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Abstract

New formulas for the moments about zero of the Non-central Chi-Squared and the
Non-central Beta distributions are achieved by means of novel approaches. The mixture
representation of the former model and a new expansion of the ascending factorial of a
binomial are the main ingredients of the first approach, whereas the second one hinges on
an interesting relationship of conditional independence and a simple conditional density
of the latter model. Then, a simulation study is carried out in order to pursue a twofold
purpose: providing numerical validations of the derived moment formulas on one side and
discussing the advantages of the new formulas over the existing ones on the other.
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1. Introduction

In the present paper new expressions for the r-th moment about zero of the Non-central
Chi-Squared and the Non-central Beta distributions are obtained. In order to go in due
depth into the topics of interest, Section 2 is devoted to recalling the definitions and the
main properties of the above mentioned distributions. Instead, the core of the matter is
addressed in the subsequent sections as follows. In Section 3 the problem of computing the
r-th moment about zero of the Non-central Chi-Squared distribution is faced by resorting to a
novel approach based on the mixture representation of such a distribution together with a new
expansion of the ascending factorial of a binomial. In Section 4 an approach to the analysis of
the Doubly Non-central Beta distribution, i.e. the most general non-central extension of the
Beta one, is made explicit. This approach rests on an interesting relationship of conditional
independence and a suitable conditional density of such a model. These findings provide an
analytical tool-kit that paves the way towards obtaining a surprisingly simple solution to the
issue of assessing the moments of such a distribution. Finally, Section 5 contains a simulation
study aimed at discussing the validity of the derived moment formulas and the advantages
of these latter formulas over the existing ones. The whole analysis is performed by using the
statistical software R.

2. Preliminaries
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This section is intended to firstly provide the main mathematical tools that will be used in
the sequel. More precisely, let @ > 0 and T"(-) be the gamma function; we remember that

I'(a+1) 1 ifl=0
(a)zzr(a):{a(aﬂ)...(aﬂ—n ifleN (1)

denotes the ascending factorial or Pochhammer’s symbol of a (Johnson, Kemp, and Kotz
2005). By Equation (1), one has

D(at]) D(atlem) _
(a) _Tla+i+m) T(a) Tlatl) — (a); (a+1),, o
I+m — Ta) B latm) T(atmtl
(F(J;) ) §(2F+WJ73) = (a)m (a + m)l

for every I,m € NU {0} and

(@), [ (a+m),_,, ifl >m (3)
(a),, | 1/(a+1),, ifl<m
Furthermore, the following formula holds for the Pochhammer’s symbol of a binomial:

n

(a+b),=> (") (a),_; (b); - (4)

=0

In view of the foregoing arguments, the generalized hypergeometric function with p numerator
parameters and ¢ denominator parameters can be defined as follows:

00 .
(a1)i. .. (ap)i !
s (b1)i - (bg)i i1 veR. (5)

For more details on the convergence of the hypergeometric series in Equation (5) as well as
for further results and properties of ,F, , the reader is recommended referring to Srivastava
and Karlsson (1985). An important role is played herein by the special case of Equation (5)
where both p and g are set equal to 1, namely

pFy(ar, o apiby, . by ) =

400 (CL):L’I
1F1(a;b;x):;(b);“, zeR, (6)

which is known as Kummer’s confluent hypergeometric function. Some well-established recur-
rence relations holding for contiguous values of the parameters of | F| are of special interest
for the subsequent analysis and therefore are recalled in the following:

(b—a) Fi(a—1L;b;z)+ (2a—b+x) 1 F) (a;b;2) —a Fy (a+ 1;b;2) =0, (7)

b(b—1) Fy(a;0—Liz)+b(1—b—2x) F) (a;0;2) +x(b—a) 1F (a;0+1;2) =0, (8)

bla+x) 1 Fy(a;b;2) + x(a—b) 1 Fy (a;0+ 1;2) —ab Fy (a+ L;b;2) =0, )

(a—1+2) 1 F (a;b52) + (b—a) 1 F) (a—Lbx) + (1-0) 1 Fy (a;b— L) =0 (10)
(see Abramowitz and Stegun 1964, formulas 13.4.1, 13.4.2, 13.4.5, 13.4.6).

That said, let us proceed with the reviewing of the probabilistic models which are under con-
sideration in the present paper. To begin with, we recall the following characterizing property
of independent Chi-Squared and, more generally, Gamma random variables (Johnson, Kotz,
and Balakrishnan 1994). This property is a matter of great consequence for our interests.
Thus, it is given the following special emphasis.



Austrian Journal of Statistics 37

Property 1 (Characterizing property of independent Chi-Squared random variables). Let Y;,
i = 1,2, be independent Chi-Squared random variables and Y = Y; + Ys. Then, each of the
compositional ratios Y; / YT is independent of Y.

In the notation of Property 1, let 2a; > 0 be the number of degrees of freedom of Y;, i =
1,2; then, the random variable X = Y7 /Y™ is said to have a Beta distribution with shape
parameters aq, ag. We shall denote it by Beta(a, a). Meaning that a X(? random variable is
equal to zero with probability one, a Beta (a1,0) random variable with a; > 0 is interpreted
as degenerate at one, while a Beta (0, ag) random variable with ag > 0 is interpreted as
degenerate at zero. As a consequence of Property 1, the Beta distribution can also be obtained
as conditional distribution of X given Y. The Beta density function takes the form of

g1 (1 — g)*2 !
B (al,ag) ’

Beta (z; a1, ag) = 0<zr<l,

where B (a1 ,a2) = I'(a1) T'(a2) /T (ah) is the beta function and a™ = a3 + as. Finally,
in light of Equation (1), the r-th moment about zero of the Beta (aq, a2) distribution can be
stated in the form of

(a1),
(af),
Another probability distribution often mentioned in the following is the Poisson one. Some
properties of the latter are listed below by making use of the same notation that will be
adopted for our purposes afterwards. Specifically, a discrete random variable M is said to have
a Poisson distribution with parameter A\/2 > 0, denoted by Poisson (A/2), if its probability
mass function can be expressed as

E [Beta” (a1, a2)] = r e N. (11)

. A 2 (3) ,
Pmsson(y; 2) =e 2 Bk jeNuU{0}.

The case A = 0 corresponds to a random variable degenerate at zero. If M ~ Poisson (\/2),
then E (M) = V(M) = A/2. The Poisson family is reproductive with respect to its pa-
rameter. More precisely, let (Mj, Ms) be a bivariate random variable the marginals of
which are independent with Poisson ()\; /2) distributions, i = 1,2, respectively; then M+ =
M + Mj ~ Poisson (AT /2) with AT = A\; + \y. Furthermore, it is useful remembering that
M;| M+ ~ Binomial (M™,\; /A"), i« = 1,2. The Poisson distribution is instrumental in
characterizing the non-central extension of the Chi-Squared model (Johnson, Kotz, and Bal-
akrishnan 1995). As a matter of fact, a Non-central Chi-Squared random variable Y’ with
g > 0 degrees of freedom and non-centrality parameter A > 0, denoted by X’g2 (M), admits the
following mixture representation:

A
Y ~ X;Q (N & Y'|M ~ X92+2M, where M ~ Poisson (2> , (12)

the case A = 0 corresponding to the Xg? distribution. Moreover, a random variable Y/ ~ X/gz (A)
can be additively decomposed into a central part with g degrees of freedom and a purely non-
central part with non-centrality parameter A, as follows:

M
Y=Y +) F, (13)
j=1

where:

i) Y, M, {F;} are mutually independent,

ii) Y ~ x2, M ~ Poisson (\/2) and {F}} is a sequence of independent random variables
with x4 distribution.
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By virtue of Equation (13), the random variable Y, . = Z;‘il F} is said to have a Purely Non-
central Chi-Squared distribution with non-centrality parameter \. Indeed, we shall denote
it by x4 ()), its number of degrees of freedom being equal to zero (Siegel 1979). The Non-
central Chi-Squared distribution is reproductive with respect to both the number of degrees
of freedom and the non-centrality parameter (Johnson et al. 1995). Specifically, if Y/, ..., Y,

are independent with X;?()\j) distributions, j = 1,...,m, then Y'* = 37" | V] ~ X/2 ()\+)
with g© =370 gj and AT = 3700 A
Finally, the r-th moment about zero of Y’ ~ x/?(\), g > 0, can be computed with the
following formula (Johnson et al. 1995):

E(2) =27 (r+9) Z <r> F@)] . (14)

=0

The Non-central Chi-Squared distribution represents the main ingredient for the definition
of the most general non-central extension of the Beta model, known as Doubly Non-central
Beta model (Johnson et al. 1995). The latter is defined by replacing the two independent Chi-
Squared random variables involved in the definition of the Beta model by two independent
Non-central Chi-Squareds. More precisely, a random variable is said to have a Doubly Non-
central Beta distribution with shape parameters a1, as and non-centrality parameters Ay, Ao,
denoted by DNcB (a1, ag, A1, A2), if it is distributed as X' = Y{/(Y{ +Y3), the Y/ ’s being
independent with X’Qil (\;) distributions, ¢ = 1,2. Clearly, the case A\ = Ay = 0 corresponds
to the Beta distribution. Moreover, the special case of X’ where oy = as = 0 leads to
the compositional ratio XmC of two Purely Non-central Chi-Squared independent random
variables with non-centrality parameters A;, A2. In light of Equation (12), the Doubly Non-
central Beta model can be characterized by the following mixture representation:

X' ~ DNcB (al,ag,kl,)\g) = X/| (Ml,Mz) ~ Beta(a1+M1,a2+Mg)
in . >\’L .
where M; ~ Poisson <2> i=1,2. (15)

By Equation (15), the DNc¢B density can be stated as

DNcB (z; a1, a2, A1, A2) =
+00 +00

A1 A
ZZ |:POlSSOIl <] : > Poisson <k‘ ;) Beta (z; 1 + j, a0 + k:)] ,0<z<1 (16)

7=0 k=0

and can be accordingly written as the following perturbation of the Beta density (Ongaro and
Orsi 2015):

+ AL A
DNeB (z; aq, a2, A1, A2) = Beta (z; a1, ag) - T Uy |:Oé+;041a042; ?1 ) 22 (1- 3’3)] , (A7)
where
400 400 +k xj yk
. ) ]

is the Humbert’s confluent hypergeometric function (Srivastava and Karlsson 1985). Unfor-
tunately, the perturbation representation of the DNc¢B density in Equation (17) is not so
easily tractable and interpretable. Indeed, regardless of the constant term, the Beta density
is perturbed by a function in two variables given by the sum of the double power series in
Equation (18).

The special case of the DNcB model where \g is set equal to 0 and Aq is renamed in A is
called Type I Non-central Beta distribution and is denoted by X{ ~ Nc¢B1 (g, ag,A). The
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NcB1 density takes the form of

+o0
A
NeBl1 (z; a1, a9, A) = g [Poisson <j; 2) Beta (z; a1 + 7, 062):| , O<zx<l1
=0

and can be equivalently written as

A
NcB1 (z; a1, ag, A) = Beta (z; a1, az) - e 2 1F1 (cﬁ; a5 x) :

moreover, the following formula holds for the raw moments of a NcB1 (o, a2, A) random
variable:

A
E [NcB1" (a1, a0, \)] = E[Beta” (a1, )] e 2 o F, <a1 +rat o, 0t 41y > , meN.

2
(19)
The Type II Non-central Beta distribution, denoted by NecB2 (a1, ag, A), is the special case
of the DN¢B model given by the distribution of 1 — X{ where X follows a Nc¢B1 distribution
with reversed shape parameters. The r—th moment about zero of a NcB2 (aq, ae, ) random
variable can be expressed as:

E [NeB2" (a1, a2, )] = E [Beta” (a1, ag)] e 2 1F1 (oﬁ;oﬁr +7; ;) , mreN.  (20)

See Nadarajah and Gupta (2004) for more details of these two latter models.

3. On the moments of the non-central chi-squared distribution

In the present section the focus is on the derivation of a new general expression for the raw
moments of the Non-central Chi-Squared distribution. This new formula is derived regardless
of the standard one in Equation (14) by means of a novel conditional approach. This approach
makes use of the mixture representation of the above mentioned distribution as well as the
following simple expansion of the ascending factorial of a binomial, which, to our knowledge,
has never been discussed in the literature.

Proposition 1 (Expansion of the ascending factorial of a binomial). Let a, b > 0. Then, for

every | € NU{0}:
l

@i =3 5 | @] o (21)

where d'f/da’ denotes the i-th derivative of f with respect to a (the case i = 0 corresponding
to f) and (a), is defined as in Equation (1).

Proof. In view of Equation (1), Equation (21) holds trivially true in the case where [ is set
equal to 0. By Equation (2), for [ > 1 one has

(@a+b),=(a+b)qqy=(a+b) (a+1+b)_4, (22)
which can be equivalently rewritten as
L1 d
(a+b), = {Zz' [dai (G)J bi}(a"i_l"i_b)l—l ; (23)
i=0

therefore, by taking [ = 1 in Equation (23), Equation (21) is established in this latter case.
For [ > 2, Equation (22) can be further expanded in the following way:

(@+b), = (a+0)(a+1+4b)1, 49 =(a+b) (a+1+0)(a+2+b)_ 5=
= {a(a+ 1) +[a+ (a+1)]b+b} (a+2+Db),_, . (24)
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Observe that Equation (24) can be analogously restated as

2 i
(@)= {Z; [ ) bl} (@ +24b),. (25)

i=0
so that, by placing [ = 2 in Equation (25), Equation (21) holds true also in this latter case.
By expanding Equation (24) along the same lines, for [ > 3 one obtains:
(a+b), = {a@+D)+[a+(a+1D)]b+} (a+24b), 4 5 =
= {a(@+)+[a+(a+1)]b+b*} (a+2+b) (a+3+b),_5=
= {a(a+1)(a+2)+[a(a+1)+a(a+2)+ (a+1)(a+2)]b+
+ Ja+(a+ D)+ (@+2)° +0*} (a+3+b), 4. (26)

Again note that Equation (26) can be rewritten as follows:

3 .
1[d -
(a+b), = {Zz' [dcﬂ (a)3} bl}(a+3+b)l_3 ; (27)
therefore, the special case of Equation (27) where [ is set equal to 3 leads to the proof of

Equation (21) also in this latter case. By iteratively repeating the foregoing reasonings, at
the j-th step (I > j) one has

(a+b), = {Z; L;Zi (a)j] bz’} (@a+j+b);; (28)

1=0
therefore, by setting j = [ in Equation (28), Equation (21) is established for any [ € NU
{0}. O

As mentioned before, Proposition 1 and the mixture representation in Equation (12) lead
us to the finding of the following new general formula for the moments about zero of the
Non-central Chi-Squared distribution.

Proposition 2 (Moments about zero of the X;Q (M) distribution). For every r € N, the r-th
moment about zero of the quQ (N\) distribution with g > 0 can be written as

2o =2 X3S h [ ] (2) (29)

i=0 j=0

where S (i,7) is a Stirling number of the second kind, h = g/2, d'f/dh' denotes the i-th
derivative of f with respect to h (the case i =0 corresponding to f) and (h),. is defined as in
Equation (1).

T

Proof. In the notation of Equation (12), by the law of iterated expectations, one has E [(Y")"] =
Eny {E[(Y")"| M]}. In view of the general formula for the moments about zero of the Gamma
distribution (Johnson et al. 1994), one obtains E [(Y”)"| M] = 2" (h + M), ; therefore:

E[(Y)]=2"E[(h+M),]. (30)

By virtue of the special case of Equation (21) where a = h, b = M and | = r, Equation (30)
can be rewritten as

, .
r 1[d »
E((V)) =2 35 | g 00| 2 (1),
i=0
where, by the general formula for the moments about zero of the Poisson distribution (Johnson
et al. 2005), one has:

M) = Z(:)S (i,7) <;>j , i €N, (31)

S (i, 7) being a Stirling number of the second kind. Hence, Equation (29) is established. [
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We can thus recover the raw moments of order r = 1,2,3,4 of the X/gQ (\) distribution as
special cases of Equation (29):

E(x,>(\) =2[8(0,0) h+S(1,1) (A/2)] =g+ A, (32)

EGGZO)Y = 4{S0,00 h(h+1)+[S(1,1) @0+ 1) +8 2 D](V/2) +8(2,2) (\/2)?}
= g(g+2)+2(g+2) A+ )2, (33)

E(2N)° = 8{S(0,00h(h+1)(h+2)+ [S(1,1) (3h%+6h +2) +35(2,1) (h+1)
+ SB](V2) +[3S(2,2) (h+1)+8(3,2)] (\/2)? +S(3,3)()\/2)3}:
= g(g+2) g+ +3(@+2) (g+HA+3(g+4) N+ A%, (34)

=
—~
X\
< [\o}
—~
>
=
'
I

16{8(0,0) h(h+1)(h+2)(h+3)+[2S(1,1) (2h> + 9h* + 11h + 3) +

- 1) (6h* +18h+11) +2S5(3,1) (2h +3) + S (4,1)] (A/2) +

+ [ 2) (6h% + 18h +11) +28(3,2) (2h +3) + S (4,2)] (A/2)* +

+ [25(3 3) (2h +3) + S (4,3)] (A/2)? + S (4,4) ()\/2)4} -

= g(9+2)(9+4) (g+6)+4(g+2)(g+4) (g +6) A+ 6(g+4) (g+6)\?
+ 4(g+6) N+ A1 (35)

However, neither the moment formula available in the literature nor the above derived one
apply in case of number of degrees of freedom equal to zero. As far as the computation of the
raw moments of the Purely Non-central Chi-Squared distribution is concerned, the following
formula can be used.

Proposition 3 (Moments about zero of the x{? (\) distribution). For every r € N, the r-th
moment about zero of the x42 (\) distribution can be written as

E () =27 XD lsrals i) (5) (36)
i=0 j=0

where |s (r,1)| is an unsigned Stirling number of the first kind and S (i, ) is a Stirling number
of the second kind.

Proof. The proof ensues from Equation (30) by taking h = 0 and remembering that (M), =
S o ls ()| M* where |s (r,i)| = (=1)""s(r,i) and s (r,4) is a Stirling number of the first
kind. By Equation (31), Equation (36) is thus established. O

The special cases of Equation (36) where r is set equal to each of the integers from 1 to 4
lead to the expressions of the first four moments of the x{2 ()\) distribution:

E (X2 (V) = 2[s (1, 1)]S (1,1) = A,

E (¢’ (V)" = 4{[Is(2,1)l5(1,1)+Is(2’2)18(2,1)](A/2)+Is(2,2)|5(2’2)(A/2)2}=
= A+ 2%,

E(x® (V)" = 8{[lsBDISL1)+]s(3,2)S(21) +]s(3,3)|S (3, 1] (A/2) +
+ (15 (3,218 (2,2)+1s(3,3)[S (3.2)] (V/2) + 15 (3,3) S (3,3) (\/2)*} =
= 24N 41202 + )3,
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E(2(N)" = 16{[]s (4. 1)|S(1,1) + s (4,2)| S (2,1) + |5 (4,3)[ S (3,1) + |s (4,4)| S (4,1)]
(A/2) + 15 (4,2)] S (2,2) + |5 (4,3)| S (3,2) + |5 (4,4)| S (4,2)] (\/2)? +
+ [[s(4,3)[S8(3,3) +[s(4,4)| S (4,3)] (A/2)3+\8(4,4)|8(474)(A/2)4}=
= 192X\ 4 14422 + 2403 + 2%,

Observe that the above formulas can be alternatively obtained by taking ¢ = 0 in Equa-
tions (32), (33), (34), (35), respectively.

4. On the moments of the non-central Beta distributions

The main weakness of the Doubly Non-central Beta distribution lies in its poor tractability
from a mathematical standpoint. Despite the growing variety of applications attracted by the
present model in recent years (see, for example, Kimball and Scheibner 1998; Stamm, Singh,
Afacan, and Warfield 2015), the aforementioned drawback of the DNcB distribution poses
strong limitations on its use as a model for data consisting of proportions. In this regard,
the following Proposition 4 makes explicit a new approach to the study of this class which
clears the ground for a deeper analysis of it. This approach, which is just mentioned in the
proof of Proposition 7 in Ongaro and Orsi (2015), has its origin in the following realization:
in view of the arguments recalled in Section 1, Property 1 is no longer valid in the non-central
setting. Hence, an interesting generalization of the latter to the non-central framework is
made clear herein. Specifically, in a suitable conditional form, a Doubly Non-central Beta
random variable X’ is independent of the sum of the two Non-central Chi-Squareds Y{ and
Yy involved in its definition. More precisely, this relationship applies conditionally on the
sum M™ of the two Poisson random variables on which both X’ and Y] + Y5 depend. The
distribution of X’ given M™ is also clarified.

Proposition 4 (Conditional independence). Let X' ~ DN¢B (aq, ag, A1, A2) and Y/, i = 1,2,
be independent X/22a1 (\i) random variables, with Y'* = Y| +Y]. Furthermore, let M;, i = 1,2,
be independent Poisson random variables with means \; /2 and M+ = My + Ms. Then:

i) X" and Y'T are conditionally independent given M

ii) the density of X' given M™ is:

Mt
A
Fxr i+ () = Z [Binomial (z MT, )\i> Beta (z; a1 + i, a0 + M T — z')] . (37)
=0
where Binomial (i; MT, i‘—j_) is the probability mass function of the Binomial (M+, ))\‘—}r) dis-
tribution evaluated in i =0,..., M.
Proof. For a proof see Ongaro and Orsi (2015), Proposition 7. O

The easiness of the conditional density in Equation (37), being a simple mixture of Beta
densities, enables to overcome the aforementioned limitations steming from the mathematical
complexity of the DNc¢B density. Indeed, in light of Proposition 4, the proof of a new formula
for the raw moments of the Doubly Non-central Beta model becomes considerably simplified.
In this regard, by analogy with the form of the density in Equation (16), the r-th moment
about zero of the DNcB distribution can be stated as

E [DNcB” (a1, g, A1, A2)] =
“+00 +oo

A A
= Z Z {Poisson <j; 21> Poisson (k; 22> E [Beta” (a1 + j, a2 + k:)]} . (38)
§=0 k=0
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By Equation (2), Equation (38) can be equivalently expressed as the following infinite sum of
Kummer’s confluent hypergeometric functions:

E[DNcB" (a1, a9, A1, A2)] = E [Beta” (o, a2)] -
NI
a2 (a®); (1 +7); (71

e 2 -
= (a1); (@t +7);  j!

J

) F + 4T A2

1 1(a +a +7’+J>2>> (39)
however, this formula is computationally cumbersome. That said, a new general formula
for the raw moments of the DNcB distribution is provided by the following Proposition,
which broadens and completes Proposition 7 in Ongaro and Orsi (2015). This formula allows
the computation of the quantity at study to be reduced from the single infinite series in
Equation (39) to a surprisingly simple form given by the following finite sum.

Proposition 5 (Moments about zero of the DN¢B distribution).

E [DNCB (041, a9, A1, )\2)] [BetaT (041, 042)] .
At (71> < AT
ez F a++i;a++r~|—i;>, reN. 40
;%mn< o 2 40

Proof. Let X’ ~ DNc¢B (a1, a2, 1, A2) and L have a Binomial (M™,0;) distribution condi-
tionally on M+ ~ Poisson (AT /2) with #; = A\; / AT. By virtue of Equation (37), one has:

M+

1 ay + 1 + +
E[(X/)T‘ M+:| = /0' foX/‘M-‘r (x) dxzz(a('f‘l_i__‘_M)l) <M >91 (1—01)M _Z:
=0 T

]

_ El{+1),| MT]
T T arr M), )

where, in light of Equation (4):

(@ 2), = [l = 1)+ @+ 0], = 3 (1) (o = 1), (4 )
i=0
so that:
B+ 2,1 7] = (7)o - D B[40, 0] =
i=0
r r Mt + N
— <)(a11) > (+1) (Ml >(19)M ‘o] (42)
i=0 1=0
By Equation (1), for every i =0,...,7:
T(+itl) (+d) (144,
(1) = r(z+1)): 0 :< l >Z!; (43)

under Equation (43), Equation (42) can be thus rewritten as follows:

r

E(a1+1L),) M*] =3 (:)u (ar—1),_, g (Z : Z) <Ml+> (- oM lol . (aa)

i=0 1=0
In carrying out the prove, reference must be made to Ljunggren’s Identity, namely

T T [ S

k=0 k=0
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which is (3.18) in Gould (1972). By setting k =, n = MT, a =i,z =1,y = 6 in
Equation (45), Equation (44) can be restated in the following form:

£+ 08 =3 (it -3 () ()t (10

i=0 1=0
so that, under Equation (46), Equation (41) can be equivalently expressed as

E[(X')"| M*] = (a++1M+) ATO (:)Zv (0 — 1%4% (;) (Ml+)0{.

LES =0
By the law of iterated expectations one has:

sl =% 3 (e, 5 LS ()

where, by Equations (1) and (2), for every m € NU {O}:

(5 () 0 (5) e

m!(at+m),  ml(at),,, mT(t+r+m)’
so that:
E[(X)" —1), 01
)= 8 (e 5 e () (0
By bearing in mind that (;) = 0 for [ > i, we have:
. AT m +
+ r ¢ 91 i +00 (7) F(O[ +m)
E[(X) ] =eT Mo —1), ;> - :
(X)) =em io(z’)l (o ”-%%u (l);(m—l)!F(a++r+m)’

by setting k = m — [l < m = [ + k, by virtue of Equation (1) and in light of Equation (6):
E[(X)] =

l
- ’ 3 + . oo At +
11§ [ o) o KR ()8 R
a o ! + | +
i—o \! l:Ol F(at+r+1)\U k:ok (at +7+1),
l
T 7 &) F(C)é+—|—l) )
At r s Z >\+
— 7 i 1 i s oy
e 2 1:0<'>Z (041 )rizl:() Z'F(Oé++r+l) <l>1 1<CE +lhat+r 4+ 2>

(Ag)r lro l§§>a++r) 1F (a +hat+r+1 >Z<> 1 =1, (i(i—!)j)!’

(47)

For every [ = 0,...,r, by setting j =i—1 < i = j+1 and by virtue of Equation (4), the final
sum in Equation (47) is tantamount to:

> (:) (@1 = 1), (z'(i—!)j)! =

1=l

r—l . 9 B
- Z <j :_ l) (1 —1), U + 2l = (ri!l)! Z (r ‘ l> (1 —1),,, (G+DI=

Jj=0 ‘7' 7=0 J
r—I
r!! r—1 rll
= — —1 . [+1). = —1 l+1 =
(’I“ _ l)] JZ;) ( ] > (011 )'I‘—j—l ( + )j (7" — l)' [(041 )+( =+ )]r—l
rii!

e ), (48)
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Finally, under Equation (48) and in light of Equations (3) and (11), Equation (47) can be
rewritten in the same form as in Equation (40). O

The first moment of the DNcB distribution can be thus obtained by taking r = 1 in Equa-
tions (11) and (40) as follows:

E [DNcB (o, ag, A1, A2)] =

+ AT ot A AT
A -3 1F1<a+;a++1;>+21F1<a++1;a++2;2). (49)

+ 2 ) Tai(at +1)

(07

The expression in Equation (49) can be algebraically manipulated with the aim to reduce
the number of distinct 1 F; functions from two to one. Specifically, this latter formula of
the DNcB (a1, ag, A1, A2) mean can be rearranged so as to yield the following convex linear
combination between the Beta (a1, ) mean and the compositional ratio of the non-centrality
parameters with respect to A;. These two additive components are given weights depending
only on one 1 I} function.

Proposition 6 (Alternative expression of the DNcB mean).

E[DNCB (Oq,Otg,)q,)q)] =
R0 U I oot A A1 AT oot AT
= oﬁ[e 2 1F1<a e} —i—l,? —1—)\—Jr l—e 21 |a";a +1,7 . (50)

Proof. By taking a = a* + 1, b = o™ + 2, x = A" /2 in Equation (7), or, equivalently, in
Equation (10), one obtains:

A + AT AT
1 Fy <a+;a+ +2; 2) = (" +1) e — (oz+ + 2) 1Fi <Oé+ + Lat + 2 2) , (51)

while the special case of Equation (8), or, equivalently, of Equation (9), corresponding to
a=at, b=a" +1, x = A" /2 leads, under Equation (51), by simple computations, to:

)\+ + 1 + )\+
1Fy <a+ + 10 42 2) = % [eg - 1R (oﬁ';oﬁ' + 1;2)] . (52)
2

Finally, under Equation (52), Equation (49) can be exhibited in the form of Equation (50). [

Analogously, the formula of the second moment of the DNc¢B distribution ensues from Equa-
tions (11) and (40) by setting r = 2:

+ AT
E []:)I\ICB2 (O[l, a9, A, )\2)] = ((ler))2 67% |:1F1 <O[+; at + 2 2) +
2

at M\ At (at), (A1/2)? At

7 . F + lrat +3. 2 2 F t 190t +4- 2 .

al(a++2)1 1(a +La® + ’2)+(a1)2(a++2)21 1o +25a" + "5
(53)

A restatement of Equation (53) depending only on two 1 F functions instead of three is derived
herein.

Proposition 7 (Alternative expression of the second moment of the DN¢B distribution).

+ A\t
E []:)N’CB2 (al, a2, A\, AQ)] = ((jj_>)2 ef)\T 1Fy <Oé+; at +2; 2> +
2

At (o1 +1) (\/2)°

at+1 a++1+%

2 + +
+ (\1/2) 1—e 2 1y a++1;a++3;>\— . (54)
At At 2
T (Oﬁ +1+ 7)

1
at +2

_l’_

At AT
e 2 1Fy <a+ + 10t +3; 2) +
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Proof. By taking a = at +2,b=a™ +4, x = A" /2 in Equation (10), one obtains:

At
21F, <a++1;a++4;2) = (a"+3)-

AT AT AT
1 <a+ +2:at +3; 2) - <0fr +1+ 2) 151 <044r +2;at 4+ 4; 2) ) (55)

while the special case of Equation (9) where a = a™ + 1, b= at + 3, z = AT/ 2 leads to:

+ +
(o +3) <a++1+>‘2) 1 Fy <a++1;a++3;/\2> = (ot +1)-

AT AT AT
(a++3) 1P (a++2;a++3;2> +2-71F1 <a++1;a++4;2> ; (56)

hence, under Equation (55), Equation (56) reduces to:
AT AT
<a+ +1+ 2) {(oz+ +3) [1F1 <a++1;oz+ + 35 2> +
AT AT AT
- 1R <a+ +2:a" +3; 2)} + 71F1 <a+ +2:a" +4; 2)} =0. (57)

By settinga = a*+2,b = a™+3, z = AT/ 2 in Equation (10), or, equivalently, in Equation (7),
one has:

AT AT At AT
<a++1+> 1B <a++2;a++3;2> = (a++2) e?2 — 1k <a++1;a++3;> )

2 2
(58)
so that, under Equation (58), Equation (57) reduces to:
AT t+3
P <a++2;a+—|—4;2> =— i -
A <a+ +1+ )‘7)
+ 2t + AT + + AT

(at+2) 7 — (a 24+ 5 JF (et + a4 35 )] (59)

Finally, Equation (54) is obtained from Equation (53) with simple computations by making
use of Equation (59). O

As far as the computation of improved expressions for higher order moments of the DNcB
distribution is concerned, similar reasonings apply; however, other recurrence relations are to
be used in order to reduce the number of distinct ; F7 functions (in this regard see Abramowitz
and Stegun 1964) and more and more burdensome algebraic manipulations are needed.

In light of Equation (40), a new general formula for the moments about zero of the NcB1
distribution can be derived regardless of Equation (19).

Proposition 8 (Moments about zero of the Nc¢B1 distribution).
E [NCBlT (Oq, a9, )\)] =

(MY (o). ()
% W)’(Q)lFl(a++i;a++7“+i;)\>, reN. (60)

= E[Beta” (a1, 2)] €™ (a1); (at +7), ?

=0

Proof. The proof of Equation (60) follows from Equation (40) by taking Ay = 0 and renaming
)\1 n . O

By comparing Equations (19) and (60), the following identity holds true for the hypergeo-
metric functions involved in the two aforementioned moment formulas.
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Proposition 9 (Identity). Let b > a >0, n € N and x > 0. Then:
2oF (a+n,b;a b+n'x):imlﬂ(b—%i'b—kn—ki'x) (61)
) ) ) ) ,L:() (a)Z (b _"_ n)Z ) ) .
Proof. Equating the right-hand sides of Equations (19) and (60) and setting oy = a, a™ =
b(>a), r=n and 3 =z yield Equation (61). O

Moreover, the general formula for the moments about zero of the NcB2 distribution in Equa-
tion (20) can be recovered as the special case of Equation (40) where A is set equal to 0 and
A2 is renamed in A. Finally, an interesting relationship applies among the means of the above
mentioned types of Non-central Beta distributions.

Proposition 10 (Relationship among the means of the DN¢B, the NcB1 and the NeB2 distri-
butions).

E [DNcB (a1, az, M1, A2)] = %E [NeB1 (g, ag, AT)] + ;% E [NcB2 (o, a2, AT)] .

Proof. The proof is straightforward once we observe that Equation (49) can be rewritten as
follows:

E [DNcB (ay, az, A, A2)] =

+ AT +oy A
—— e_AT 1F1 <O‘+;a++1;> —i—e_% Tk <a+—|—1;06++25> -
«

at 2 t+1 2
+
AL fon _at oo A —at )\2 + + A*
= )\Jrloﬁe 2 1F1<04 e +1,7 te a++11F1 am+ Lot + 2 — || +
Ay fon ar oot AT
+ H[oﬁe 2 1 <a e +17? .
O

5. Simulation results

A simulation study aimed at confirming the validity of the derived moment formulas is clearly
needed. This makes it necessary to generate from the two distributions at study. Specifically,
the issue of simulating from the Non-central Chi-Squared and the Doubly Non-central Beta
models is addressed herein by resorting to the mixture representation of the former in Equa-
tion (12) and to the conditional density of the latter given M ™ in Equation (37). More pre-
cisely, the algorithm to obtain a realization from X’ ~ DN¢B (a1, a2, A1, A2) using the afore-
mentioned method requires to first generate from the random variable M ™ ~ Poisson (A /2)
and then from the mixture of M+ + 1 Beta distributions referred to hereinabove. To sam-
ple from this latter mixture, one chooses an index i* from {0,..., M™} according to the
probabilities of the Binomial (M ™, A\; / A1) distribution and then simulates a value from the
corresponding Beta (ay + i*, ap + M T — i*) distribution. A graphical depiction of how the
present algorithm works is displayed in Figure 1, which shows the histograms of the values
simulated from the DNcB model together with the true densities of the latter for selected
values of the shape parameters and the non-centrality parameters.

That said, numerical validations of the derived formulas are produced by employing the
following procedure. A sample of n = 30 series of 10000 random draws is generated from
each of the two models of interest for selected values of their respective parameters. The
r-th descriptive moment (r = 1,2,3,4) is thus computed for each series; then, the sample
mean and standard deviation of this latter quantity are assessed for every r. Hence, the null

47



48 New Developments on the Non-Central Chi-Squared and Beta Distributions
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Figure 1: Histograms of 10000 random draws simulated from the DNcB(a, aa, A1, A2) model
by means of the conditional density of the latter given M in Equation (37) for the following
values of the parameter vector: (0.5,0.5,4,4) in the top left-hand panel, (0.5,0.5,4,7) in the
top right-hand panel, (1,1,2,4) in the bottom left-hand panel and (2,5,0.5,7) in the bottom
right-hand panel; the plot of the true densities is superimposed in black.

hypothesis that the true mean is equal to the value of the r-th moment about zero of the
considered model is checked by using the two-tailed Z test for large samples. The results
obtained are listed in Table 1 for the x’? distribution and in Table 2 for the DNcB one. All
the conclusions are clearly in favour of the non-rejection of the null hypothesis at study.

The new formula for the moments of the Non-central Chi-Squared distribution in Equa-
tion (29) does not offer any particular advantage of a computational or numerical nature
over the existing one in Equation (14) but only brings an element of theoretical elegance
into the study of the above mentioned model. On the contrary, the new formula for the mo-
ments of the DN¢B distribution in Equation (40) allows to overcome the disadvantages due
to the infinite-series structure of the existing formula in Equation (39). As a matter of fact,
the former is computationally less demanding than the latter thanks to its finite-sum form.
Specifically, the derived moment formula requires a less implementation effort and calls for a
less considerable execution time to produce the desired results than the existing one. In this
regard, the computational performances of the two formulas are compared in the following
way. The overall amount of machine-time spent to compute the first four moments of the
DNcB distribution by using both the derived and the existing formulas is measured n = 30
times for each value of the parameter vector considered in Table 2. Then, the sample mean
and standard deviation of this latter quantity are computed in each case above. Hence, the
null hypothesis that the true mean of the execution time of the new formula is not inferior
to the one of the existing formula is checked by using the one-tailed Z test for large samples.
The results achieved are listed in Table 3, from which we conclude that the new formula
is beyond doubt to be preferred to the existing one for its major computational efficiency.
More precisely, the findings obtained suggest that the execution time of the new formula is
approximately of the order of 5 times faster than the one of the existing formula.
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Table 1: Sample means () and standard deviations (s) of the r-th descriptive moments
(r = 1,2,3,4) of n = 30 series of 10000 random draws from the qu2 (A\) distribution for
selected values of its parameters and p-values of the two-tailed Z test to check the null
hypothesis that the true mean is equal to the r-th moment about zero of the model at study

49

’ g A H r ‘ r-th moment z s ‘ p—value ‘

1 6 6.00339 0.04723 | 0.69422

9 4 2 56 56.04660 0.90051 | 0.77684
3 688 688.63642 19.44960 | 0.85776

4 10368 10370.10193 | 481.57720 | 0.98093

1 6.5 6.49742 0.03293 | 0.66783

45 9 2 59.25 59.23174 0.64579 | 0.87692
3 690.125 689.83859 13.54150 | 0.90777

4| 9745.56250 | 9730.61264 | 323.74687 | 0.80033

1 4.5 4.49802 0.03401 | 0.74982

3 15 2 32.25 32.20308 0.53281 | 0.62957
3 313.125 312.66438 10.25106 | 0.80559

4| 3812.0625 3812.18461 | 229.93738 | 0.99768

1 9.5 9.49716 0.05716 | 0.78552

6 35 2 116.25 116.17581 1.44904 | 0.77915
3 1730.375 1729.08064 | 36.31869 | 0.84523

4 | 30228.06250 | 30198.26443 | 988.70828 | 0.86889

All the simulations and the procedures of interest have been carried out by means of routines
implemented in the R environment.

6. Concluding remarks

In the present paper the problem of computing the r-th moment about zero of the Non-
central Chi-Squared distribution was faced by exploiting a conditional approach based on the
mixture representation of such a distribution together with a new expansion of the ascending
factorial of a binomial. A similar approach enabled the derivation of a new formula for the
r-th moment about zero of the Doubly Non-central Beta distribution, i.e. a generalization of
the Beta model for the definition of which the Non-central Chi-Squared distribution represents
the main ingredient. While the new formula for the moments of the Non-central Chi-Squared
distribution only brings an element of theoretical elegance into the study of this model, the new
formula for the moments of the Doubly Non-central Beta distribution, thanks to its finite-sum
form, guarantees a greater computational efficiency than the existing one, the latter having
an infinite-series structure. We hope that the approaches discussed and the results obtained
may attract wider applications in statistics.
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Table 2: Sample means (Z) and standard deviations (s) of the r-th descriptive moments (r =
1,2,3,4) of n = 30 series of 10000 random draws from the DNcB (a1, a2, A1, A2) distribution
for selected values of its parameters and p-values of the two-tailed Z test to check the null
hypothesis that the true mean is equal to the r-th moment about zero of the model at study

’ a1 a2 AL A H r ‘ r-th moment ‘ z ‘ S ‘ p—value ‘

1 0.5 0.50011 | 0.00299 | 0.84031

05 05 4 4 2 0.33013 0.33011 | 0.00305 | 0.97382
3 0.24519 0.24509 | 0.00287 | 0.84505

4 0.19516 0.19500 | 0.00268 | 0.75117

1 0.38833 0.38830 | 0.00224 | 0.94458

05 05 4 - 2 0.21345 0.21334 | 0.00196 | 0.76246
3 0.13759 0.13751 | 0.00176 | 0.79195

4 0.09788 0.09784 | 0.00161 | 0.87988

1 0.40925 0.40921 | 0.00220 | 0.91796

1 1 9 4 2 0.23211 0.23202 | 0.00203 | 0.80964
3 0.15356 0.15345 | 0.00176 | 0.72559

4 0.11134 0.11123 | 0.00155 | 0.68663

1 0.21392 0.21388 | 0.00140 | 0.86706

9 5 05 7 2 0.06298 0.06296 | 0.00074 | 0.87554
3 0.02281 0.02279 | 0.00039 | 0.77032

4 0.00957 0.00956 | 0.00022 | 0.71113

Table 3: Means (Z) and standard deviations (s) of the overall machine-time (in seconds) to
compute the first four moments of the DNcB distribution by means of the derived formula
(“Sum”) and the existing formula (“Series”) for selected values of the parameter vector and
p-values of the one-tailed Z test to check the null hypothesis Hy : f15um —fiSeries > 0 (n = 30)

: 7
ap az A1 A Formula | lemT( )3 | p-value
05 05 4 4 | Taomer] <!
05 05 4 T | Taorzr] <!
L1z 4 o rom] <
2 5 05 T | aorerooorzs] <
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