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Theoretical L-moments and TL-moments Using Combinatorial
Identities and Finite Operators

Christophe Dutang*

Laboratoire Manceau de Mathématique, Université du Maine, Le Mans, France.

July 11, 2015

Moments have been traditionally used to characterize a probability distribution. Recently, L-moments
and trimmed L-moments are appealing alternatives to the conventional moments. This paper focuses on the
computation of theoretical L-moments and TL-moments and emphasizes the use of combinatorial identities.
We are able to derive new closed-form formulas of L-moments and TL-moments for continuous probability
distributions. Finally, closed-form formulas for the L-moments for the exponential distribution and the
uniform distribution are also obtained.

Keywords L-moments; Trimmed L-moments; Combinatorial identities; Finite-element operators; Uni-
form distribution; Exponential distribution.

1 Introduction

Linear moments (L-moments) were first introduced by [Hosking| (1990) as new measures of the location, scale
and shape of probability distributions. They are related to expected values of order statistics and analogous
to the conventional moments (mean, variance, skewness, kurtosis and higher moments). Consider a random
variable X and denote by X ,,, the jth order statistic (that is the jth smallest variable of an i.i.d. sample of
size m). The mth L-moment of X is defined as

1=, i (m—1
m 4 J
7=0
where m € N* and (mfl) denotes the usual binomial coefficient, see e.g. |Olver et al.| (2010)). For ease
of notation, the dependence of \,, on the random variable X is not stressed. Throughout the paper, we
assume that the expectation E(X,,—; ) exists, otherwise the corresponding L-moment is infinite and the
corresponding algebraic manipulation is useless.

L-moments can be computed for a large variety of probability distributions but may not exist for heavy-
tailed distributions such as the Cauchy distribution which has an infinite mean (see e.g. |[Kotz et al.| (1994))).

Trimmed L-moments (so-called TL-moment) are a natural extension of L-moments introduced by [Elamir &

grtl) )

Seheult| (2003). The TL-moments are of two types: either symmetric Ay, or asymmetric )\Sq‘z’t . They are

defined as
1 m—1 m =1
A= e (" s .

m
=0 J
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The TL-moments have the advantage to exist for heavy-tailed distributions such as the generalized Pareto
distribution, see e.g. |Beirlant et al.| (2004), which makes them particularly attractive for modeling heavy
tails distributions. Fitting distributions by matching empirical and theoretical TL-moments are particularly
adapted for location and scale parameters. Indeed, the quantile function is by construction an affine function
of location and scale leading to immediate estimation. Furthermore, shape parameters may also be obtained
as a root of the difference equation. Table [1] list the L/TL-moments for some common two-parameter
distributions. As for centered moments, Az/A2 and /\él) / )\gl) are measures of skewness respectively L-

skewness and TL-skewness, while Ay4/A2 and )\511) / )\gl) are measures of kurtosis respectively L-kurtosis and
TL-kurtosis. The listed two-parameter distributions assume fixed values of such L/TL-skewness and L/TL-
kurtosis. Therefore, looking for the distribution that best fit the data on such quantity is challenging. As
stated above, TL-moments exist even if the corresponding L-moments do not, e.g. for the Cauchy distribution.

Distribution  Quantile Q(p) PYREEED VRS VY5 VERED V) VI 1D VLD VR VS VDV RV
i _ atbb-a atd b=a

Uniform . a+(b—a)p - R (1) (1) Y 0 (2) (1)

Exponential —Alog(1 — p) A 3 3 5 % 2 H is

Normal w+o®(p) I Z 0 0.1226 | p 0.2970 0 0.062

Cauchy p+otan(rp—75) | oo 00 I 0.698¢ 0 0.343

Table 1: L/TL-moments of common distributions.

Typical application of fitting distribution by equalizing theoretical TL-moments to empirical ones include
loss distribution in insurance, traffic volumes on computer networks, return of stock indexes, see e.g. Karvanen

(2006)), Hosking| (2007)) and the references therein.

This papers aims to provide a new point-of-view of the computation of theoretical TL-moments. Com-
binatorial methods are a powerful tool to simplify and to derive closed-form formulas or asymptotics of
complex problems of finite or countable discrete structure, see e.g.|Graham et al. (1994), Rosen et al.[ (2000)),
Sprugnoli| (2006]) and [Flajolet & Sedgewick| (2006). In particular, combinatorial methods provide techniques
with combinatorial sums of type , , and . In this paper, we derive new formulas for the theoretical
TL-moments as well as two examples of TL-moments for the uniform and exponential distributions. Firstly,
we use combinatorial identities and manipulations of binomial coefficients to derive simplified formulas of
(W, @), (3) as well as a general expression for TL-moments of the uniform distribution. Secondly, we work
with finite operators to derive TL-moments of the exponential distribution.

The paper is structured as follows: Section [2] presents necessary tools for studying combinatorial identities
as well as the identities needed in the subsequent sections. In Section [3] we provide new formulation of TL-
moments. Section [ and [5] apply these new formulations for the computation of TL-moments of uniform
distribution and exponential distribution, respectively. Finally, Section [f] concludes.

2 Preliminaries

In this section, we present tools and derive a serie of propositions that will be used in subsequent sections.
In the following, the Kronecker delta is denoted by &; ., the rising factorial by 2™ = x(x +1)...(x +n —1)
and the falling factorial by 22 = z(x —1) ... (z —n+1), see e.g. |Olver et al.| (2010). We start with identities
based on combinatorial arguments and, then we follow up with identities based on finite operators.

2.1 Identities used for TL moment proved by combinatorial arguments

From |Graham et al.| (1994), we recall that the binomial coefficient is (}) = r£/k!, for r € R,k € N. Base
manipulations are given in Table The so-called useful identities (Equations , , , ) are



given in Appendix |Al Let us start with two identities based on the well-known Vandermonde identity .

symmetry (Z) = (nﬁk) n,k €N
absorption (()=%(G"7) ="=kL(") reRkeN
sign change () = (=DF (7 reR,keN
trinomial revision (M) = () (;:Z) reRkeN

Table 2: Base manipulations of binomial coefficients.

() (5=

Proof. Using the Vandermonde identity with r < n — k, m < n, n < n — k and the symmetry rule
(Table , we get

Proposition 1. Let n > k € N.

T. 3
IM\
=) >

LGS0 )05 00 =00 =6

Proposition 2. Let k,n € N.

M
lng

> ()6 - ()G

J

Proof. Using the trinomial revision (Table [2]) combined with Proposition [1} we get

00 -£00 00 -OR0D0-OEC) -0

= Jj=

O

We now focus on identities not linked to the Vandermonde identity. For the sake of completeness, we
recall a result of (Graham et al.[1994] p. 185). The proof is also given in details as similar arguments will
be used for the next propositions.

Proposition 3. Let k,n € N.
= 1 (n+1\/[2 (k —1)In! k—1
= —1)l— =——(-1)" .
ene = (-1 ( 2 )(z) Gy Y ( n )
In particular, en , =0 forn >k — 1.

Proof. We apply the trinomial revision (Table

=S () () S () ()

=0 =0

We cannot directly simplify this expression except when k = 1. Different manipulations are needed using

(2008 .
R = 2 (5O e (07) =05




Thus

I+1 (G TG ) A I R FHEVIG) k—1Dl(n+1)(-1)/
L:Z T ():Z It :Z(k (k=D!(n+1)!(-1)

J
I+ k ) T v ki+ 1\ G 1+ D Dint 1)

Jj=0 J Jj=0 J Jj=0

Using the sign change rule (”?‘l)(—l)l = (_”fl), we obtain

kE—1)n! " S k+n n+1+45\/-n—-1
ot = (k +n)! g; (n+1+j)<l+j+1)< I >
Using , we deduce that >;" (’ltjlilﬂ) (7" = (/), leading by to
k—1)n! o k+n j k—1)n! o k+n '
Cnk = ((k + r)z)' (=1 (n +14 > (i) T ((k + 7)1)' (=1 (n +1+ > <;71>
"0 J " <0 J
Letting ¢ = n + 1 + j we derive
k—1)n! i1 (k+n\[(i—n—1 k—1)n! k+n\[(i—n—1 n
o = TS i - oD sy (-1)
(k+n)! =~ i n (k4 n)! P ) n
_ (E=1)n! (—1)’ kE+n\ (2n—1d\ (k‘—l)!n!(_l)n k-1
 (k+n)! ~ i n  (k+n)! n )’
using the sign change rule and .

O

Similarly, we apply the same technique: trinomial revision, absorption and identities of Appendix [A] to
derive a closed-form of the following sum.

Proposition 4. Let k,n € N.

In particular, €, =0 forn >k — 1.

Proof. Consider the sequence
- ! 20\ (n+1 - I n\ (n+1
o = _1)! _ _1)!
enok l;( )(l+k)!<l><2l> 2 )(l+k)!<l>< l >

by trinomial revision. Since

i Ji!k)! <7) B (n—1)7;(!z+k)! " Tk)! (7;15)

e B g

>0

we deduce




Thus using i = k + [,

e D (L)) = e X (T ()

<0 i<k—1

By the sign change rule, we have ("7(k7$7i)71)(71)" = (kf;i). Hence by ,

émk:(nzim(_nmm+1}:(;ly<njk>(k—;—i>:(nizﬂ<k;1>

i<k—1

O

Finally, we consider a sum related to Harmonic numbers. Let H,, be Harmonic numbers defined H,, =
>r_; 1/k with the convention that Hy = 0.

= 1+] n+1

In particular, Sp =1, S =3/4, So = 11/18 and S3 = 25/48.

Proposition 5. Let n € N.

Proof. Using the absorption rule, we get
z": ( ) Z”: (n—l— 1) (-1 1 ’il <n+ 1) (—1)7-1
= j+1 1+j)(n+1)_n+1j=1 j i

Jj=
Indeed, H, = Y7_, (T;)Hjﬁ by Section 6.4 of Graham et al| (1994). Therefore S, = Hpi1/(n+1). O

2.2 Results proved by finite operators

Now, we present the finite operators F and A, first introduced by English mathematicians such as G. Boole,
see e.g. |Spiegel (1971). Forward operator E is defined as Ff(z) = f(x + 1) and difference operator A is
Af(x) = f(x+1) — f(z). Base manipulations are given in Table

linearity Elaf(z) + Bg(x)] = aEf(x) + fEg(z)  Alaf(z) + Bg(x)] = aAf(x) + BAg(z)
product E[f(x)g(2)] = ( )Eg(x) Alf(@)g(@)] = Af l’) g(x) + f(x)Ag(x)
exponentiation E"f(z) = f(x +n) Arf(z)=> ()0 fla+k)

k=

(e}

Table 3: Finite operators.

The two formulas for exponentiation can be used to derive closed-form of sums. Since we have

n

Er=Y" <Z> AF, (4)

k=0

A=Y (Z) (—1)r—F Bk, (5)

k=0
If we are able to express A™ in a simpler way than Equation (5 , then we can deduce >, _ o ( )Ak as K"

from Equation (4) by identifying E* in Equation (5. Let us work on an illustrative example. From identities
in Table[4 we have A"[1/z] = (—1)"n!/(z(z +1)...(z + n)). Multiplying by =, we get

e




Therefore, identifying terms of in the previous equation yields by to

z": <Z>(_1)k(x+k) -k.!.(a:—&-l) - x—T—n

k=0

This binomial sum looked particularly terrible at the first shot, but simplifies largely thanks to the expo-
nentiation identities of A and F.

Now, we consider the following function f(z) = (*1¥)H,, that will be used in Section |5, We want to
apply the same technique by simplifying the nth-order finite difference of f and inverting exponentation

identities in order to compute the sum
n
n p+k
—1)* Hy,.

k=0

The computation of A™f(z) requires some intermediate results which have been postponed in Appendix
Firstly, we derive A™ f(z) for n < m in Proposition [6{ using Lemmas [15 and Secondly, Proposition |7| for
A" f(z) for n > m is obtained using Lemmas [17| and

In order to compute the A-differences of f, we use the function g defined below

AN 24\ [(z+p+n\ [ z+n\""
IN"m )" \m x+p x '
This helps in rewriting A f

[ L B G P (O B (R  E T R AN RS GO L

Therefore, further finite order differences use the differences of g. By manual inspection of the first three
finite difference A' [(P**)H,|, A?[("1")H,], A% [(*}*)H,], we guess Lemma [16{ proved by recurrence.
Choosing a specific = leads to the following proposition. This result is yet partial, since it is only valid for
n <m.

Proposition 6. Let m,p,n € N such that n < m.
" /n +k - - Dl /n +J
> (e () m-cr ()RS5 O0)
k=0 m j=1 —n-+ 1) J J

with the convention that Z(IJ cancels when n = 0.

Proof. By Lemma [I6] we deduce that for z € R

~ (n k(ptr+k ptz ~ (1) G=1)! n p.J

—ln k H = H —_— 5 ’ .
kz_o(k>( ) ( m ) otk (m—n> ””+Z (m—n+1)7 \J IN\Tm—n
In particular for z = 0,

(a7 Yo (2 Yo S0 )

J

where NN
() = (26 =620
That is
2 ()= () s e G 0)
S22 SR O C)



So far, we get half the job since we only have A™ f (and the corresponding sum) for n < m. Let us study
the A-difference for n = m. Using Proposition [6] for n = m yields to

[02)u] e E (),

Finite difference of the first term is obtained by [Sprugnoli (2006)
. —1)i—t AN 1
A, = 5V (m + Z) . (6)
) i

Thus, the computation of A™%f simply relies on the computation of A’g (second term). For ease of
notation, we introduce a new function h of x with parameters a, b, ¢, d defined as

h x;a’b ::£§;t£9%_
¢, d (x+c)d
By convention, when b or d equals 0, the corresponding term equals 1, and when ¢ = d, d is omitted. This
h function is directly linked to g by

P _ (etptn) (et _1—h g P
g\ 0 n n - ’ n .

Therefore, finite difference A™%%f uses the differences of h. Again by manual inspection of the first three
finite difference A™+ [(PF7)H, |, A™+2 [(PF¥)H, |, A™+3 [(PF¥)H, ], we guess Lemmathat we prove by
recurrence. Using Lemma [17] and (6)), we get the A-difference of f in Lemma At last, we are able to
derive a new formulation of the sum.

Proposition 7. Let i,m,p € N such that i,m > 1. We have

nii (m;i>(—1)k(p;k>Hk = (—D’””ﬁi mﬂiji z+ll:11 < )<li1> (]D

k=0 j:1 1=0

ol 2 e ()00

By convention Z;’;Hl cancels when 1 > m.

Proof. Choosing z = 0 in Lemma we get
(o ptad—ing _ (gt 04T
) _]-i—Z—k’ (]+Zik)j+7/ k> i )

and

o [ern], - BRSO ()

J
NG = DGR (Gi—k=1)  (p4 )=
(iNg—k—=1)! GHing—k—1)(j+i—k)iTi=k

m—+i .
m+i x—!—p _ m+ -1 m+i—k p+k H
A {( m >H$L_0_Z< k )< ) ( m "

k=0

Since for x =0

we obtain by simplifying (—1)

(e = B SGH) B (1)

k=0 k=0
X@AJ—UUMJ%“Jk G+i—k-1! (p+5)="
(iNF—k—=1)! (GHing—k—=1)(j+i— k)IF=k




When ¢ < m, we can split the outer sum, say S;.

NG\ GAG - DN TRPINTE Gy k1) (p )i
Sji<i = )

iNG—k (iNg—k—1)! GHinj—k—=1(j+i—k)iti=k

_ i \G =D R ik - 1) ()Y
Z(’ ) (t—k—1)! (j—&—i—k—l)!(jJrifk)m

N < i )(1—1)' G+i—k—1) p! (o +
— \i—k G- —k—)(p+Ek—DG+i—k)! (p+i

EAEO0T)SHEOC 0

Furthermore,

S O i A DNTERRNEE ik 1) (p )i
jizi = D

i \IAJ—k (iAj—k=1! (G+iAj—k—=1D!(j+i—k)It=k
_ « FONG =D Rk i —k—1) (p+j)it
- kz_()<j_k) G—k-1)! (G+i—k—DI(j+i—k)iti=Fk
(g (j—k—Dpl  (GH+i-k-D! 1
B l;)(j_k)(j_k_l)!@_j-i-k)! (2j —k—1)! (j+i—k)!

Therefore,

_ k()(jik)@_i)q)]ﬂ_ Jli:(lﬂ)(];)liﬁl

B2 (e £ (2o £ ()
Z<> ;<Z><f”“><iii>+;<‘”j< SMERIGPES

N e < )0 () R S ) 6)

Jj=i+11=1 7j=11=0

Otherwise when ¢ > m, we always have ¢ > j. Finally, we obtain

i(m,: i)(—l)’“(p;k)ffk - (—1)’””%+ “”m“.i m@) Qil) @

k=0

(i —1Dlp! & < m
N 2 2
(p+a)! Jj=it+11=1 J
where 37", | cancels for i > m.

3 Theoretical L and TL-moments

Computing theoretical L-moments (1) and TL-moments , needs the expectation of the order statistic
E(X; ). Let us recall a well known result of probability theory, see e.g. |Johnson et al.| (1994). Consider a



sample X7, ..., X, of independent and identically distributed random variables X; ~ X. We assume that the
random variable X has a density function f and a cumulative distribution function F' defined on (a,b) — R.
Possibly a and/or b can be infinite, e.g. a = —oo and b = +oo for a normal distribution. The jth order
statistic X, has the following density

n'

fx;n (@) = mF(I)]f (1= F(z))"™ f(z). (7)

By simple manipulations, the expectation can be written as

B0 =i (") > (") s - k-, 0
where I is defined as , )
Ip(k) = / P () f()dz = / Qp)p*dp, (9)

with @ = F~! the quantile function. Note that Ir(0) = E(X). We now present the central result of this
paper simplifying in a sense the computation of TL-moments.

Proposition 8. Let m,s,t € N. The TL-moment of X can be expressed as

m+t—1
+t+s m+s+t—1\/m+s+1—-1
Apt T ETE — 1) (s 4+ . 10
s 2 oM l (10)
Proof. Using , (8), the absorption and the symmetry rules, we have
m—1
. 1 4 -1
)\Eé’t) = — (—1)] (m . )E(Xm+sj,m+s+t) (11)
m 4 Jj
j=0
m+t—1 m—1 .
1 _ m—1\/m+s+t\[/t+] .
= = ~1)7F1 t—1—k —j) (12
LS ) (s mt )X ("I s a2
k=0 Jj=k—t
m+s+t"EL! i m—1\/m+s+t—1 t+j
= —— —1)lmHip l N - (13
m > (1) pls+l) j t+j mt—1-1)1
=0 j=m—1-1
Then using the trinomial revision, we get
m+t—1 m—1
m s+1 J l-m+j+1
=0 j=m—1-I
Let )
— m—1 s+1
Sm7l B Z ( ] ) ( ] >.
j=m—1-1 J l—m I+ 1
Changing the summation index and using the Vandermonde identity (16)), we have
l l
m—1 s+1 m—1\(s+1 m+s+1—1
Sm = . 3 = R 3 = .
! ;<m—1—z)<l—m+(m—1—z)+l) ;( i )(l—z) ( l )
Therefore,
m+ s+t "Lt m+t+s—1\/m+s+1—1
At = 127 —1)ymtiy l B ).
mn m ; (=1) rls+l) s+1 l
O



Hosking| (2007)) established links with shifted Legendre polynomials as

1
w* (1 — )t Prs) (u)Q(u)du,

N (m—D!(m+s+1)!
™ (mts—1D(m+t—1)m

where P;L(t’s) is the mth Legendre polynomial, i.e.

Prb3) (y) = i(—l)m—j (m N t) (?IJS) w (1 — )™,

J

The result is in line with this representation. Indeed,

m +t m—+ s i j
et <m . > ( '>us+J 1 — qg)mtt=i
(=i = e (M) (T )i

m m+t—j .

B E e
= J 547 k=0

B im+t J - k<m+t>(m+s)<m+t_j>um+t+s—k
Jj=0 k=0 J st ’ |

Hence inverting indexes j and k,
1
[ et =B Qi
0
m—1m+t—1—j . 1
- Sy e (Y () [ et
S s+ k 0
m+t—1m+t—1—k .
t—1 —1 t—1—
= Z Z tk(m+ )(m—i—s. )(m+ j>IF(m+t+s—k—1)
s+ k
m+t—1 1 .
t—1 -1 t—1-—
= = 5+7 m4+t—1-1

m-+t—1 .
+t— m—l—s—l m+t—1—7
> s > 2N

) )

andby z
m—1 s+l>_<m+s+l—1>
z_%( j )(l—J ! ’

J

Since

we get

_ g1 (mt=Dlm+s—1)! m+s+1—1
- ; Ie(s + (=7 (m—l)!(s+l)!(m+t—1—l)!< l )

m 1
_ (m+t-1)(m+s—1) iy lema1(m+s+t—1\/m+s+1-1
T o m—Dl(m+s+t—1) Z Ir(s+D(=1) s+1 l '

10



Multiplying by (m(ﬁ__ll))!!((:”nftt%!!m leads to Equation .

Now, we turn our attention to the symmetric case when s = t. We can easily derive a new formulation
of A,

Proposition 9. Let m,t € N. The TL-moment of X can be expressed as

m+t—1
(1 _ mt2 _ymeHg m42t—1\[m+t+1—1 y
A m ; (-1 r(t+1) ¢l l ' (14)

Proof. Using with ¢ = s yields to

A(t,t>_m+t+tm+t 1

tttt—1\(m+t+i—1
AQ) —ym e (7
m m - PO I
m—+t—1
m + 2t m+2t—1\/m+t+1-1
= —1)"™ et 41 :
2 e () ()

This result is in line with Equation (7) of [Elamir & Seheult| (2003))

m
]:0 t+] ]

where Ig(m,t,j) = fol Q(u)umTt=I=1(1 — 4)**du. In fact, we have

j — — 1 . .
/\1(’2) _ m + 2t (_1)j (m—‘er' 1) (m] 1) / Q(u)um+t_J_l(1 —u)tﬂdu
i 0

m iz t+7
m—1 1 t+j
m + 2t m+2t—1\/m—1 t+ -
_ V) m+t—j—1 1k t+j k:d
mZ”(m)(j)/oQ“ D O A
=0 k=0
m—1t+j . 1
m+2tzz t—k m+2t—1 m—1 t+] +2t—k—1
= (-1) ) Q(u)u™ du
m =0 k=0 b+ J k 0
m—1t+j .
2t 2t — 1 —1\ [t
- ne (—1)”(7”? . )(m ><Z]>Ip(m+2t—k—1)
m =0 k=0 +J J
m— 1t+j .
1 2t -1\ /[t
= = tk(m+2t—])(m+_>(m_ >(+])Ip(m+2t—k—1)7
m 0 t+J 7 k

using ("tl_tjt) = m’j_;rffj (m‘ﬁ_?_l). The last equation is exactly Equation with s = t.

This result is also in line with Hosking| (2007) who establishes links with shifted Legendre polynomials
as )\Eﬁ;” is valid for shifted Legendre polynomials. That is

1m 1
A — (((mH_ml* 2t)! / -1 J<m *;1) <m;_tj1)ut+j(1_u)m“”Q(wdu

Finally, we get a new formulation for the L-moment \,,.

11



Proposition 10. Let m € N. The L-moment of X can be expressed as

M= S COPI L) (") (15)

=0

Proof. Using with ¢ = s = 0 yields to

m—+0—1
+0+0 m+0+0—1\/m+0+1—-1
Am = AQO T T — 1) (0 41
m m Z%( ) FOFDLT o4y z
m—1
-1 -1
— Z (_1)m+l+1IF(l) (ml ) (m —|—l )
1=0
A direct proof is also possible. Let m > 1, the L-moment is given by
1 m—1 12\ (m =1\ (m
j— j o = B k .
w = ("B = 2SS (D)) (1) 0 e - -,
7=0 7=0 k=0
Since (") = - (mj_l), we get
m—1 j . m—1 m—1 m—1 m—1 m—1
Am = Z(i)( , )( , )( D Ip(m —k—1) = 3 (~1)*Ip(m — k — 1) Z( )(k)
j=0 k=0 J J k=0 j=k J
Using Proposition , this yields to
m—1 m—1
-1\ /2m-2—-k m—1\/m+1-1
A= > (=) Ipm—k—1)( " =N ()™ e .
SIS (i [ ED S U ;

Logically, this formula is still in line with Hosking| (2007)) who establishes links with Legendre polynomials.

4 Application to the uniform distribution

Let us consider the uniform distribution ¢(a,b) whose quantile and distribution functions are given by

r—a
T Ljg0)(z) 4+ Ly oo (),

Qp) =a+(b-a)p, F(z)=

for p € [0,1] and = € R. Therefore, the integral function Ir defined in @D is

k+1 uk?+2

+(b—a) a b—a

k+2), k+1 k+2

au
E+1

1
Ip(k) = /0 (a+ (b — a)u)uPdu =

4.1 L-moments

Using preliminary calculus of Section 1, we get a result generalizing Table 1 of [Hosking| (1990).

12



Proposition 11. For uniform distribution U(a,b), the L-moments are given by

a+b b—a
)\m — 5m,lT + 6m,2T~

In particular, \,, =0 for m > 2.

Proof. Using Equation , we get

m—1
b—a m—1\/m+1-1
_1m+l+1 a
Am Z( ) <l+1+l+2 l l

=0

a(=1)m*! mzl(”lzh (m ] 1) (m o 1) + (b= a)(-1)"*! H;Z:(l)lliz (m ] 1) (m o 1)'

(7))

Using

we obtain

Therefore by Proposition

1 0 1 1 1 1 a+b b—a
)\m = GE (m >+(b_a>’n’)](7n<|»1) (m _ 1) = a(sm,1+(b_a>§(Sm71+(b_a/)66m’2 = 6m’1T+6m’QT.

O

4.2 Symmetric TL moments

Using preliminary calculus of Section 1, we generalized the previous proposition.

Proposition 12. For uniform distribution U(a,b), the symmetric TL-moments are given by

m 2t+2 22+ 3)

6m,2~

In particular, )\Efl) =0 for m > 2, and with t =0, we get back to Proposition .

Proof. Using Equation , we get

O m+21ﬂn§:—1(71)m+l+1 o b—a m+2t—1\ /m+t+1-1
oo m e t+l4+1 t4+1+2 t+1 l

B a(m+2t)(_1>m+1m§1 (1) (m4+2—1\[/m+t+1—1

B m t+1+1 t+1 l

+<b—a)(ﬂﬁ20(:mo+1mil(—1)l<m+2t—1>(m+t+z—1>'

m P t+1+2 t+1 l

Since

m+2t—1\(m+t+1-1\  (m+t—1+0\[20\(m+2t—-1) [
t+1 l B 21 1) (m+t—1)! t+D

13



we get

A = (m+2t—1)!a(m+2t)(_1)m+1m§1 (—1)! <m+t—1+l>(2[> i

(m+t—1)! m — t+l+1 21 L) (t+10)!
m+2t—Db—a)(m+2t), "' (~1) m+t71+l
(m+t—1)! m SO t+l+2< )( )

=0
om0 a, e R mt— 141 (=1
- (m+t71)lﬁ(_1) i ; ( 2 )( )(t+l+1)

(m+2t) (b—a), . " m+t—1+l DUt +1+1)
(m+t—1)! m S ( >( > (t+1+2)!

=0
= m;(_l)m+lm§1<m+t2;1+l>( )( (+l)+z|1)
— < >t+l4il'1)

)
B (T(nm-i-—: 2_t)1!)! (br_na) (=1 mi 1 (m+ P l) ( ) t+ l + 2)

=0

o m2) b S et — 14 (=1l
- (m+t—1)%(_1) " Z( 2 )(z)(+z+ 1)!

=0

m+2t) b—a), "= At — 141\ (20 (=D
T (mAt-1)! m (=1 Z( 2l )(l)(t+l+2)!’

=0

(m + 2t)! (b—a)(_l)mﬂ’”i* (m+t—1+l

(m+t—1)! m

D(t4H+1) _ U(E+1+2) u
USING T = e G

Using Proposition [4 we get

(m+2t)! (b—a)

+t—1! m

™ T mtt—1)m
b t b— t+1

_ 7(_1)m+1 _—a(_l)m—i-l + )
m m+t—1 m(m + 2t + 1) m+t—1

Furthermore, (m—i—tt—l) = t(smp + 5m,17 and (mt+1 ) = t(t + 1)57,@,0 + (t + 1)5m,1 + 5m,2- So

(=1)™ e 1 o

( 1)m+ Crmtt— 1,t4+1 — (

41
A = Ly, - ﬂmﬁ%uw«t Dbt + Om2)
= by — (th;c;) (t+1)0m1 — M(—lﬁm 2
= 5m71ﬁ (b2t +2)—(b—a)(t+1))+ Q(b% +)3)6 2= %ﬁ;l)&n,l + m%,?

5 Application to the exponential distribution

Let us consider the exponential distribution £(\) whose quantile and distribution functions are

Q(p) = —log(1 = p)/X, F(z)=(1—-e*)lg, (2).

14




This enables to compute Ir by Proposition

(o] k o0
Ir(k) = /0 (1 — e M) Ne My = Z <k) (—1)j/0 Aze A1) dg

7=0
k

- Z(I;)(l)j/owlijet 1i] ii() 1+Jj A(Ij’ika'

=0

5.1 L moments

Proposition 13. For an exponential distribution £(X), the L-moments are given by

1

1
)\m = (;m, N 1- 6m ’
’ 13 o 1)m(m — 1A

A
for m € N*.

Proof. Let us consider the simplest case (m = 1).

- ()3

In the following, we assume m > 2. Using Equation and the absorption rule, we get
m—1 m—1
Hyi m-1\/m+I1-1 (=1)m™ m m+1-1
Am _1\ym+i+1 + l+1H
— NS l mA Z: P41\ m—1

l
() ("”T) - ‘Z‘ (7> n(" )

|
—

—
~—

S () v ("2 - % e S
XEf( 1k>u_l?ff0n_m_“*1‘k—1ﬂ<m—2+jy*
(

—1)! (G+H1—k—=1)!(+1—k)IHL=k

= o Y SR (- 2

= 5\ (G +1)!
m w1 S me 1\ (m—244).. (m—2)
=<4>+@nn%¢;¥4>(j) e
. w 1S m— 1 (m— 24
= (-1)™+(-1) mlj:1<_1)< ; )( 3 )

Hence,
1 — m—2+j
Am = m)\ m(m — 1)\ g < )( m-—3 )
Usingw1thl<—m—1 m <+ 0, s < m—2, n<+ m— 3, we have for m > 1
’”Z -1\ (m=-2+j\ m—2+4j (1) m—1\/m—-2+0
m—3 B m—3 0 m—3
j=1

15



Thus,

1 1 2—m 1 1
Am 5m1)\ +( Om1) (m)\ + m(m — 1))\> 6m1)\ +( 6m1)m(m - 1A

This result is in line with |Hosking & Wallis| (1997)), where the first four L-moments are given

A =1/ Ao =1/(2)), A3 = 1/(6)), Ay = 1/(12)).

5.2 symmetric TL-moments

Proposition 14. For an exponential distribution E(X), the L-moments are given by

1\t 11 m4t—1 t41 ) B - _ .
O L Gt M S Yy (mﬂ 1> (t+1) <] 1.+l> <m ‘ 2+]>
Am(t+1 Am (m+t—1)! J l J Jj+l

Tj=t+2 I=1

~—

1

S e 1)) ()

=11

+

I
=

for m € N*.

Proof. Using Equation , we get

O m+2tm§1(71)m+z+1 Hiyr (m+2t—1\/m+t+1-1
m mo At+1+1)\ t+1 l
B (—1)m’"§:‘1(_1)l+1H mA42t\ (m+t+1—1
T am = 1 l
m+2 .
_ (=)™ it(—l)jo' m+2t\ (m—2+7j
Am et I j m+t—1
m+2t .
(—1)m+t "2 o+ 2t » m—2+j
= — —1)'H; .
Am ]Z::O j (=1)7H, m-+t—1
since (Z:ﬁf{) =0 for j <t+ 1. We now use Propositionwith m—m+t—1i—t+1, pm—2. We
get for m > 2
m-+2t
m+ 2t rfm—2+k
S, = -1 H
e = 3 (e (L)
—1)t B ()4 ) fmat—1\[ j \[(m—2
— 71m+2t( 71 m+2t
)"+ (D ;;j(i—i—l—i—l) j 1+1)
() tlp! milg(_l)j<m+t—1)<t+1><j—1+l>(m—2+j)
(m+t—1)! &< j I j j+t )
Multiplying by (—1)"%/(Am) leads to the desired result. O
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6 Conclusion

This paper proposes a new direction to compute closed-form formulas of theoretical TL-moments. Propo-
sition [8] provides a general formulation of TL-moments for any continuous probability distribution. This
formulation has been applied on two particular distributions: the uniform and the exponential distributions
(Propositions and . Other distributions such as Normal or Cauchy could be studied in this way.
In future research, we plan to study two directions: the computation of sample TL-moments that used a
double combinatorial sum, and the computation of TL-moments of other distributions possibly multivariate
distributions.
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A Known combinatorial identities

We give below known identities, see e.g (Graham et al.|[1994, Chap. 5). The Vandermonde Identity is

> (1)) =)
1)\r—1) r ’
1=0
> i) (020 = ()
P m+k/\n+k l—m+n
Let se R,myne€Z and [ € N

2 (o) ()= ()

keZ

Let se R,myneZand [ € N

Let se R,myneZand [l € N
l—k S s—m—1
—1)k = (=1)tHm .
S L e (A

Let m,n € Z such that n #m — 1
—i—n —1 ( )/( )
n+l-—m o J J

B Finite calculus

Let us study the powerful tool of finite element analysis : FE, A.

Fc=¢ Ac=0
m—1
Ex™m = (x4+1)™ Azm™ =Y (7)a*
k=0
Ex™ = (x4 1) Ag™ = mapm=Lt
) E— AL — T
T+m z+m-+1 r+m (w+m)§a:+'rﬁ+1)
n_1__ __ 1 AL _ —"n!
;c—&-m Eiii-m—&-n :;f—&-m g}r+7n)...(m+m+n)
E () = (") A" () = (u2)
z\—1 T -1 z\—1 m x -1
E(m) _1: ( :11) 1 A(m) _1: _m+1 (mill) -1
En(n) =00 AMG) =D ()

Table 4: Known finite operations.

By elementary manipulations, we have

C Lemmas for Section 2|

We introduce two auxiliary functions g and h in order to deal with the computation of Af.

18
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Lemma 15. Let us define the auziliary function g of x with parameters p, m, n as

(=) - (on) =y - ()

for m € N. We have for all m > 1

pyny _ . pno\ntm pn+l\ n
20 (w) o () o (0

Proof. We have to compute the A-difference of (p:f) and (”Z”)fl in order to use . From Table we

have

A r+p\ [(x+p A r+p+n\ _ [(r+p+n A Tr+n _1__ n o (r+n+1\""
m ) \m-1)’ n N n—1 /)’ n  on4+1\ n+1
Using , we get
A p, B r+p\(x+p+n+1\[/z+n+1 71+ c+p\[r+p+n\ [ z+n+1\ "
9 m N m—1 n n m n—1 n
_(r+p\[(z+p+tn) n z+n+1\ "
m n n+1 n+1

Using the absorption rule (Table , we have (T/“’:”H) = m(ﬁﬁn), (Hp) = W(wtpl)’

n n—1 m m m

-1 -1
) = A () T

Nz
20 (=)
r+Dp
m—1 m—1

(w—l—p (x+p+ )(m—f—n—i—l) Y2 4p+l-m n

n—1 n n—1 n

n+1 m n+1
B a:+p z4+p+n\[(z+n+1\""(@+p+1)(n+m)
N n—1 nm

(
)
)
(x+p>
<x+p>(x+p+n>
)
S
")

m+p+ r+n+1 a:—l—p—|—1—m n
n+1 m n+1

Thnaem x+1
m xz+n+1

n+1 m n+1
x+p +p+n nd4m z+1
m x+n+1
a:+p x+p+ z+n\ ‘n+m n  n+l z+p\/r+p+n+1\/z+n+1
m n+lz+n+1 m—1 n+1 n+1
r+p\[/z+p+n\/rz+n 71n—|—m_ z+p\/z+p+n+1\/z+n+1 712
m—1 n n m m—1 n+1 n+1 m’

Replacing the corresponding term by g(z;) leads to the result.

(x—f—p (x+p+ )(x—l—n—i—l) Y4 p+n+l-m-n n

19
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—1
n
m



Lemma 16. Let p,n,m € N such that 0 <n < m, we have

ar (Y] = (2 iy CEE U (0 (2 ). (22)

j=1
with the convention that the sum Z? cancels. The coefficients ( )(j — 1! are related to the number of

permutations of the symmetric group that are pure j-cycles, see e.g. https://oeis.org/A111492..

Proof. Let us prove by recurrence. For n = 1, the proposition is verified. Indeed,

A Kp:;x)m] - (;tﬁ)Hm—kM(i)g(xnf_ll)

Assume the formula valid for n € N.

S (L B (AR e e R CHEN

Jj=

1
A p+x i, = p+x H, + g (= p,1 '
m-—n m-—n-—1 m-—n m-—n-—1
In the sum, we use

2V . D Jtm—n 2R J
Ag<x’m—n>_g<x’m—n—1) m—n g<x’m—n—1)m—n'

By splitting the sum, this yields to

> )2 (=)

The first term gives

S (a2 ) e S (), 2
B :iw(jnl)g(x;mp;zjo +2W(’;)g<x;mp’j1)

X () (el ) e (e ()
+ S () (a5, 70 )

= S (el ) s = e ()
+mring <x;m_p’nl_ 1) .

. ) p,1
Regrouping g (x, o — 1) leads to

—1)00!
n+1g . p,1 _ (-1) 0.7 n+1 g (= p, 1 '
m-—n m—n-—1 (m —n)? 1 m—n—1

Hence,
n+1 i . .
i [(PHa\g 1 pte H+i<*w W=D (L p
m “ m—-n—1)"° = (m—n)7 j "m—-—n—1)"
Thus, the recurrence is valid for n € N*. O
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Lemma 17. Let p,n,i € N such that 1 <14, we have

iAn—1 . . ; : .
) ) — 1) iAn—k iAn—k — k=1 s
A”h<x;p+n’n>(1)l Z (bz/\n )(z/\n' )n e —— (TL*!‘Z ) h<x;p+n,n' z/\n>’
n = \iAn—k (iAn—Fk—1)! (n+iAn—k—1)! n+it—k

with i An = min(i,n). The coefficients (zjk)% are related to triangular arrays, see e.g. https:// oeis.

org/A089231.

Proof. By standard calculations, we have

a,b\ La,b—1Y o a+1,b
Ah(x,c7d>—b><h(x, c,d) dXh<x’c+1,d+1>' (23)
HencebyWitha<—p—|—n,ben—d,c<—n+dandd<—n+d,we0btain
ptnn—d\ _ B p+nn—d-1Y\ p+nn—-—d-1
Ah(az, ntd )— (n+d)(p d)h(x, ntd41 ) 2dh<x, "t d ) (24)

For i = 1, we obtain

0 o
R S i S U R S IR SR
an(s ") = (1)’;)(1—k) T ) e T T G

T,1 1 _ _
= _rrn, (I;p—kn,n 1) = —nph (x;p—kn,n 1).
0! n! n n

The last expression is valid by . Now, assume the property correct for i > 1. Let us compute A**1h (z;.)

iAn—1 . . ; i .
, , An (i An—1)pAn=kpitnzk (p 4G g 1) p+n,n—iAn
ATLp Py —1)° ’ Ah | x; o .
<x’ n ( )kzzo inn—k (iAn—k—1)1 (ntirn—k-DI\" nt+i-k

By , we have
ptnn—1i1An\ _ p+nn—tAn—1 . . B -
Ah (sc, ni— ) =h <x, mi— k1 > ((n—inn)(x+n+i—k+1)—(n+i—k)(z+p+n+1)).

Consider first the case i < n. This simplifies to
(n—iAn)(x+n+i—k+1)—(n+i—k)(z+p+n+1)=(z+n+i+1—k)(k—2i)—(n+i—k)(p—i+k),

we get for i < n,

Ah(m;ern’nZAn) =—(n+i—k)(P—i+k)h<x~p+n’nZ1) —(Qi—k)h(m;ern’nZl),

n+i—k "n+i—k+1 n+i—k
and
i1 : ; i—ki—k .
i+l pEnnN g (i —Dln'~Fpi== _ . . p+nn—i—1
A h<x n ) = =D Z(z—k) (i—k—1) (n+i=k)p—it+kh{a” 07

lop p+nn—1—1
(24 k)h(m, ni— ﬂ
So for i < n, splitting the sum and removing respectively the first term (k = 1) and the last term (k =i —1)
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of the two sums gives

i1 : : i—k,i—k .
qyitl i \(@—Dn"""p . . ptnn—i—1
(—1) Z(i—k)(i—k—l)! m+i—k)p—i+Ek)h|x ni— ka1

+(—1)i+li i (i—l)!nmpd(%_k)h Lpmm =il
2a\i—k) (i~ k1) Conti—k
i-1 : : iFl—Fk itl—k .
(1)t i\ (= Dpttikptlel /g bnn—i—1
= Z(i—k) k=Dl "\ " nti—k+1

i—1 ; ; i—k+1,i—k+1 .
qyitl ? (i—1)n p . p+tnn—1—1
(=D ( ) (i— k) VL T

B o ti—k4+1 P

(D () amme )

Since the summand simplifies to

O R | = e R A [ e

i—1 ) )
; +nn—i—1\ Fi g i1kf i+1 (i+1—-1)!
_1)itt h p ’ it1—k, i+1—k )
(1) ; Cnti—k+1 )P i+1—k)(i+1—Fk—1)
The terms removed when splitting the sum are respectively (up to (—1)i*1)

Gy (o p e —i= 1\ i1\ (1= DTt pnn i1
p Tni—k+1 i+ 1 (i+1—1)! "nti—k+1 )’

i1 .
— (—)™STh ( p+nn—i- 1) TRy it1—k

we get

and

- ; ; ; RPN .
(i — 1)Intp(i prnn—i—1\ _ (i+1\@+1-Dlnipt, [ ptnn—i-1
= (Hl)h(x’ n+1 1 0! M\ i1 )

Hence for i < n

, +n,n RN prnn—i—1\ g aosf i+1 \ @G+1-1)
Az+1h D — (—1)+? h . ] i+ i+ S S e
o (1) kzzo Yopriv1-k )" ! i+1—-k)(+1—k—1)!

Consider now the case i > n. By Table |4} we get

+n,n—1iAn p+n,0 1 T+n+i—k\
Ah (2P Ah | x; . =A—
(‘T’ ) (x’n—&-z—k) (n+i—k)!< nti—k

n+i—k
1 —(nti—k) (rHntitl—k\ "
ti—klnti—k+1\ n+i+l—k

—(n—l—i—k)h(m- p+n.0 )

‘'n+i+1—-k

So for i > n,

n—1
; . _ 1)!nn—kpn—k
Az+1h _p—|—n,n — -1 1+1 n (TL
T (=1) kzzo n—k) (n—k—1)

><(n+z‘+1—k—1)! b PEn0
(n+n—Fk—1)! m+i+1-k)°

Therefore, the property is valid for all i € N*.
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Lemma 18. Let p,m,i € N such that 1 < i, we have

s [(2)a] = ST E S (e ()

k=0

NG = DGR (Gti— k=) pt G - iAg
(tNnj—k=1) (GJ+inj—k-=1) g+ i—k '

Proof. We have for ¢ > 1
) ) m _1\i—1 ) ..
At Kp N x) HI] —aig, 1y EUT (m> A'h (x;p ﬂ’]) .
m = 7 \J J

Using Lemma [T7]

o inj—1 L o AT A — L L
. ) 71!2/\‘] k. iNj—k 71€71! _
A (&P H5T) 2 21y 3 Y (2/\3' )J p== '(Jﬂ. )t P HII—iNGY
J = N =k (iNg—k—1)! GH+inj—k—-1) j+i—k

Using @ leads to the desired result. O
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