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1. INTRODUCTION

The beta distribution plays a central role in modeling a wide variety of random phenomena
which can take on values with lower and upper bounds. For example, such distribution has
been employed to model the time to perform an activity in the project management area
(Malcolm et al., 1959) and has been used to fit the sample distribution of soil parameters
(Haskett et al., 1995). In particular, the beta distribution is useful for modeling propor-
tions. Such distribution, in fact, has been applied to fit the monthly frequency distribution
of the daily sunshine duration measurements collected at various locations in Algeria (Et-
toumi et al., 2002) and has been employed to model heterogeneity in the probability of HIV
transmission per sexual contact (Wiley et al., 1989).

Therefore, the beta distribution is versatile enough to model different types of data.
Despite this, several generalizations of such distribution have been developed in order to
achieve further flexibility. In this regard, see Johnson et al. (1995) and McDonald and Xu
(1995). However, neither the beta distribution nor the major part of its generalizations offer
flexibility to the limits at 0 and 1 of their probability density functions. On the contrary, the
class of the so-called “non-central” beta distributions display such behavior which, to our
knowledge, has never been studied. Such class, however, is affected by strong limitations in
terms of tractability and interpretability.

That said, in this paper we shall introduce a new distribution on the real interval (0, 1)
which can be viewed as a more easily tractable and interpretable analogue of the doubly
non-central beta distribution (Johnson et al., 1995). More specifically, the present paper
is organized as follows. In Section 2 some notations are introduced and some useful facts
are recalled. Particular attention is focused on the non-central chi-squared distribution,
which plays a crucial role in the study of the family of the generalizations of the beta
distribution we are interested in. In Section 3 we shall provide a novel analysis of the
standard non-central beta distribution. In particular, the perturbation representation of
such distribution highlights its uneasy tractability and interpretability. In Section 4 we shall
perform a preliminary investigation of the properties of a new non-central beta distribution.
The analysis of such distribution is based on the same techniques employed in the study of
the standard one and will allow a better understanding of the similarities and differences
between the two distributions.
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2. PRELIMINARIES

It is well known that if Y¥;, i = 1,2, are independent x? random variables with 2c;; > 0
degrees of freedom, denoted by Xgai, then the random variable:

Y;
X =
Yi+Y,

(1)
has a beta distribution with shape parameters «;, denoted by Beta(aq, ). Its density is:

r—l (1 - :c)a2_1

B (aq,as)

Beta (z; a1, a0) = , O0<z<l. (2)

The beta distribution can also be obtained as conditional distribution of X given the
sum Yt = Y] 4+ Y5, as a consequence of the independence of X and Y. The latter is a
characterizing property of (independent) gamma random variables.

Let us now recall the definition and some useful properties of the non-central chi-squared
distribution, which plays a crucial role in the study of the family of the generalizations of
the beta distribution we are interested in.

Let Wy, k =1,...,g, be independent and normally distributed random variables with
means pg and unitary variances. Then, a random variable is said to have a non-central
chi-squared distribution with g > 0 degrees of freedom and non-centrality parameter A =

{_, uz >0, denoted by X;;Q (M), if it is distributed as:

(Johnson et al., 1995). The case A = 0 corresponds to the XZ distribution.
The density function fy+ of Y’/ ~ X/92 (M) can be expressed as:

400 A ()\)i yg+2i_1 v

e 2 2 e 2
fro(igN) =

i (g

y >0, (3)

i.e. as series of the X52]+2i densities, Vi € NU {0}, weighted by the probabilities of a Poisson
random variable with mean A/2; A > 0 (the case A = 0 corresponding to a random variable
degenerate at zero).

In view of Eq. (3), the x}? (A) distribution admits the following mixture representation.

PROPOSITION 1 (MIXTURE REPRESENTATION). Let Y’ have a x[? (A) distribution and
M be a Poisson random variable with mean A/2. Then, Y' admits the following representa-
tion:

Y’ | (M =1i) ~ X52;+2i . (4)

The XQQ (M) density can assume a larger variety of shapes than the central one. In
particular, the limit at 0 of such density is decreasing in A when g = 2.

PROPOSITION 2 (LIMIT AT 0 OF THE x/,” (A\) DENSITY WHEN g = 2). LetY” be a x? ()
random variable with g = 2 and X\ > 0. Let fy: be the density of Y'. Then:

. 1 _»
yligl+ fY/ (y727)‘) - 56 2. (5)

In this regard, see Figure 1.
Finally, we recall that the non-central chi-squared distribution is reproductive with re-
spect to both degrees of freedom and non-centrality parameter.
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fy(y;2,A)

Figure 1 — Plots of the density of Y/ ~ X;;Q (M) for g = 2 and selected values of A.

PROPOSITION 3 (REPRODUCTIVE PROPERTY). If Y], j = 1,...,m, are independent
with X?J,(Aj) distributions, then:

Y+ —ZY’NXQ

where g = 7, g5 and A= ), A

Such property can be easily derived from its characteristic function (Johnson et al., 1995).

3. THE STANDARD NON-CENTRAL BETA DISTRIBUTION

Let us now recall the definition and some useful representations of the standard non-central
beta distribution.

Let Y/, i = 1,2, be independent x52 ();) random variables. Then, a random variable
is said to have a doubly non-central beta distribution with shape parameters «q,as and

non-centrality parameters A1, Aa, denoted by DNCB (a1, g, A1, A2), if it is distributed as

1 Yll
- Yll 4 YQI (6)
(Johnson et al., 1995).

The DNCB density can be easily derived by using the mixture representation of the
non-central x? distribution. Specifically, let M;, i = 1,2, be independent Poisson random
variables with means \; /2. Conditionally on (M7, Ms), X’ has a Beta(a; + M7, ag+ Ms) dis-
tribution, Y/|(M7, M2) being independent with distributions X%QH-QMU i = 1,2. Therefore,
the density function fx, of X’ ~ DNCB (a1, a2, A1, A2) can be expressed as:

tootoo 3 )j e F (/\72)’C gorti=l (1 — g)o2 kol
x7 (w5 a1, a2, A1, A2) 2 . , 0<x<1,
Jx ]ZOkZO k! B(ay + j,a0 + k)

(7)
i.e. as double series of the Beta(ay + j, a2 + k) densities, Vj, k € N U {0}, weighted by
the joint probabilities of the bivariate random variable (My, Ms), where M;, Vi = 1,2, are
independent with Poisson ();/2) distributions.
The above discussion directly leads to the following mixture representation.
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PROPOSITION 4 (MIXTURE REPRESENTATION). Let X’ have a DNCB (o, g, A1, Aa) dis-
tribution. Then, X' admits the following representation:

X/|(M1 =j, My =k) ~ Beta(a; + j,as + k) , (8)
where M;, i = 1,2, are independent Poisson random variables with means \;/2.

The perturbation representation of the doubly non-central beta distribution highlights
the uneasy tractability and interpretability of such distribution.

PROPOSITION 5 (PERTURBATION REPRESENTATION). Let X’ ~ DNCB (a1, g, A1, A2).
Then, the density fx+ of X' can be written as:

+ A A
[xr (w501, 00, A1, Ao) = Beta (z; 1, az) - e W, {Oer;OélaO‘Q; 7113,72 1=z), (9
where o™ = oy + a, AT = A + Ag,
+o00 +o00 +k Z‘] yk
.7
Vs a5y, 752, y] = JZZ} TR Y20 (10)

is the Humbert’s confluent hypergeometric function (Srivastava and Karlsson, 1985) and
(a)g=1, (a),=af(a+1)...(a+i—1), VieN (11)
is the Pochhammer’s symbol or ascendent factorial.

The perturbing factor of the beta density in the doubly non-central beta distribution
is a function in two variables given by the sum of a double power series (Eq. (10)). Such
function has not a simple behavior and, to our knowledge, is not reducible to a more tractable
analytical form. Therefore, it’s not easy to understand the effect of such factor.

Despite this, the DNCB density can assume a large variety of shapes far beyond the
beta model ones. In this regard, Figures 2, 3, 4, 5, 6 display the DNCB density for selected
values of the parameters. In particular, the effect of the perturbing factor can be clearly
seen when oy = ag = 1, because in this case the beta density reduces to the uniform one
(see Figures 4, 5, 6).

fe (X aq,a2,A1,A2)
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Figure 2 — Plots of the density of X’ ~ DNCB (a1, a2, A1, A2) for selected values of (a1, a2, A1, A2).

Moreover, it is well known that the limits at 0 and 1 of the beta density are equal to 0 or
400 if a; # 1 and are equal to 1 if o; = 1,4 = 1,2. When «; # 1 the DNCB density shows
the same limiting characteristics as the beta model ones. On the contrary, when a; = 1 the
doubly non-central beta density shows the attractive feature of taking on arbitrary finite
and positive limits at 0 and 1. To our knowledge, such characteristic of the DNCB density
has never been studied. More specifically, such limits have the following expressions.
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Figure 3 — Plots of the density of X’ ~ DNCB (a1, a2, A1, A2) for selected values of (a1, a2, A1, A2).
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Figure 4 — Plots of the density of X’ ~ DNCB (a1, a2, A1, \2) for a1 = a2 = 1 and selected values
Of Al, )\2.

REMARK 6 (L1MITS AT 0 AND 1 OF THE DNCB DENSITY WHEN a1 = ag = 1). Let X’
~ DNCB (ay, a9, A1, A2). Then, the limits at 0 and 1 of the density fx: (1,2, A1, 2) of
X' when a; = as =1 are:

wf

lim fx (21,1, A1, A2) = e~ (AQ + 1) , (12)
z—0t 2

. _ 22 )\1
lim fx/ (x;1,1,A\,A2) =€ 2 ( + 1) . (13)
Tz—1— 2
Notice that, under the case of unitary shape parameters, the limit at 0 of the DNCB density
is increasing in Ay for any fixed A\; > 0 and decreasing in A; for any fixed A\ > 0, while the
limit at 1 is decreasing in Ao for any fixed Ay > 0 and increasing in Ay for any fixed Ay > 0.
Finally, by exploiting the mixture representation in Eq. (8), it is possible to derive a new
general formula for the moments of the standard non-central beta distribution. Specifically,
the moments of the DNCB distribution can be written and represented as follows.

PROPOSITION 7 (MOMENTS). Let X' ~ DNCB (ay,a2,A1,A2). Let M;, j = 1,2, be
independent Poisson random variables with means \;/2 and M = My +M,. Then, Vr € N,
the r-th moment of X' can be written as:

e anTe ——— Y Y N R

T =0
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Figure 5 — Plots of the density of X’ ~ DNCB (a1, a2, A1, \2) for a1 = a2 = 1 and selected values
Of Al, )\2.
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Figure 6 — Plots of the density of X’ ~ DNCB (a1, a2, A1, A2) for a1 = as = 1 and selected values
Of )\17 )\2.

and admits the following representation:

(15)

B (0] = B [

(o + 27),

PROOF. Observe first that, in the notation of Eq. (6), Y/t =Y/ +Y, and X' =Y//Y'*
are independent conditionally on M. In this regard, notice that Eq. (8) can be rewritten
as follows:

X'| (M1, M*) ~ Beta (g + My, 0 + M+ — M) ; (16)

similarly, since Y'* ~ x22 . (A1) in view of Proposition 3, Eq. (4) can be rewritten as follows:

Y/+| (M17M+) = YI+| M* ~ X§a++2M+' (17)

Therefore, X’ and Yt are conditionally independent given (M;, M), the latter being a
characterizing property of independent gamma random variables. Hence, conditionally on
(M7, M), the joint distribution of (X’,Y'*") factorizes into the marginal distributions of
X’ and Y'*. Finally, the joint density function of (X’,Y’*)|M™ turns out to factorize
into the marginal density functions of X’'|M™* and Y’T|M™. Indeed, by recalling that
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M;|M™* ~ Binomial (M‘*‘7 )’}—i), one can obtain:

Mt

foxorymyme (T,y) = ZPT (My =i| M™") - fixrym) v (@,y) =
i=0

= fyrm+ (y) Jxr i+ (),

where:

Mt
A A . |
Fxrns (@) = ZOBmomlal (@;Mﬂ )\i) -Beta (z; a1 + i,z + MT i),

with:

¥ i Mt —i
Binomial <i;M+,;\j_> = (J\/i > <))\\i) (l—i\i) , i=0,...,M".

That said, because of the foregoing arguments, the following holds:
E[(7)"| M*]
E[(Y) | M+]

where, in view of the general formula for the moments of the gamma distribution (Johnson
et al., 1994):

E[(Y)) | MT] =E[2" (a1 + M), | M™] ZQTE(% ‘i), (M*) (j‘\i)z <1_ )ﬁ)Mui

?

E[(X)|M*] = (18)

i=0
(19)
and:
E[(Y) | MT]=2" (" +M") . (20)
Hence, Eq. (14) is established.
Finally, by letting L ~ Binomial (M*,A;/AT) in Eq. (14), one can obtain that:
r E [(al + L) ]
E[(X"| M| = ———— 2. 21
ey ] = Bl 2L e
Thus, in view of the fact that L < M| M™, Eq. (15) is established. ad

The formula in Eq. (14) reduces the computation of moments of the DNCB distribution
from a double series to a single one. In particular, by setting » = 1 and r = 2 and after some
manipulations, the first two moments of the DNCB distribution can be written in terms of
perturbations of the corresponding moments of the beta distribution as follows:

Q) _at At at A At
EX/ _ F +. .+ 1: 22— -2 F + 1: + 2.2
( ) O{+e 2 11(a7a+72>+a1(a++1)11a+7a+72 )
(22)
AT at )\
E [(x"? _ (a1)y _ar Folat ot +9: 2 LI
[( )} (oﬁ)Qe 2 1k 04,044—,2 +a1(a++2)
2
At (a+) (/\71) At
Fi(at +Laf 3;>+2 2 F(++2; ++4;> , (23
1 1<a +Lia" + 5 (a1)2(a++2)21 1|« Q D) (23)
where:
F .b. _+oo(a’)zxz b >
1F1 (a; ’x)_z(b)iﬁ’ a,b>0, x>0

i=0
is the generalized hypergeometric function ,F, with p =1 and ¢ = 1 coefficients respectively
at numerator and denominator, otherwise known as Kummer’s confluent hypergeometric
function (Srivastava and Karlsson, 1985).
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4. A NEW NON-CENTRAL BETA DISTRIBUTION

Our basic idea to introduce a new family of non-central beta distributions is to consider the
conditional distribution of a DNCB random variable X’ given Y{ +Y5, ¥/ being independent
with X/2%m (\;) distributions, ¢ = 1,2. Because of the above mentioned characterizing prop-
erty of independent gamma random variables, such conditional distribution must depend on
Y/ 4+ Yy and therefore must be different from the DNCB distribution, unless A; = Ay = 0.
The latter case corresponds to the beta distribution.

The density of the new non-central beta distribution can be derived by using the mix-
ture representation of the non-central x2? distribution. Specifically, let M;, i = 1,2, be
independent Poisson random variables with means A;/2. Conditionally on (M, Mz), X' =
Y/ /(Y] +Y]) and Y{ + Y] are independent; therefore, X’ given (M;, Ms,Y{ + Y,) has a
Beta(ay + Mi, ae + Ms) distribution. A direct application of Bayes’ theorem then shows
that, conditionally on Y] 4+ Yy = y, for any fixed y > 0, (M1, M>) has the following joint
probability function:

L) ()
Pr(M1:j3M2:k|Y/+YI:y): . ’ ]7kENU{O}a
s e TR
(24)
where

X1 g
o (aﬂ?):ZWW’ a>0,z2>0 (25)

i=0 \"/i

is the generalized hypergeometric function ,F, with p =0 and g = 1 coefficients respectively
at numerator and denominator (Srivastava and Karlsson, 1985).

As the conditioning value y in Eq. (24) can be incorporated in the non-centrality parame-
ters A;’s, we are then led to the following definition of the above mentioned new distribution.

DEFINITION 8. A random wvariable is said to have a conditional doubly non-central beta
distribution with shape parameters ai,as and non-centrality parameters A1, Ao, denoted by
CDNCB (aq, a9, A1, A2), if it is distributed as

Y/

" 1 / /

=1 _ly/+vi=1 (26)
Y +Y]
where Y/, i = 1,2, are independent x42 (\;) random variables. The random variable in
Eq. (26) is meant to be distributed according to the regular version of the conditional density
of Y/|Y{ +Y] = 1 which is proportional to the product of the densities of Y{ and Yy
respectively evaluated in x and 1 — x.

By mixturing the density function of X’ given (M;, My, Y{ +Y5 = 1) with respect to the
joint probability function of (M, Ms) given Y{+Yy = 1, one can obtain the density function
fx» of X" ~ CDNCB (a1, 2, A1, A2) which turns out to have the following expression:

“+00 400 (41)( 1+ji—1 as+k—1
o 1*30)2
ACTINTRIPHED S LI CAOVET ( , 0<z<1, (27
fxen (w500, @2, A1y Ao == F (o >\+> B(a1+j,as + k) 27)

given by the double series of the Beta(ay + j, as + k) densities, Vj, k € NU{0}, weighted by
the joint probabilities of the bivariate random variable (N1, No), whose probability function
is given by Eq. (24) with y = 1. The above discussion directly leads to the following mixture
representation.
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PROPOSITION 9 (MIXTURE REPRESENTATION). Let X" have a CDNCB (a1, a2, A1, A2)
distribution. Then, X" admits the following representation:

X//|(N1 :j7 szk)NBeta(al —|—j7a2+k) s (28)
where the joint probability function of (N1, Na) is given by Eq. (24) with y = 1.

Although the distribution of (Nj, N2) is slightly more complicated than the one of
(M7, My), it can be easily handled and understood in terms of the random variables (N1, NT),
where NT = N; + N, has the following probability function:

At i
Pr(NT =1i) = T (O;; %) (ai)i ( ;"') , 1€NU{0}. (29)

Interestingly, N7 | N shares the same distribution of M;|M ™, with M+ = M; + Ms. More
specifically, the following holds true.

REMARK 10. Let (N1, N3) be jointly distributed as in Eq. (24) with y = 1 and Nt =
Ni + Ny be distributed as in Eq. (29). Then:

N; | N* ~ Binomial <N+, :i) , 1=1,2. (30)

This allows us to derive the expression for the covariance between N1 and N, as follows:

Cov(N1,N2) = Ey+ {Cov [(N1,N2)[NT]} + Cov [E (N1|NT),E (No|NT)] =
AL A2 + +
- V() —E (V)] @)
which can be easily expressed in terms of the hypergeometric function oF;. An extensive
numerical investigation shows that such covariance is negative.
It is also simple to check that the CDNCB admits an unconditional “ratio” type repre-
sentation.

—~

REMARK 11 (RATIO REPRESENTATION). Let (N1, Na) be jointly distributed as in Eq. (24)
with y = 1. Let (Z1,Z3) be conditionally independent random variables given (N1, Ny), with
Zi | (Nl,NQ) ~ X2204i+2N11’ 1= ].,2 Then:

A

—— ~ CDNCB A1, A2) . 32
Zl+ZQ (a17a27 1 2) ( )

Notice that (Z, Z3) are negatively correlated as Cov (Z1, Z) = 4 Cov (N1, No).

The CDNCB model can be easily simulated by using either its mixture or ratio represen-
tations. In both cases it’s necessary to simulate the joint distribution of (N7, Na). Such issue
can be addressed by first generating the random variable NT in Eq. (29) and then N{|NT
in Eq. (30). As the former distribution is similar to the Poisson one, it can be simulated by
using, for example, the inverse-transform method (see e.g. Law and Kelton, 2000).

To fully understand the behavior of the new non-central beta distribution it is instructive
to realize how it perturbates the beta one.

PROPOSITION 12 (PERTURBATION REPRESENTATION). Let X" ~ CDNCB (ay, ag, A1, A2).
Then the density fx of X" can be written as:

oF1 (Oél; )\ir) ol [O@% 7&(1_1)}
ol (Ol+§ %)

fxo (@300, 02, A1, Ad2) = Beta(z; ay, az) - (33)
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PROOF. Observe that Eq. (11) is tantamount to:

I'(a+1)

(a)i = W? Vie NU {0}7 (34)

where I" (+) is the gamma function.
In the light of Eq. (34) and in the notation of Eq. (27), one can obtain:

['(a1) (a1); T'(a2) (az),, = B (o, a2)

)
I'(a*) (at); 4

Hence, by means of easy manipulations, Eq. (27) can be rewritten as follows:

(a1); (@),
(@)

B(al +j70t2 +k) =
j+k

oo (3a) oo [0
J=0 (a1); j! &<k=0  (c2)i k!

oF1 (Oﬁ; %)

Finally, by virtue of Eq. (25), Eq. (33) is established. |

fxon (w501, a2, A1, Aa) = Beta (z; a1, az) -

Such representation highlights the greater interpretability and tractability of the CDNCB
distribution with respect to the DNCB. The perturbing factor of the beta density in the
CDNCB distribution, unlike the DNCB one, has a product form involving only the oF}
function (and therefore a single series) in a completely symmetric fashion. Furthermore,
oF1 (a; ) has a very simple behavior and is implemented in common statistical packages.
For any fixed a > 0, it is increasing, with values in [1,4+00) and convex. For fixed z > 0,
oF1 (a;z) and its first derivative with respect to = are decreasing in a. See plots in Figure 7.

oF1(ax)

Figure 7 — Plots of o F1 (a; z) for > 0 and selected values of a > 0.

It follows that oF}(oq; Az/4) in Eq. (33) has the effect of giving more weight to the
right tail of the beta density through the scale parameter A; and the shape parameter a;
determining the rate of increase of the function. Perfectly symmetric considerations hold
for the other component oFj[az; A2 (1 — x) /4] of the perturbing factor.

That said, Figures 8, 9, 10, 11, 12 display the CDNCB density for selected values of the
parameters. They show that such density assumes shapes similar to the DNCB ones.

However, in order to appreciate such a variety of shapes, the non-centrality parameters
A1, A2 have to be assigned higher values than the ones used to represent the DNCB density
in Figures 2, 3, 4, 5 and 6. This discrepancy can be explained as follows.

The mixture representations given in Propositions 4 and 9 show that differences between
the DNCB and the CDNCB can be entirely explained by differences between the distribu-
tions of (Mj, M) and (N1, N2). The latter distributions, by Remark 10, share the same
conditional distributions N;|Nt and M;|M ™. Tt follows that differences between the DNCB
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Figure 8 — Plots of the density of X" ~ CDNCB (a1, a2, A1, A2) for selected values of (a1, a2, A1, A2).
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Figure 9 - Plots of the density of X" ~ CDNCB (a1, az, A1, A2) for selected values of (a1, a2, A1, A2).

and the CDNCB are entirely due to differences between M*, which has a Poisson(A1/2)
distribution, and N7, with probability function given by Eq. (29). Some theoretical com-
parisons between M and N* can be made by applying the following well known monotone
likelihood ratio result. Suppose p; (i) and py(i) are two probability functions corresponding
to the random variables X; and X5 respectively. Then a sufficient condition for X; to be
stochastically larger than X is that the likelihood ratio LR(i) = pi1(i)/p2(4) is increasing
(see, for example, Lehmann and Romano (2005), Lemma 3.4.2). A direct application of this
result proves that NV is stochastically smaller than M ™, for any given at > 1/2. Further-
more, N7 is stochastically decreasing in a™, for any given AT, and stochastically increasing
in A*, for given at. This explains why higher values of AT for the CDNCB are needed in
order that its density resembles the DNCB one. It also indicates that this is even more so
when a7 is large.

To appreciate the extent of this phenomenon, a graphical comparison of the probability
functions of MT and Nt for selected values of AT and of at is presented in Figures 13, 14
and 15. In particular, one can see that the discrepancy between the distributions of N* and
M increases when AT gets larger. A rough idea of the link between the A* values of the

two distributions can be obtained by comparing their expected values. Figure 16 reports
the plots of E(M™) = A% /2 and of

% 0F1 (OZJr + ]., %)

LAt
atoF (O‘+v7>

E(N*) =
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=== (11454)

Figure 10 — Plots of the density of X” ~ CDNCB (a1, a2, A1, A2) for a1 = a2 = 1 and selected
values of A1, Aa.

(X 1, Q2,A1,A2)

(1,1,8,28)

(1,1,16,16)

(1,1,16,32)

Figure 11 - Plots of the density of X” ~ CDNCB (a1, a2, A1, A2) for a1 = a2z = 1 and selected
values of A1, As.

as a function of A™. From this plot, for a given value of E(M™) one can find the value \™
relative to N+ which produces similar expectation. As expected, this AT value gets larger
when o increases. It is also noticeable the strong increment of the difference between the
two expectations for growing AT.

As a further relevant property, the CDNCB density can take on arbitrary finite and
positive limits at 0 and 1, as well as the DNCB (see Figures 10, 11 and 12). More specifically,
such limits have the following expressions.

REMARK 13 (LimITS AT 0 AND 1 OF THE CDNCB DENSITY WHEN a3 = ag = 1). Let
" ~ CDNCB (a1, as, A1, \2). Then, the limits of the density fx (a1, a, A1, \2) of X" at
0 and 1 when oy = ap =1 are:

(122
Hm fxr (231,1, A1, Ag) = — (1 4+) (35)
=0+ oFy (2%)

F(L2
lim fX” (LU 1 1 )\1,)\2) 0 1( 4) (36)

z—1- oF (27 AI)

Finally, notice that the general formulas for the moments of the DNCB distribution in
Eq. (14) and (15) hold for the CDNCB distribution as well, provided we simply replace
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(X 1,02,A1,A2)

— (1,1,16,54)

— (1,1,32,32)

-—  (1,1,32,54)

Figure 12 - Plots of the density of X” ~ CDNCB (a1, @2, A1, A2) for a1 = a2 = 1 and selected
values of A1, Aa.

AT=1

—
Pr(M"*=i)
-l —
Pr(N*=i;a*=0.5)

—_——
Pr(N*=i;a*=3)

—_——
Pr(N*=i;a*=5)

Figure 13 — Probability functions of M+ and Nt for AT = 1 and ot € {0.5,3,5}.

M™ by NT. Specifically, the moments of the CDNCB distribution can be written and
represented as follows.

PROPOSITION 14 (MOMENTS). Let X" have a CDNCB (a1, g, A1, A2) distribution. Let
(N1, N3) be jointly distributed as in Eq. (24) withy =1 and NT = Ny + Ns. Then, Vr € N,
the r-th moment of X" can be written as:

Nt

B0 IV = i S, () () (1 j)N (37)

=0

and admits the following representation:

E[(X")] =Ew .~ [ o1 + M), } :

lat N4, (38)

PrOOF. The proof follows from arguments similar to those of Proposition 7 by making
use of the CDNCB ratio representation in Remark 11. o

By setting » = 1 and » = 2 in Eq. (37) and after some manipulations, the first two
moments of the CDNCB distribution can be written as perturbations of the corresponding
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—Brvr=i)

-l
Pr(N*=i;a*=0.5)

e — .
Pr(N*=i;a*=3)

Pr(N*=i;a*=5)

Figure 14 — Probability functions of M+ and Nt for AT = 7 and ot € {0.5,3,5}.

AT=11

v =i)
-l —

Pr(N*=i:a*=0.5)
_—

Pr(N*=i;a*=3)

Br(N*=i;a*=5)

Figure 15 — Probability functions of M+ and Nt for AT = 11 and o € {0.5,3,5}.

moments of the beta distribution in terms of the easily tractable o F; function as follows:

E(X") e F <a++1 A+> P F (a++2 A+> (39)
= 0 ;— ———~ 0f1 T )
ot oF (aJF;%) ! 4 ay (et +1) 4
AL
2 _ (a1)2 + & 2T .
E[(X)} - 0F1<a PR ) Ty

5. CONCLUSIONS

In this paper a new distribution on the real interval (0, 1) was introduced. It can be viewed
as a more easily tractable and interpretable analogue of the doubly non-central beta dis-
tribution, the latter corresponding to the distribution of the compositional ratio of two
independent non-central chi-squared random variables.
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= EmMmY
“"EN*;a*=0.5)
TTE(N*;at=3)

“TE(N*;at=5)

Figure 16 — Plot of the expected values (E) of M and N versus AT for a™ € {0.5, 3, 5}.

The doubly non-central beta density can assume a large variety of shapes far beyond
the beta model ones. Furthermore, it can take on arbitrary finite and positive limits at
0 and 1 when the shape parameters are unitary; on the contrary, the beta density cannot
display such behavior. However, the perturbing factor of the beta density in the perturbation
representation of the doubly non-central beta density is given by the sum of a double power
series which has not a simple behavior and is not reducible in an easily tractable analytical
form. Moreover, a new general formula for the moments of the standard non-central beta
distribution was derived. Such formula reduces the computation of moments from a double
series to a single one.

The analysis of the new non-central beta distribution has been based on the same tech-
niques employed in the study of the standard one and has allowed a better understanding of
the similarities and differences between the two distributions. Several representations of such
distribution have been derived. In particular, the perturbation representation highlights the
greater interpretability and tractability of the new distribution with respect to the standard
one. Indeed, the perturbing factor of the beta density has a product form involving single
series characterized by a simple behavior in a completely symmetric fashion.

Further analysis of such distributions is needed, in particular inferential aspects have to
be addressed. We plan to tackle these issues, by starting from parameters estimation, in
future work.
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SUMMARY

In this paper a new non-central beta distribution is defined. Several properties are derived (including
various representations and moments expressions) both for the new and the standard non-central
beta distribution, showing a greater tractability and interpretability of the former.
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