MixLogNormal (0,3.200) 2.5622 3.2082 3.6732
MixWeibull (0,4.292) 23112 0.7388 3.9595
MixMaxwell (0,3.136) 0.365 0.1949 0.9866

Table 10: MISEs of three estimators on 500 replications with sample size n = 50. The MISEs are computed on the indicated interval
for each distribution.
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Exp(1)
Exp(10)
Gamma(7.5,1)
Gamma(2.,2)
LogNormal(0,2)
LogNormal(0,0.5)
Weibull(0.5,0.5)
Weibull(2,2)
Maxwell(1)
Maxwell(20)
Pareto(2)
MixGamma
MixIogNormal
MixWeibull
MixMaxwell

Intergrated Mean Squared Error (IMSE)

Interval HO"(X 1) H, 57X, A 1)
(0.4.605) 0.4124 24588 45337
(0,0.461) 0.1674 02396 0.0362

(0,15.289) 0.6 0.944 5.9302
(0.3.319) 0.1505 0.6284 1.5077
(0,3.200) 0.7871 09182 1.7078
(0,3.200) 0.1826 0.8065 1.4114

(0,10.604) 9.5602 403328 62.3692
(0,4.292) 02113 0.2012 0.7826
(0,3.368) 0.3158 0.1346 0.3129
(0.0.753) 0.5532 0.03 0.031

(1,10.024) 13.5616 26773.74 66.4542

(0,14.130) 0.7175 0.8547 6.9898
(0,3.200) 1.0251 2.8335 2.8198
(0,4.292) 25913 0.9241 46132
(0,3.136) 0.258 0.2852 0.4339

Table 11: MISEs of three estimators on 500 replications with sample size n = 100. The MISEs are computed on the indicated interval

for each distribution.

Exp(1)
Exp(l0)
Gamma(7.5,1)
Gamma(2.,2)
LogNormal(0,2)
LogNormal(0,0.5)
Weibull(0.5,0.5)
Weibull(2,2)
Maxwell(1)
Maxwell(20)
Pareto(2)
MixGamma
MixLogNormal
MixWeibull
MixMaxwell

Intergrated Mean Squared Error (IMSE)

Interval H"(X 1) T, 775X 1) A 1)
(0.4.605) 0.1013 0.7366 0.4834
(0,0.461) 0.0583 0.06 0.0099

(0,15.289) 0.1677 03434 0.5875
(0.3.319) 0.0537 0.1211 0.1674
(0,3.200) 0.3641 0.7894 0.2377
(0.3.200) 0.0722 0.1486 02194

(0,10.604) 1.8837 28.6434 3.6078
(0,4.292) 0.0843 0.0597 0.124
(0.3.368) 0.1273 0.0356 0.0548
(0,0.753) 0.2719 0.0066 0.0181

(1,10.024) 3.3839 >1000 34142

(0,14.130) 0.1736 0.8307 0.5792
(0.3.200) 0.4343 1.9141 0.5238
(0.4.292) 3.02 0.8817 6.2564
(0.3.136) 0.103 0.1164 0.0786

Table 12: MISEs of three estimators on 100 replications with sample size n = 500. The MISEs are computed on the indicated interval

for each distribution.

To illustrate the rate of convergence of each estimators as the sample size increases, we also show the

following graphs which are MISEs as a function of sample size for each distribution.
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Figure 3: Residual entropy estimation MISE comparison with different sample size n = 50,100 and 500. Where diamond-red is
HPis(X, t), square-blue is H{BEIZ“"CE(X7 t), and triangle-black is H@uantile(X t),
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Figure 4: Residual entropy estimation MISE comparison with different sample size n = 50,100 and 500. Where diamond-red is
HPis(X, t), square-blue is H{i"d“”we(X7 t), and triangle-black is H@uantile(X t),

Remark 3.5. f]é-t’?el“”ce(X7 t) performs very poor in most cases.

By the plot of residual entropy estimations from Figure ?7-77, we see that PIQBQZZ“”CG(X ,t) is not
as good as the others among all estimators. It is even out of the range of MISE in some distributions.
Therefore, we decide to remove it out of our consideration.

Remark 3.6. All estimators tend to diverge away from the true residual entropy over the time in most
cases.

We notice that most of estimators have a quite good startup as ¢ is small. However, as the time ¢
increases, in which the true survival function tends to zero rapidly, the estimators begin to diverge away
from the true residual entropy. How large of the time ¢ this phenomenon happens depends on the true
distribution.

Remark 3.7. None of estimators outperforms the others in all cases. However, the fIPOiS(X, t) estimator
seems to achieve a better estimation in most cases.

If we just focus on the performance comparison between estimators, we see that in most cases, our
estimator HT0is (X,t) captures the trend of the true function throughout the plots and achieves better
precision in terms of MISE shown in the Table ??-??. It is defeated by H Belzunce( X 1) only in Maxwell
distributions which have the bell-normal shape. Therefore, the H? (X,t) is recommended in a small
sample size.

Remark 3.8. The rate of convergence of the estimator ﬁQ““”tile(X, t) seems to be faster than other
competitors.

Similar to the entropy estimation, the residual entropy estimator, H Quantile( X 1) still has the fastest
rate of convergence in most cases as the sample size increases. We admit that for a small sample size,
H Q“a”tile(X ,t) does not show up to be a good estimator, and it is not recommended. However, if the
sample size is sufficiently large, it becomes one of the best potential choices for residual entropy estimator.
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