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Abstract:  This paper enriches the existing literature of bivariate noncentral distributions by propos-
ing bivariate noncentral generalised chi-square and F distributions via the employment of the com-
pounding method with Poisson probabilities. This method has been used to a limited extent to obtain
univariate noncentral distributions; this study extends some results in literature to the corresponding
bivariate setting. The process which is followed to obtain such bivariate noncentral distributions is
systematically described and motivated. Some distributions of composites (univariate functions of
the dependent components of the bivariate distributions) are derived, in particular the product, ratio,
and proportion. Furthermore, an example of possible application is given and discussed to illustrate
the versatility of the proposed models.

1. Introduction

Bivariate distributions can be constructed in a variety of ways from univariate settings (see
Balakrishnan and Lai, 2009). Patnaik (1949) showed that the noncentral chi-square distribution
with n degrees of freedom and noncentrality parameter 6 can be represented as a weighted sum of
univariate chi-square probabilities with weights equal to the probabilities of a Poisson distribution
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with expected value % In the text by Johnson, Kotz and Balakrishnan (1995, p. 433), the noncentral
chi-square distribution is presented as follows:

Let X =Y7, Ul»z7 where U;,U,,...,U, are independent random variables and U; is normally dis-
tributed with mean y; and unit variance. Then the probability density function (pdf) of a noncentral
chi-square distributed random variable X with n degrees of freedom, and noncentrality parameter
6 =Y, u?is given by

fX(X) :,;)2%”‘1“(%4—@ k!

where n > 0 and 0 > 0. This pdf can be viewed as a compound pdf:

@ =Y fellbex k)
k=0

nogeg Ly 0\

such that fiy (x[k) = % x>0, and ge(k) = A2 k=0,1,23,....

The genesis for this paper originated from the papers by Yunus and Khan (2011) and Van den
Berg, Roux and Bekker (2013), with Khan, Pratikno, Ibrahim and Yunus (2015) making recent
valuable contributions. In this paper the authors use the above univariate description as a departure
point for constructing an analogy to the bivariate setting. Yunus and Khan (2011) mentioned that the
compounding method to derive distributions by mixing more than one distribution is well known in
the literature; in this paper, we propose the following:

Description 1 An (unconditional) bivariate noncentral pdf can be obtained from a (conditional)

(S

bivariate central pdf in the following manner:

fax () =Y Y fax (s xalkke)gk, (ki)gk, (k). ()
k1=0ky=0

PN
Here, gk, (ky) = #,v = 1,2 is the Poisson weights where 0, are the noncentrality parame-
ters, and f(x1,xz]k1, ko) being the pdf of some suitable conditional bivariate central distribution for
X 1 and X2 .

By using this method a new representation of a bivariate noncentral generalised chi-square dis-
tribution is proposed here, (shown to be equivalent to an existing distribution) by showing that their
respective moment generating functions are equal. The construction of this distribution is system-
atically described and outlined. Subsequently, a bivariate noncentral generalised F' distribution is
derived. Furthermore, some univariate distributions of composites (a univariate function of the com-
ponents of the bivariate distribution) are derived for both the bivariate noncentral generalised chi-
square distribution, and its F' counterpart. Al-Ruzaiza and El-Gohary (2008) discuss the relevance
and application of such univariate distributions, considering their natural occurrence in, amongst
others, genetics, nuclear physics, and meteorology. The composites under consideration in this pa-
per are, the product of the components (W; = X|X5), the ratio of the components (W, = %) (termed,
the ratio of type II), and the proportion of the components (W3 = ﬁ) (termed, the ratio of type I).

In Section 2, this alternative representation of an existing bivariate noncentral generalised chi-
square distribution is systematically derived and motivated. Section 3 includes the development
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in a similar way of a bivariate noncentral generalised F distribution, along with an expression for
its products moments. Some univariate distributions of the composites are derived for both chi-
square and F' distributions considered in this paper in Section 4. An application of derived results is
proposed in Section 5, and conclusions are discussed in Section 6.

2. An alternative method

In this section, an alternative expression for an existing bivariate noncentral generalised chi-square
distribution is proposed. This distribution is systematically constructed by using the following ap-
proach: a) employ the bivariate central generalised chi-square distribution as defined by Van Den
Berg (2010), and impose conditions on the degrees of freedom; b) remove the imposed condition by
using Poisson weights; and c) the resulting pdf is that of the corresponding bivariate noncentral gen-
eralised chi-square distribution. Furthermore, we show that the moment generating function (mgf)
of the new proposed distribution is identical to that of the one derived in Van Den Berg (2010). The
section concludes with a brief discussion regarding the obtained results.

2.1. Probability density function

Suppose X; and X, are random variables, each having a (central) chi-square distribution with n; and
ny degrees of freedom respectively. The joint pdf is constructed such that the marginal distributions
are correlated. Van Den Berg (2010) defined a joint mgf of X; and X, of the form

_n _m 411 "3
M t,h)=(1-2t) 2 (1-26) 2 ([1—- —FFF—— 2
X1~,X2(172) ( 1) ( 2) ( (172“)(1721‘2) @)
where ny > r and ny > r, with the pdf of this distribution given as
o (L), j1E2)
LR e I | (5) wis
_ 2 53X 4.2 X2 J
Jxi %, (x1,x2) Xoe Ay e jgb 23 (ni+m)
" 2
L2 (Ax)L? (ix,
J (2 ) / (2 ),X],X2>0 (3)

where ny,np,r >0,ny >randn, >r,—1<& <1, and L;f (+) is the Laguerre polynomial as defined
in Kotz, Balakrishnan, Read, Vidakovic and Johnson (2006, p. 9). This joint distribution of X; and
X, (see (3)) is referred to as the bivariate generalised chi-square distribution. & is the correlation
component, r is an additional form parameter, and I"(-) is the gamma function.

Along with the bivariate central generalised chi-square mgf (2) defined by Van Den Berg (2010), an
mgf for a bivariate noncentral generalised chi-square distribution was also defined, given by

4621‘11‘2 -
(1 —22‘1)(1 —22‘2))

~1 ~1
x 1 (1=20)7" 0 (1-20)70 1y 4 5 ), )

I~

My (i) = (1=20)"% (1-20)" 7 (1_
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This distribution also contains the additional parameter r, and the corresponding pdf is given by

" m © 2 5);(=61)" (—62)
_ 2 —3X1,.2 —3% (Z)J( !
Farmbm) = x7 e g e j;)klzz’()k;or(%+j+k1)F("72+j+k2)

k k 2j ’Ll_ 1 2 1
o Utk (tke)! S 12 1<2x1>L.2 <2x2>,x1,x2>0

Jlki k! 22 L(ny+my)+ky+hy IR jtko
Q)

where ny,n2,r > 0, and n; > r and np > r. The parameter &, where —1 < £ < 1, is a component

of the product-moment correlation between X; and X,. The parameters 6,0, > 0 are the noncen-
trality parameters respectively, and the marginal distribution of X; and X, are univariate noncentral
chi-square distributions with parameters (n;, 6;) and (n2,6,) (see Van Den Berg, 2010). Consider
Description 1 in the introduction of this paper. To this end, a conditional bivariate central chi-square
pdf needs to be defined and is considered next.

Definition 1 Let (X;,X;|(K; = k;,K> = k;)) have a conditional bivariate generalised chi-square
distribution (see (3)) with pdf given by

5 (n+ny+2k; +2k;)

Ltk =1 _ 1 Zthkp-1 1 (1) J1&¥
fxox (x1,x20k ko) = X e M, _XZZ —

Ltki—1 2 4+ ky—1 1
L ) L ()
F(%‘+J+k1)l“(”72 +j+k)’
where ny,ny,r > 0andn; > r and ny > r. As previously, & (where —1 < & < 1) is a parameter which

is a component of the product-moment correlation between X; and X>. The conditional values k;
and k; have domain such that k, > 0,v=1,2.

x1,x2 >0 (6)

By substituting (6) as the conditional bivariate distribution in (1), an alternative representation to the
bivariate noncentral generalised chi-square distribution (see (5)) is proposed.

Definition 2 The joint pdf of X; and X,, that is an alternative representation of the bivariate
noncentral generalised chi-square pdf (5), is proposed by substituting (6) in (1), with the following
result:

fxx (x,x) = Z fo X, (x1,x2]k1,k2) gk, (k1) gk, (k2)
k1 =0k, =0
i Jky— 1,1)6 24k-1 1,
e
=0k =0kr—

2%(n|+n2+2k1+2k2 (% +]+k1) (n% +]+k2)

0 ki [ ky
() 2 ()
|

k! ko

X( (é)jj!gh‘ >L2+k1 1( )L2+k271(%x2)
) ) T

X , X1,X2 > 0 (7)
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where ny,ny,r >0,y > rand ny > r, —1 < & < 1, and noncentrality parameters 6;,6, > 0.

Evidently, the Poisson weights, namely gx, (k,) = e~ ®/2(6,/2)" /k,!,v = 1,2, isolate the noncen-
trality parameters as suggested by (1) in a mathematically convenient way. In Figure 1, the contour
plots for the distribution in (7) are given to illustrate its form for arbitrary parameter values: n; = 10,
ny =12, and r = 2. In Figure 1, 0; = 3 remains fixed together with & = 0.5, whilst 6, varies.

Figure 1: From left to right, (7) for 8; =3, and 6, =5, 8, and 11.

For this change in 6, it is seen that as 0, increases, the pdf moves away from the axis of variable
X1 — which is to be expected, as 6, represents the noncentrality of variable X,. Note that the same
effect would be observed for changes in 8y, but moving away from the axis of variable X;, because
of the symmetric nature of the noncentrality components (Poisson weights).

From (7), consider the moment generating function:

My, x, (t1,12) = E(’1X1+f2X2)

Y 1
) Z/ e~ (b k=t 3k 1(2x1>dx1

=0k =0kr—=0"0

2
-\ Rtko—1, R tko—1 (1 1
></ e (2 2)x2x22 LT Zx dxp—/——"——
0 J 2 22 (n1+na+2k; +2k;)

. ; _6 0 ki _ 6 6 ko
(3),06 et (%) % (%)

L3 +h+)T(F+kt)) K k!

By applying Prudnikov, Brychkov and Marichev (1986b, eq. 2.19.3.3, p. 462) to both integrals
above, one obtains:

SR 521() (4ne) Y
My, x, (t1,12) Z Z Z | ((12;1)1(122))

]:0k1=0k2=0
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Now, by reordering the expression accordingly and rearranging constant terms, the following is

obtained:
My (i) = (1-20) % (1) % (1- 20 E
X1,X, \!1,82 - 1 2 (1_2t1)(1_2t2)
()" (%)
o 0 \2(1—2n)) O 6 \2(1-2)
xY et ) T
o T k!

By using the binomial expansion and the series expansion for the exponential function, the joint mgf
is given by

B~

_m _n 4&°nn -
M .t = 1—-2¢ 2 (1-2¢ N e Wy
XI,X2(1’2) ( 1) ( 2) < (1-281)(1—2n)

x 0111 (1=20) 71 L6 (1-20) 71 t,t >0

(4)-

Therefore, this distribution with pdf defined in (7) is an alternative representation of the bivariate
noncentral generalised chi-square distribution given in (5), i.e. (5) = (7).

Remark 1 Note that when 6; = 6, = 0 in (4) the expression reduces to that of the moment generating
function of a bivariate central chi-square distribution (see (2)). This motivates the naming convention
of the bivariate noncentral chi-square distribution in (7).

3. A bivariate noncentral generalised F' distribution

Since we have now seen that the proposal of the compounding idea works for the bivariate noncen-
tral generalised chi-square distribution, in this section we will apply the method given in Description
1 and define a new bivariate noncentral generalised F distribution. This new distribution is derived
by deriving a bivariate central generalised F distribution via the transformation approach from its
chi-square counterpart (see (3)). Next (in a similar manner as in Section 2.1), the systematic con-
struction of its noncentral counterpart is then proposed by defining a conditional bivariate central
generalised F distribution, and the condition subsequently removed with Poisson weights to obtain
the noncentral distribution.

3.1. Probability density function

A bivariate central generalised F distribution is derived in this section via the transformation ap-
proach, by using the bivariate central generalised chi-square distribution in (3).

Theorem 1 Let X; and X, be jointly distributed with pdf (3) with n; and n, degrees of freedom
respectively, and let Z ~ x? (m) be an independent chi-square distributed random variable with m
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X X
degrees of freedom. Let (Y;,Y,) = (Zl;"l, ;//"2) The joint pdf of Y| and Y5 is given by
o o4 (8 (), D" () (@)
fY],Yz(ylayZ) = Z Z Z < - 2
J=01,=01,=0 J:
F(7n1+r§2+m+ll_~_lz> (nl)%urh (nz)%zﬂz
x —_— P
L(3+0)T(F+0)0(5) ) \m m
Moih—1 41 n n MR 4+
Xy 2 )’22+2 (1+Z1yl+ﬁy2) ( ) yi,y2 >0
(3)
where ny,ny,r,m>0,and —1 < & < 1.
Proof. The proof follows directly following a transformation. ]

Definition 3 Let (Y1,Y2| (K| = k1,K> = k»)) have a conditional bivariate generalised F' distribution
(see (8)) with pdf given by

frir 1 y2lki k)

i i(éﬂ(;)j(1)11+12(l{)(é)>( (F(W+l1+lz+k1+k2) )

M\..

= J! C(3+h+k)T (% +h+k)T (%)

01
n
n\ TR g\ FHhk Mg o1 k-1
X m — y Yy

01

m 1
+l+h+ki+ky
s V1,y2>0 )

(”1 +ny+m

x (142 )’1+ yz)

where ny,ny,r,m > 0. As previously, & (where —1 < & < 1) is a parameter which is a component of
the product-moment correlation between X; and X,. The conditional values k; and k; have domain
such that ky,kp > 0.

Similar to Section 2.1, a bivariate noncentral generalised F distribution is obtained by applying
Description 1 for (8) together with the respective Poisson weights, and is defined next.

Definition 4 The joint pdf of Y| and Y», which represents the bivariate noncentral generalised F
distribution is proposed by substituting (9) in (1), with the following result:

mrnOnLy) = Y. mnOnyalki ka)egx, (ki)gk, (k2)
2

=0kpy=0

J ny ny
5+l +ki—1_ 5 +h+ky—1
2 2

Y ¢y 2

ky
oo oo oo j
]:0k1=0k2=011=012=0

) ("1+”2+m+11+l2+k1+k2)

)kz

n n
X (1 + *1y1 + *zyz
m m

0 ky 6
(3"

k! ko

X

,Y15,y2 >0 (10)

= e
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where

o (—1)th (,{)(,12')521'(5)]. D (W2t 4 1+ b+ kg +ko)
7 C(E+h+h) T (3 +h+ k)T (5)

n n
ni\ »+Ha+ki sny\ 5 +Hhatk
GG an

m m
and ny,ny,r,m > 0, and 01,0, > 0. Again, due to the construction of the noncentrality, the Poisson
probability factors, namely gx, (k) = e~ %/2(8,/2)" /k,!,v = 1,2, isolates the noncentrality param-
eters in a mathematically convenient way.

In Figure 2, the contour plots for the distribution in (10) are given to illustrate its form for arbitrary
parameter values: n; = 10, np = 12, and r = 2. In Figure 2, 6; = 3 remains fixed together with
& = 0.5, whilst 6, varies. For the change in 6,, it is seen that as 6, increases, the pdf becomes more

Figure 2: From left to right, (10) for 6; = 3, and 6, =5, 8, and 11.

attracted to the axis of the corresponding variable X;. Similar to the shape analysis of the analogous
bivariate chi-square distribution in Section 2, this is to be expected.

Remark 2 In this section a bivariate noncentral generalised F distribution is proposed (see (10))
by using the compounding method (see (1)) after defining a conditional bivariate generalised F'
distribution in (9). Note that the same bivariate distribution (10) would have been obtained as a
joint distribution for ¥; and Y, with a transformation approach had the joint pdf of X; and X, been

the bivariate noncentral generalised chi-square distribution as given in (7), together with Z ~ > (m)

. X1/ X2/
independent and Y| = Tl and Y, = - 7 z,

3.2. Product moments

In the following theorem, an expression for the product moments is derived.

Theorem 2 If Y| and Y, are jointly distributed according to (10), then the product moment, i.e.
E (YY), is given by
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< e g (),
E Yqu Z Z Z Z ( ]j' -
J=0K1=0k2=01,=01,=0 :
[ (M2 gy ko + 1+ ) (@)—q
(% +ki+0)T (% +hk+hL)T (%)) \m

m+k1+l1—s)

X
5\5

n n; +
BG+§+@+@]

2
0 0 ki 6y 0 ky
-7 (2L -5 (22
F(3) (%)

k! k!

n m

B( —+k+1, = - —)

xXB g+ > +Kk1+ 40 5 q—=s

where ny,ny,m,r >0, —1<& <1,and 0,6, > 0. B(,-) is the beta function with values of argument

such that B(-,-) is well-defined.

Proof. From (10) (and C is the value defined in (11)):

Er) =Y ¥ ¥ i i Ce_?k(l?) 'e‘ozzkgf) 2 (Z)

j=0k1=0kr=01;=01=0

ny +n2+m

+l+h+ky+ky

”1+n2+m+ll+lz+k1+k2)

gk 1 [P s+ 2k -1 (
XA)ﬁZ o AJ& S ( + m+m) dy,dy,

01 ky 6 ko
i e 7 (%) e 7 (%) (m 1y +hy +ky

nz

— (M 4k —s)
m gt Y+l +h—1 [ mAmy ( o
+l1+k1s>/ y[f 2 (n y> dy,
0 2

ny ni+

B —+1y+ky;
X <S+ ) REZREOS )
which follows by applying Prudnikov, Brychkov and Marichev (1986a eq. 2.2.4.24, p. 298): setting
a=s+F+hb+k,p= ”'*”ﬁm +h+b+ki+ky,and z = 5 + "‘yl The remaining integral is

solved by applying the same result. setting then & = g+ 4 + 1y + ki, p = "5 +1; +k —s, and
7= ,',"—1; and then, after some simplification, the proof is complete. [ ]

4. Distributions of composites

The following two subsections contain the derivations of the pdfs for the univariate distributions of
composites; specifically, the product, the ratio of type II, and the ratio of type I. These composite
pdfs are derived for both their bivariate noncentral generalised chi-square- and F' counterparts.

Similar to previous sections, the derivation of the composite pdfs will be described systemati-
cally: first obtaining the result for the conditional central case, and subsequently unconditioning the
conditional pdf to obtain the corresponding noncentral distribution counterpart.
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4.1. Chi-square distribution setting (see (7))

Here the results as derived by Van Den Berg (2010) are presented as Result A, B, and C respec-
tively. A similar approach as in Section 2.1 is followed where a conditional case is defined, and
subsequently unconditioned to obtain its noncentral counterparts.

Result A If X| and X, are jointly distributed according to (3), the pdf of Wy = XX, is given by

o J FeFon (E2(5) (- DR ()
fin) = Y ¥ Y Ke(ywi)w, ( ST (5 +0)T (n;m))

Jj=01;=05=0
(ny+ny+2l1+21,-2)
( > , W1 > Oa

where ny,ny,r >0, -1 <é<1, 7= nz% +1, — 11, and K;(+) the modified Bessel function of the
second kind (see Gradshteyn and Ryzhik, 2007, eq. 8.432.3, p. 917). |
Result B If X| and X, are jointly distributed according to (3), the pdf of Wy = L is given by

wy ! £ (5), 0" () ()
( 22 ) , wo >0,

o joJ (-1
_ 2
sz(Wz)_lZ L) it \ B (R, B +Dh)

where ny,ny,r >0, —1 <& <1. |
Result C If X| and X, are jointly distributed according to (3), the pdf of W3 = SES +X is given by

NN S LN 52]()( )IIHZ(II)(IQ
fintrs) = B B Bwst T (1) F 1( TRV R A

where ny,ny,r >0, -1 <& < 1. [ ]

()

l—

1
2

X

4.1.1. The probability density function of the product

In this section, the pdf of the product of the components of the bivariate distribution proposed in
(6) is given. Subsequently the noncentral case is proposed by using the compounding method. Let
W = X1 Xo.

Theorem 3 If X; and X, are jointly distributed according to (6), the pdf of the conditional distribu-
tion of Wi | (K| = k1,K> = kp) is given by

o jo ]
fmwilkk) = Y Y Y Ke(ywi

J=04,=05=0
(=D""2 () (7)
C(53+L+k)T(%+h+k)
( 1 > %("1 Fnp+21 +2lp 42k +2ky —2)
X

J!

2 +1 2 +ll+lz+k1+k2 ) ((5)]62])

7 , w1 >0, 12)

where ny,ny,r >0, —1 <& <1,7="25" 41, —I; +k — ki, and K¢(-) the modified Bessel function
of the second kind (see Gradshteyn and Ryzhik, 2007, eq. 8.432.3, p. 917). The conditional values
k1 and k, have domain such that k, > 0, v =1,2.
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Proof. See Result A, Section 4.1. [ ]

Corollary 1 Upon taking the pdf in (12) one can now obtain the (unconditional) noncentral distribu-
tion of W; = X1 X, by substituting the Poisson weights and the corresponding summation operators
(similar to (1)):

fwiw1) = fw, (wilki,k2) gk, (ki)gx, (k2)

oo P "71+”72+11;12+k1+k2—2 <(£)/§21>

J!

( 1 ) L +ng 20 +21y+ 2k +2ky —2)

l
T 0 k)T (2 +h+k) \2

0 kq 0 ky
)y

k! ko!

X

, wi >0,

where ny,np,r >0, -1 <& <1, 1= nzz;nl +Ih—1 +ky— ki, 61,6, >0, and gKv(kv) =
e /2(6,/2) /i), v =1,2.

4.1.2. The probability density function of the ratio of type II

In this section, the pdf of the ratio of type II of the components of the bivariate distribution proposed
in (6) is given. Subsequently the noncentral case is proposed by using the compounding method.
Let W = L.

Theorem 4 If X; and X, are jointly distributed according to (6), the pdf of the conditional distribu-
tion of Wa| (K| = k1,K, = ky) is given by

w L FHtk -1 1y g2
Jw,(walki k) = ZZ w ((2), >

g

2
j=011:012:() (1+W2)T ]’

D" ) @)
B(%Jrh Jr/<1,%2+12+/€2)7

W2>0, (13)

where ny,ny,r >0, —1 <& <1,and = 3 + % +1; + I + ki +ky. The conditional values k; and
k> have domain such that k, >0, v=1,2.

Proof. See Result B, Section 4.1. [ ]

Corollary 2 Upon taking the pdf in (13) one can now obtain the (unconditional) noncentral distri-
bution of W, = % by substituting the Poisson weights and the corresponding summation operators
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(similar to (1)):

fwy (w2) Sy (Walkt,k2)gk, (k1)gk, (k2)

o At () g2
wy J
:0k1=0k22=10112101;0 (14 w2)* ( ! )
D" () @)

BB +h+k,2+b+k)

6] 0 kl 92 0 k2
-7 (4 -7 (2
“*(3) (%)

k! ko!

where ny,ny,r >0, -1 <& <1, 7= %1 + % +hL+hL+k +k, 61,60 >0, and gK‘,(kv) =
e %/2(0,/2)% /i), v=1,2.

I
s
s

~.

X

, w2 >0, (14)

4.1.3. The probability density function of the ratio of type I

In this section, the pdf of the ratio of type I of the components of the bivariate distribution proposed
in (6) is given Subsequently the noncentral case is proposed by using the compounding method.

Let W3 = 4% +X2

Theorem 5 If X; and X, are jointly distributed according to (6), the pdf of the conditional distribu-
tion of Ws| (K| = k1,K> = ky) is given by

o & n71+11+k171 LV | (%) 62]
fws(walki ko) = ) )Y ws (1—w3)? i

J=01,=05,=0 J:
-1 () ()

2=
B(B+l+k,2+h+k)

,0<wy <1, (15)

where ny,ny,r >0, and —1 < & < 1. The conditional values k; and k, have domain such that k, > 0,
v=1,2.

Proof. See Result C, Section 4.1. [ ]

Corollary 3 Upon taking the pdf in (15) one can now obtain the (unconditional) noncentral distribu-
tion of W3 = S En +X
(similar to (1)):

by substituting the Poisson weights and the corresponding summation operators

fws(w3) = fwy(W3lki,k2) gk, (ki1)gk, (k2)

o J J n
w Gk -1 (1—w )72+11+k2*1
;Z)k;Ok;OIE'o 122::0 : ’

52’ DR () ()
B n1 +l1-‘rk1, 5 +lz+k2)

- (7 )R (5)

k! ky!

X

,0<ws <1,
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where nj,ny,r >0, —1 <& <1, 6,6, >0, and gg, (k,) = e /2 (6,/2)" /k,!, v =1,2.

4.2. F-distribution setting (see (10))

In this section, the univariate distribution of the composites of the product, the ratio of type II and
the ratio of type I is derived for the distribution in (10). The approach again is systematic by first
deriving the conditional counterparts using the distribution in (9), and subsequently unconditioning
using the compounding method.

4.2.1. The probability density function of the product

In this section, the pdf of the product of the components of the bivariate distribution proposed in (9)
is derived. Subsequently, the noncentral case is proposed by using the compounding method as in
Description 1. Let W) =11 15.

Theorem 6 If Y and Y» are jointly distributed according to (9), the pdf of the conditional distribution
of W|(Ky = ki,K> = kz) is given by

S, (wi ki, k2)

_ i i i (m) (F+5+0+h) (ni)—("%+%+lz+k2)

m m
ni+ny+m+1 m?
X oF | 2+ +lz+k27 + +ll+k e L4 htk ko l————— ), wi >0
2 2 dwininy
(16)
where ny,ny,m >0, —1 <& <1, and »F (-,-;;-) is the Gauss hypergeometric function (see Mathai,

1993, p. 96) with ‘1 _
v=1,2, and C is the value as given in (11).

m‘ < 1. The conditional values k; and k> have domain such that k, > 0,

Proof. The Jacobian of the transformation is given by y% and thus from (9):

fW1 2 (Wl ayZ‘kl ’ k2)
n2+%+212 +2ky—1

J J 1+11+k1 1 Yy
Z Z 1+n2+m

(Gy3 +y2+500)

||M8

+l +lh+ky Jrkz

Now, since y2 > 0; the conditional pdf of W is given by

fw, (wilki, k2)
n2+%+212+2k271

_ i i i 1+11+k1—1/ ¥y J
Sy 0 (n npwy \ 2 ko Y2
J=00,=01= (22+y+11)
where this last integral is evaluated using Prudnikov et al. (1986a, eq. 2.2.9.7, p. 309): setting
p=" btk ko, @ =np+ % +2b+2ky, a="2,b=1 and c = "L, the proof is
complete.
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Corollary 4 Upon taking the pdf in (16) one can now obtain the (unconditional) noncentral distri-
bution of W) = Y1, by substituting the Poisson weights and the corresponding summation operators
(similar to (1)):

Sy (w1) = fw, (wilk1, k2)gk, (k1)gk, (k2)
- . ni\~(FHE+htk) cpp\ —(FHE+brR)  (m41)
fey (e (e,

:Zi ilX]—:OI

=0k =0k=0 =0 m
n, m n m ni+ny+m—+1 m?
X o Fj bL+k —+l+k,——————+ L btk k1 ———
2h | 5 4+2+2,2+4+1+1 ) +h+h+ki+k 4w1n1n2>
k k
c ()" )
X , >0,
k! ! i
where nj,m,m >0, —1 <& <1, 6,6, > 0, and gg, (k,) = e %/2(6,/2)" /k,! for v = 1,2, and
ﬂ’l2
‘ _4w1n1n2 <1

4.2.2. The probability density function of the ratio of type II

Here the pdf of the ratio of type II of the components of the bivariate distribution proposed in (9)
is derived. Subsequently the noncentral case is proposed by using the compounding method. Let
Wy = g
Theorem 7 If Y7 and Y, are jointly distributed according to (9), the pdf of the conditional distribution
of W2| (K1 = k],K2 = kg) is given by

o joJ
fwymalki,ka) = Y Y Y cw}?

n]+n2

- -y
”1+ll+k11<wzn1—|—n2> ( 7 TR 2)
J=01,=00=0

X

n+n m
B( 12 2+11+lz+k1+k2,2),wz>0, (17)

where ny,np,m >0, and —1 < € < 1. The conditional values ki and k; have domain such that k, > 0,
v=1,2, and C is the value as given in (11).

Proof. The Jacobian of the transformation is given by y,, and thus from (9) the joint conditional pdf
of W, and 1> is given by

o J 1 "1*"2
+l|+k| 1 +h+h+k k-1
fwns (w2 yalkike) =) ) ) Cw »?
j=00,=0=0
(m+ll+lz+k1+k2)
niwy+ny
X1+ —"—=»m :
m

Now, since y2 > 0; the pdf of W, is given by
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=

J J ny _
sz(Wz‘kl,kZ) — Z Z Z CW22 +l+k—1
i L=0

j=01,=0

nytnp+m
0o ny+ny btk ko —1 niws +n —<72 +11+lz+k1+k2)
X/ Y =+l +l+ki ko (1+ w2 2)’2) dy2~
The latter integral is simplified by applying Gradshteyn and Ryzhik (2007, eq. 3.194.3, p. 315):
setting f = "2y = M L[y 4 [y kg +ho, k= R 4] 4 1)+ ki + ko, and by substituting

the result the proof is complete. |

Corollary 5 Upon taking the pdf in (17) one can now obtain the (unconditional) noncentral distri-
bution of W, = % by substituting the Poisson weights and the corresponding summation operator
(similar to (1)):

Jfwy(w2) = fw,(walki,k2)gk, (k1)gk, (k2)
. . ny+n
= == m (mw (M2 by o )
= XX XYY )ow —
=0k =0ky=01;=012—0 m
xB 1t +lh+hL+k —|—k2,ﬂ
2 2
k k
() )"
X , Wy > O7 (18)

k! k!

where ny,np,m >0, —1 <§ <1, 6;,6, >0, and gg, (k) = e’GVZ(BV/2)k"/kV! forv=1,2.

4.2.3. The probability density function of the ratio of type I

Here the pdf of the ratio of type I of the components of the bivariate distribution proposed in (9)
is derived. Subsequently the noncentral case is proposed by using the compounding method. Let

__n
Wz = Y17

Theorem 8 If Y} and Y, are jointly distributed according to (9), the pdf of the conditional distribution
of W3| (K1 = kl,Kz = kg) is given by

Sws (w3lky,k2)

ny+ny
I : : . w3 >+l +h+ky+ko
_ z’: Z]: szwlwk.fl (1 = yog)~ (4 +1r+a+1) nis,; T
J=01,=01,=0 m
n+n m
><B< 12 2+11+lz+k1+k2,2>,0<W3<1, (19)

where ny,ny,m > 0, and —1 < & < 1. C is the value as given in (11), and the conditional values k;
and k, have domain such that k, > 0, v=1,2.
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Proof. Consider the following: if W3 = = +Y2 and W, = 3L, then W, = . Furthermore, the
Jacobian of this transformation is given by %i = ﬁ and it follows that
s
w3 dW2
Jws (w3) = fw, ( ) dws’

By using this result and via substitution, the following is obtained:

fws (w3lki,ka)

o j Ll kg —1 w3
- ZJ: iC 3 T M T
—~ =0 1—ws3 m

Jj=00;=01,

> nin ;nz +l +bh+k+ko

(1 —W3)2

ny+n m
><B< '2 2—|—ll+lz+k1+k2,2>

which completes the proof. |

Corollary 6 Upon taking the pdf in (19) one can now obtain the (unconditional) noncentral distribu-

tion of W3 = V17 +Y by substitution the Poisson weights and the corresponding summation operators
(similar to (1)):
Ty (w3)

= fws (w3lki,k2)gk, (k1)gx, (k2)

o ioJ ny _
:Z Z ZCW?,Z ++ky 1(1—W3) +11+k1+1 (

=0k 00,=05=0

-4 (e 92

ni+ny m\ ¢ 2(7) 7)
B h+b+k +k,—= ,0 1,
X ( , Thththkdt 2,2> kil kol <w3 <

> w-‘rll-‘rlz-‘rkl-‘rkz

101
1013

0k

~.

where ny,ny,m >0, =1 <& <1, 61,6, >0, and g, (k,) = e~ */2(6,/2)* /k,! for v =1,2.

5. Application

In this section, an application of some results from the bivariate noncentral generalised chi-square
distribution and the bivariate noncentral generalised F' distribution is presented. The data used is
drought data from the state of Nebraska, USA, obtained freely from the website
http://lwf.ncdc.noaa.gov.oa/climate/onlineprod/drought/xmgrg3.html, which consists of drought-
and nondrought duration (in months) for eight climate divisions of Nebraska from January 1895
to December 2004. Specifically, the univariate distribution of the ratio of type II will be considered
here (see (18)). Some percentage points are also calculated for the univariate distribution of the ratio
of type II of the bivariate noncentral generalised chi-square distribution (see (13)).

Nebraska is divided into eight climate divisions (there is no 4 division). Considering the state as
a whole, Nebraska is considered to have two major climate divisions: the eastern half of the state
has a humid, continental climate (i.e. divisions 3, 6, and 9), and the western half of state which has
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a semi-arid climate (i.e. divisions 1, 2, and 7). Overall, it is known that the entire state encounters
wide seasonal changes in temperature and precipitation throughout the year. Figure 3 illustrates the
outlay of Nebraska as divided by state.

Nebraska
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Figure 3: Climate divisions of Nebraska, USA.

Due to these known differences between the climate divisions from the eastern- and western half
of the state, one would expect the number of dry months between, say, division 1 and division 9, to
be independent from each other. This is mainly attributed to the fact that these divisions fall within
different climate regions, each with their own climatic structure, and is under the assumption that
Y1 = number of dry months for division 1, and ¥> = number of dry months for division 9, is jointly
distributed according to the bivariate noncentral generalised F distribution. It is our intention to show
that the correlation component in the bivariate noncentral generalised F distribution’s considered
composite (see (18)) will exhibit this independence in the estimation of the parameters, by being
negligibly small. The divisions that will be considered for this purpose are regions 1 and 9.

Furthermore, letting ¥; = number of dry months of division ¢, and ¥, = number of nondry months
of division ¢, the distribution of W, would give an indication of the degree of dryness experienced
by the division in question: if W, > 1, it implies that ¥; > Y,, or rather, that the division seems to
statistically exhibit more dry months than otherwise. This is investigated for divisions 1 and 8.

5.1. Model description and parameter estimation

The distributions of particular interest here are the following cases:
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1. the ratio of drought duration of division 1 to drought duration of division 9 (W,) = drought

duration of division 1 / drought duration of division 9 (E %) ;

2. the ratio of drought duration of division ¢ to nondrought duration of division ¢ (W) = drought

duration of division ¢ / nondrought duration of division ¢ (E %) t=1,8).

By using the method of maximum likelihood for estimation of the parameters, the parameters of the
distributions of W, was calculated for the described cases 1 and 2. The log-likelihood functions were
optimized by using the SAS/IML call nlpnra - this call finds the maximum value of the provided
function via a Newton-Raphson algorithm.

For the ratio of drought duration of division 1 to drought duration of division 9, the data was fitted
to the distribution given in (18) by using the above mentioned procedure in SAS/IML. Note that the
parameters n; and n; are assumed known as it corresponds to the respective sample sizes, and was
not estimated. By considering these estimated values, it is observed that the correlation component,

Table 1: Parameter estimates of W,, (18) for case 1.

Parameter estimates H Climate division 1 & 9 ‘
74

74

20.004631
7.2786409
—8.42x 1078
1.642 x 1017
3.8882968
AIC 2352.4459

P D D5 |3

a

&, is extremely small. The expected independence mentioned at the start of Section 5.1 seems to be
confirmed by these results. The computed value of the Akaike Information Criterion (AIC) is also
provided in Table 1.

In the second considered case (drought versus nondrought duration for each considered division),
the parameter estimates are given in Table 2. Note again that the parameters n; and n, are assumed
known as it corresponds to the respective sample sizes, and was not estimated.

Similar to before, it is observed that the estimated correlation component é is negligibly small. The
independence for this case exhibits the independence of drought duration and nondrought duration,
which is also expected within each climate division.

Consider the generalised model, i.e. (18), for division 8, the value of P(W, > 1) =1—-P(Wh < 1) =
1-P (% < 1) , the probability that the drought duration for division 8 will be greater than that of
the nondrought duration. This value is calculated, using the package Mathematica, as P (W, > 1) =
1-P(Wp < 1)=1-0.60015 = 0.39985. This seems to be a reasonable observation since division
8 lies more to the east of the state - i.e. lies more toward the humid / continental climatic side of the
state, therefore resulting in less drought-ridden months than otherwise.
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Table 2: Parameter estimates of W,, (18) for case 2.

’ Parameter estimates ‘ Climate division ‘

|
| |1 K |

n 84 76

n 84 76

i 20.00713 19.999673

3 2.880700 9.2246327

é —8314x 1078 | —2.44x 1078
6, 3.518x 10717 | 2.949x 10~17
6, 27391218 4.4891381
AIC 3562.96 3071.0484

5.2. Percentage points of distribution

Certain percentage points wg, of the distribution of W, = % are obtained numerically by solving the
equation fOW“ fw, (w2)dwr = o. By considering (14) some lower percentage points are calculated
for arbitrary parameters. Similar tabulations can be obtained for other values of the parameters. The
calculated values are given in Table 3. This distribution is considered since it may offer an alternative
approach to the well-known stress-strength model in the context of reliability, where the lifetime of
a random component with strength X5 is subjected to a random stress X;. The measure P(X; < X»)
is thus of interest, and translates to P(X; /X, < 1) = P(W, < 1) thereby revealing the relevance of
this specific distribution.

Table 3: Percentage points for W, (14), for ny = 10, n, = 12, and r = 2.

(& [6]6 [ a=001 [0025 [005 0.1

3 [5 [[0.171788 [ 0221699 | 0.273741 [ 0.346185
0.5 [ 3 [ 8 [/ 0.148046 | 0.190774 | 0.235201 | 0.296845
3 [ 11 ][ 0132922 [ 0.171042 | 0.210582 | 0.265314

6. Conclusion

This paper explored the use of the compounding method as a distributional building tool to ob-
tain bivariate noncentral distributions. The process of obtaining a bivariate noncentral generalised
chi-square distribution from a conditional existing bivariate central generalised distribution was sys-
tematically described and motivated. The newly obtained noncentral distribution was shown to be
equivalent to the bivariate noncentral generalised chi-square distribution of Van Den Berg (2010)
by showing their respective mgfs to be equal. Furthermore, the corresponding bivariate noncentral
generalised F distribution was derived in a similar systematic way. In both these cases it is evident
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that the constructed form of the distribution isolates the noncentrality parameters continuously in a
mathematical convenient way; by retaining them in Poisson probability form.

Subsequently the product, ratio, and proportion of components in both chi-square and F distri-
butions were derived. An application to drought of Nebraska, USA, was given which illustrated the
versatility of the newly proposed models.
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