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1. Introduction

Kumaraswamy (1980) [3] introduced a two parameter absolutely continuous distribution which
compares extremely favorably, in terms of simplicity, with the beta distribution. The Kumaraswamy
distribution on the interval (0, 1), has its probability density function (pdf) with two shape parame-
ters a > 0 and b > 0 defined by

f)=abx* ' (1—x)""0<x<1) (1.1)
and its cumulative distribution function (cdf) is given by

F(x)=1—(1—x%". (1.2)
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If a random variable X has pdf given in (1.1) then we will write X ~ K(a,b).

The density function in (1.1) has similar properties to those of the beta distribution but has some
advantages in terms of tractability. The Kumaraswamy pdf is unimodal, uniantimodal, increasing,
decreasing or constant depending (similar to the beta distribution) on the values of the parameters.
It has some basic properties of the beta distribution: @ > 1 and b > 1 (unimodal); a < 1 and b < 1
(uniantimodal); a > 1 and b < 1 (increasing); a < 1 and b > 1 (decreasing); a = b = 1 (constant).
For a detailed survey of properties of the Kumaraswamy distribution, the reader is referred to Jones
(2009) [2]. This distribution has a close relation with beta and generalized beta (first kind) as listed
below:

e If X ~Beta(1l,b) then X ~K(1,b)
e If X ~ Beta(a,1) then X ~K(a,1)
o If X ~K(a,b), then X ~ GB1(a,1,1,b),

where GB1 stands for the generalized beta distribution of the first kind.

In this article we consider two independent (or sub-independent) Kumaraswamy random vari-
ables with appropriate parameters and study the convolution of their distributions (i.e., sum, differ-
ence, product and ratio). Also, we discuss some real life scenarios in which such convolutions might
be an attractive model. This is the major contribution of this article. We list in sequel, the scenarios
where sums, differences, products and ratios of two independent Kumaraswamy might be useful.

e Situations in which Kumaraswamy sums will be useful:

— Length or weight of a chain with n links.

— Electric resistance of a series circuit.

— The total life length of n products, where the next one is put on operation after failure
of the preceding one.

In each of these cases, individual items (for example X; denoting individual links for the
first example, individual resistance for the second example and individual life length for the
third example) can be considered as having univariate Kumaraswamy densities.

o Situations in which Kumaraswamy differences will be useful:

— Let us suppose that in a certain mass-produced assembly, a 5 cm shaft must slide into a
cylindrical sleeve. Shafts are manufactured whose diameter X; follows a Kumaraswamy
distribution and cylindrical sleeves are manufactured whose internal diameter X, fol-
lows another Kumaraswamy distribution. Assembly is performed by selecting a shaft
and a cylindrical sleeve at random. Suppose our interest is the following: In what pro-
portion of cases will it be impossible to fit the selected shaft and cylindrical sleeve
together. Clearly, the shaft and cylindrical sleeve will fit together only if the diameter
of the shaft is smaller than the internal diameter of the cylindrical sleeve. We need the
difference of the two random variables X, and X to be greater than zero. We can take
the difference X, — X; and find its distribution.

e Situations in which Kumaraswamy product will be useful:
We cite a real life application below:
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— An observer’s information about a classical system is captured by the observation that
he/she assigns to it. It is a legitimate assumption that the two observers do not have
to have the same information about the classical system. Next, if two observers have
obtained their information about the system independently, then clearly together they
have gathered more information about the system than each has individually. A natural
question then is: is it possible to come up with a single observation which embodies their
combined information? An answer to this question may be provided by considering
distribution of the product of the two independent random variables.

* In evaluating the revenue from holding an asset defined by initial investment (X;) X
net return (X3).

* Consider the portfolio value accumulation scenario: A portfolio with current value
X; will become X (1 4+ X3) after some period, here X; is the interest rate and X; and
X, are independent.

* ARCH models in time series studies.

* Number of cancer cells in tumor biology.

We believe that the above list of real life scenarios merits for the study of the distribution of the
Xy

ratio o and of the product X;X, when the random variables X; and X, are independent and each
follow a univariate Kumaraswamy distribution with the density function in (1.1).

The rest of the paper is organized as follows: In Section 1, we discuss the distribution of the sum,
difference, product and the ratio. Section 2 deals with the distribution (as in Section 1) under non
standard Kumaraswamy univariate distributions. In Section 3, we present some ideas of constructing
bivariate Kumaraswamy distribution via copula and possible extension to the multivariate case. In
Section 4, some concluding remarks are provided.

For the derivation of the distributions of the sum S = X; + X», and of the difference D = X; — X5,
the assumption of independence is not needed, a much weaker concept called sub-independence
(defined below) can replace that of independence.

For the sake of completeness we will state below a few definitions related to the concept of sub-
independence. The concept of sub-independence is stated as follows: The rv s (random variables)

X and Y with cdf's Fy and Fy are s.i. (sub-independent) if the cd f of X +7Y is given by

Feov (@)= (o) (@) = [ FG=2)dR (), z€R, (1.3
or equivalently if and only if

Ox 1y () =@x y(t,t) =@x (1) @y (t), forall t€R, (1.4)

where @y, @y, @x+y and @xy are cf’s (characteristic functions) of X ,Y ,X+Y and (X,Y),
respectively.

The equations (1.3) and (1.4) above are in terms of cdf and cf. The definition of sub-
independence in terms of events, similar to that of independence, is as follows.

We observe that the half-plane H = {(x,y) : x+y < 0} (C R?) can be written as a countable
disjoint union of rectangles:

H=|JE xF,
i=1
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where E; and F; are intervals. Now, let (X,Y) : Q — R? be a continuous random vector and for
ceR,let

Ac={weQ: X(w)+Y (w) <c}
and

ASC):{weQ: X(a))—geEi} ,ch):{wegzy(w)—%eﬁ}.

Definition 1.1. The continuous rv's X and Y are s.i. if forevery ¢ € R
P(A)=Y P (A,@) P (BE“)) . (1.5)
i=1
Remark 1.1. (a) The representation (1.4) can be extended to the multivariate case as well.

(b) For a detailed treatment of the concept of sub-independence, please refer to Hamedani(2013) [1].

Consider the distribution of the sum § = X; + X, when the /s X; and X; are s.i., then pdf
of § is the convolution of the pdf’s of X; and X,, which is given by

) IS S (0) fxy (s—)dr if O<s<1
fs (s) - {f()zfol (s—141) fx, (1=t)dt , if 1<s<2’ (1.6)

The distribution of the difference D = X; — X, when the rVs X; and —X; are s.i., has a pdf
which is the convolution of the pdf’s of X, and —X;, given by

1.7)

fo(d) = o g 0) fry(t=d)de,if —1<d <0
P e Ay de) fr ()de,if 0<d <1

Now, assuming that the /s X; and X, are independent, then pdf’s of P=X; X, and of R= %
are given, respectively, by

t

_ leI (t) p
fop)= [P g (P)ar. 0<p<t, (18)
and

fol tfx, (t) fx,(rt)de, it r<l,
Jr(r) = (1.9)
o1 / "thx, (t) fx, (rt)dt, if r>1.

2. Kumaraswamy Sums, Differences, Products and Ratios

In this section we consider explicit expressions for the pdfs of S, D, P and R respectively. Note that
for § and D, we employ the concept of sub-independence.
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2.1. Explicit expression for the pdf of the Sum (S)

Theorem 2.1. For 0 < s < 2, the pdf of S will be

(axb1by) i i(—l)j”‘ (sz 1) (“2(1?) l)sklsa1 <“2(1+j) -1 k,b1> , 0<s<I,

j=0k=0 a

(abiby) Y Y (—1)7H (blj_ 1) (“1(1 “ij) - 1>s’<3(sl)a2 (W‘+ 1,b2> L 1<s<2,

j=0k=0 az

where L(a,b) = [fu'' (1 —u)>"1du, 8.(a,b) = [lua=1(1 — w)>"'du are the lower and upper

incomplete beta functions respectively, and (J) = (sz)!(j Lo (b2)(jy=ba(ba— 1)+ (by— 1+ ).

Proof. Consider the case 0 < s < 1, we have from (1.6),
N S
/ A fols—1)dr = a1b1a2b2/ (11 (1 — )=l (s - ) T (s )] gy
0 0

- by —1 _
=ity 3 (1) (77t e s
J=0 J
on using the generalized binomial expansion

by—1\ [ a(1+j)=1
—blaZbZZ < 2] >/0 (l—u)bl_] |:s—ul/a1:| 2 du,

Jj=
on usmg the transformation u = !

b 1 N —1 591 a1k
—blaZbZZZ ﬁk( 2) <“2( :]) >/o (1—u)" TR du

j=0k=
b 1+j)—1 1+j)—1—k
— arby1by Z Z j+k< 2 — ) (az( +J) >sklsa1 <a2( +J) +1,b1> ’
J=0k= J k ai
The result for 1 < s < 2 can be established similarly. Hence the proof. O

Some representative density plots for S is provided in Figures 1 and 2. The following observa-
tions can be made from these two graphs.

e When b and b, are kept fixed, if all other possible combinations of the first two shape
parameters (i.e., a; and ay), the density appears to be slightly left-skewed (except for the
case a; = ay, in which it is approximately symmetric, as expected) (see Figure 1).

e When a; and a, are kept fixed, if all other possible combinations of the second two shape
parameters (i.e., b1 and b;), the density appears to be slightly right-skewed (except for the
case b; = by, in which it is approximately symmetric, as expected) (see Figure 2).

As a consequence, in order to model bounded risks (with a proper modification, if required, to be in
the interval [0, 1]) with a right skewed data, one might consider the scenario of changing the second
shape parameter and keeping the first shape parameter fixed and vice versa for the left skewed data.
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Fig. 1. Density plot of S with by, b, fixed. Fig. 2. Density plot of S with ay,a; fixed.

2.2. Explicit expression for the pdf of the Difference (D)

Theorem 2.2. For —1 < d < 1, the pdf of D will be

(azble)ii fi(‘4>j+k<b2i_l> <a2(1%;j)__#>dkkl+@“l(cm(l_%j)__l__k'+1,b1),

j=0k=0 J a1
—1<d<0,
fo(d)=
< & : by —1 14+j)—1 : k
(azb1 b)) Z Z(_l)j—i-k( 1 . > <a1( +7) >da1(]+jl)_1_k5(1_d)a2 <+ 1,b2> ’
J=0k=0 J k @
0<d<1.
Proof. Similar to that of Theorem 2.1. OJ

Some representative density plots of D are provided in Figures 3 and 4. The following observa-
tions can be made from these two graphs.

e When b; and b, are kept fixed, the density appears to be slightly right skewed, if a; < a; and
left-skewed if a; > a;, with the obvious symmetric scenario is which a; = a, (see Figure
3).

e When a; and a; are kept fixed, the density appears to be slightly left -skewed, if b; <
b;. Noticeably, the density appears to be approximately symmetric in the remaining two
parametric configurations (i.e., in by = b, and b; > b;) (see Figure 4).

It appears that for the difference, the form of the density is very sensitive to any change in the first
shape parameters (i.e., a; and ay).
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Fig. 3. Density plot of D with by, b; fixed. Fig. 4. Density plot of D with ay,a; fixed.

2.3. Explicit expression for the pdf of the Product (P)

Theorem 2.3. For 0 < p < 1, the pdf of P will be

fo(p) = (axb1bs) i(_l)/‘ (bz - 1>pa2(1+j)16(p)al <2_"2(1+J) + 17[71)

]:O J aj

Proof. From (1.8), we can write

1 ~1 by—1
)= i [ [0 [(2)" (- (2)7)
P
3 ' b2_1 ar(1+j)—1 ! aj+1—ax(145) aj\b1—1
= (a102b1b2) Z(—l)j . p 2\l / 4 2(1+J (1 —t 1) 1 dl‘,
Jj=0 J P
again using the binomial series expansion

= (azb1bs) Z(_l)j <b2 - 1>pa2(l+j)15(p)al (2_612(“'1) + 17191) .

j=0 J ai

Hence the result. O

Some representative density plots of P are provided in Figures 5 and 6. From both of these plots
it appears that regardless of the choice of the for four shape parameters, the density of P is right
skewed.
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Fig. 5. Density plot of P with by, b, fixed. Fig. 6. Density plot of P with ay,a; fixed.

2.4. Explicit expression for the pdf of the Ratio (R)
Theorem 2.4. For O < r < oo, the pdf of R will be

( c by —1 . 2ar+ j+1
(azblbz)Z(—l)]< 2j >r2a2+f—13 <“221++1,bl>, 0<r<l,
j=0 !

% by —1 . 2 i+ 1
(a2b1by) Z(—l)]< 2j >”2az+}_11(1/r)"1 (W‘Fl,bl), 1 <r <o
j=0

Proof. Let us consider the case 0 < r < 1. From (1.9), we can write
1 X
| 5 A fatmde = (@biasba) [ oxan (1= e 1= () ar
0 0

i (by—1 -
— (arbiazhy) Z(—w( 2 )ﬂzlzaﬁazl (1= =1 ()4
j=0 J

on using the generalized binomial expansion
— (biashy) i(_l)j (sz— 1>r2a2+j1 /01 wWCatla [ it gy,
=0
on using ihe transformation u = !
= (mbﬂn)}io(—l)j <b2j_ 1) pati-lp (2(1;4—]' + 1,b1> .
The result for 1 < r < oo can be established similarly. Hence the proof. O

Note: If b, — 1 is an integer, the sum will stop at b, — 1.
Some representative density plots of R are provided in Figures 7 and 8. From both these plots it
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appears that regardless of the choice of the for four shape parameters, the density of R is strictly
right skewed.
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Fig. 7. Density plot of R with by, b, fixed. Fig. 8. Density plot of R with a;,a, fixed.

Remark 2.1. We have also provided some representative density plots (see Figures 9 and 10) for
the density of W = Xl)jrlxz' It appears that when we consider different combinations of the first
shape parameters (i.e., a; and ay), keeping the second set of shape parameters fixed, the density is

approximately symmetric. While for the other case, it is slightly left-skewed.

3. Sum, Difference, Product and Ratio for non-central Kumaraswamy distribution

In this section we will make frequent use of the following representation of a Kumaraswamy vari-
able as a power of a Beta variable. If Y ~ Beta(1,b), then X = Y'/% ~ K(a,b). Next, we start with
three non-central beta models (for details, see Nagar et al. (2013) [4]) and subsequently obtain the
expression of the densities of Sum (S) , Product (P) and the Ratio (R).

The non-central Type I beta distribution is given by

_ a—1¢(1_ ,\b—1
Flu) = =2 5)g(al§)l W R (b 16 81— ) 0 <u <1, 3.1)

where | Fi (a;¢;2) = Yo %

The Type I beta distribution is well known in Bayesian methodology as a prior distribution

on the success probability of a binomial distribution. Next, setting @ = 1 and then by making the

/o

transformation X = U'/%, (for any a > 0), the corresponding non-central Kumaraswmy (Type I)
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Fig. 9. Density plot of W with by, b; fixed. Fig. 10. Density plot of W with ay,a; fixed.
will be
F(x) = box®*exp(—=8) (1 —x®) "1 F (b+1;5;8(1—x%)),0 < x < 1.

For notational simplicity, henceforth we call the above distribution as X ~ NCKW (Typel (¢, 8,b).
Next, we have the following theorem:

Theorem 3.1. Suppose X; ~ NCKW (Typel)(o,01,b1) and X; ~ NCKW (Typel (0, 8,b2) and
they are sub-independent. Then for 0 < s < 2, the pdf of S will be

6 i i i i(l)j3+j4<bl_.l+jl> (bz_.lJrjz)Al, 0<s<l,

J1=0 j2=0 j3=0 js=0 J3 J4

A i (b1 =141\ (ba— 1+ o\ (ba— 1+
0% T ¥ ¥ curn(" T (T (T ) <

J1=0 j2=0 j3=0 jus J3 J4 J4

fs(s) =

where 8 = (bibya 0 exp(—(61 + 82))),

A= C(b1)D(b2) (b1 + ji) (o + j2)8{' 85 | | T((js+1) o) T ((ju+ 1) o) s+ DH0alzat 1)1
' Jilj! C((s+Don+(a+1)om) ’
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and
o (—(jat+1))
Ay =52 (s—1)%UstD) <s—1> R v
s

L 2h ((a+D)on+1,1—(a+1) o (jz+1) oy +2;1)
oy (jz+1)+1

(= (jat1))
— (s— 1)@ Ut <1) R >

N

soFy (3 1) ou,— (a+ 1) on; (js+1) o +1; 1)
o (jz+1)

sk ((js—l—l)OCl,—(j4+1)o¢2;(j3+1)a1+1;%)
o (jz+1)

Jr(3—1)2171 ((s+Don+1,1—=(a+1) o (j3+1) o +2;:1)
ai(j3+1)+1 '

Proof. Similar to that of Theorem 2.1. O

Theorem 3.2. For —1 < d < 1, the pdf of D will be

0§ £ o) (s, rcao

J1=0 j2=0 j3=0 js=0 J3 Ja
fo(d) =
oo ) oo oo . . b _1 . b _1 .
oY T E ¥ (M (T e 0cas
J1=0j2=0 j3=0 j4=0 J3 Ja
where

By = (—d— 1)a1(—j3—1) (_d)m(j3+1) (_d)az(j4+1)—l (d+ 1)051(].3"!‘1)31_"_5 (s+Dar,(a+1) ),
and

By = (—d— 1)@ R (@ — )i gDt (1 - @)a) 0B (a+ 1) 0o, (s + 1) ).

d

Proof. Similar to that of Theorem 2.2. O

Theorem 3.3. For 0 < p < 1, the pdf of P will be

© o @ o (bi—=14j1\ (br—1+ > preliatl) _ paa(js+1)+1
fe(p)=03, Y ¥ Y (=1) o

71=0 j»=0 j3=0 js=0 J3 J4 o (j3—|—1)—062 (j4+l)+1)7

provided oy — oy — 1 > 0.
Theorem 3.4. For 0 < r < oo, the pdf of R will be

555 Fops(n 1) (10

J3 J4

raz(j4+l)fl
o (j3+ 1)+ (at+1)—1]"
O<r<l,

(l>061(j3+1) ]

o (j3+1)+on(ja+1)—1
1 <r<oo.

0% ¥ ¥ ¥ (M (PR

J3 J4
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Remark 3.1. One can also obtain in a similar fashion, the distribution of the Sum, Difference,
Product, Ratios from the following two other non-central Kumaraswamy distributions:

e Non central Kumaraswamy (Type II) given by
f(x) =bexp(=8)x* (1 +xa)7(b+l) 1k | b+ 15b; % 0<x<l.
(1 4x%) )7

o Non central Kumaraswamy (Type III) given by

 b2%xp(—8)x® ! (1—x¥)"!

O(1—x%)
flx) = (1 xo )b+ o)

(1+x%)

1F1 <b+1;b; >,0<x<1.

4. Conclusion

In this article, by using the traditional method of transformation of variables, we have obtained
probability density functions of sum, difference, product of two independent random variables both
having regular Kumaraswamy and also non-central Kumaraswamy (Type 1) distribution. Further-
more, in recent times, the construction of bivariate and multivariate Kumaraswamy distributions
has received a significant amount of attention. Possible future works that can be done based on this
article are as follows:

e Possible applications of independent Kumarswamy sums, products and ratios.
e Construction of Kumaraswamy sums, products etc. via dependent set up.
e A comparison study between beta distribution Sums, Products, Ratios and Differences etc.

Future efforts will be made to address these points and subsequently be reported elsewhere.

References

[1] G.G. Hamedani, Sub-Independence: An Expository Perspective. Communications in Statistics: Theory
& Methods, 42 (2013) 3615-3638.

[2] M.C. Jones, A beta-type distribution with some tractability advantages. Statistical Methodology, 6
(2009) 70-81.

[3] P. Kumaraswamy, A generalized probability density function for double- bounded random processes.
Journal of Hydrology, 46 (1980) 79-88.

[4] D.K. Nagar and Y.A. Ramirez-Vanegas, Distributions of Sum, Difference, Product and Quotient of
Independent Non-central Beta Type 3 Variables. British Journal of Mathematics & Computer Science,
3 (2013) 12-23.

241





