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This paper proposes a moment-based approximation to the distribution of quadratic forms in gamma random
variables. Quadratic forms in order statistics from an exponential population are considered as well. Actually,
several test statistics can be expressed in terms of the latter. The density approximants are expressible as the
product of a gamma type distributed base density function and a polynomial adjustment. Several illustrative
examples are provided.

Keywords: Quadratic forms, Exponential random variables, Order statistics, Generalized gamma distribution,
Moments, Density approximation.

2000 Mathematics Subject Classification: 62E17, 62M10

1. Introduction

Suppose that ¥} < --- <Y, are order statistics from an exponential distribution with mean 6. Several
tests of fit with respect to the exponential distribution are based on certain quadratic forms in the
Y;’s divided by an estimate of the scaling parameter. These tests based on correlations involving the
Y;’s are considered in [4,5,7]. Some distributional limit theorems such as those that are discussed
in [1] in connection with a certain empirical quantile process, involve quadratic forms in exponen-
tial random variables. Moreover, three test statistics that can be expressed as quadratic forms in
exponential random variables, are described in [2].

A representation of quadratic forms in gamma random variables as well as a derivation of their
moments are provided in Section 2. A closed form representation of the moments of quadratic
forms in order statistics from an exponential population is determined in Section 3. Five numerical
examples illustrate the results.
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2. Quadratic forms in gamma random variables

Let X = (X,...,X,)" denote a random vector whose components are independently distributed
gamma random variables with parameters o and 8 whose density function is given by

o—1,—x/B
V() = “Frgype Sa ) @>0, >0, @.1)

where .Z5+(x) denotes the indicator function on the set of positive real numbers. Consider the
quadratic form

0(X) =0(X1,....X,) = XAX = ZZaU

i=1j=

where A = (a;;) is an n X n symmetric matrix and X’ denotes the transpose of X. We note that if
A is not symmetric, it suffices to replace it by (A +A’)/2. Letting [T} ; denote the double product
iz1 ITjy. it follows from the multinomial expansion that

<iiauxx> Zm‘(nn;.j")ﬁXﬁ,m:0,1,2,..., 2.2)
7 =1

i=1j=1 i,]

where ) (,,) denotes the sum over all the partitions of m into n? terms such that my; +mpz + - +
Mp, = m with 0 < m;; < m, the m;;’s being nonnegative integers, and &y = Z;?:O(mg i+mj). We
note that the following identity is useful for computing sums over partitions:

P P—D1 P=pP1——Pr2 r—1

Z(p P1;- 7pr - Z Z Z (p(pl7p27"'7pr—l7p_zpi>7

p1=0p>=0 pr-1=0 i=1

where the p;’s are such that py +---+p,=p, p;i=0,1,...,p;i=1,2,...,r

Alternatively, symbolic computational packages such as Mathematica can readily generate the
required partitions as well as expressing Q(X)” as a sum of products of powers of X,’s. Then,
assuming that the X;’s are independently distributed with respective density functions fy, (x), one
can determine the m™ moment of Q(X) as follows:

:/m/m.../mQ(x)mehm’Xn(xl,...,xn)dx1...dxn

[ (G ) s

j=1

(
S [FUE) [ (1 oo
] Z: (wa?[fxf(xf)dxe> .
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Quadratic Forms in Gamma Random Variables

Thus, when the X,’s constitute a simple random sample from a gamma distribution with parameters
o and B3, one has

oot —xi/B

BQX") = m % [Hm T e Jaman
=it L {1‘}[’%] ]5& léfnr (o4 8)

Hon - (2.3)

Accordingly, when the components of the random vector X are exponentially distributed with
parameter 3 and density function

76 = e P S 1) . B> 0. (2.4)
the m'™™ moment of Q(X) is
E(Q(X)") = m Y {Hm” ]Bz[ I&Hr (1+8). 25)
(m) L i,j -

Given the moments of such quadratic forms, approximations to their distribution can be obtained
by making use of the methodologies discussed in [8]. A polynomially-adjusted density approxima-
tion, which is described in the Appendix A, is seen to provide accurate percentiles.

Example 2.1. Consider the quadratic form Q; (X) = X’AX where X = (Xj,...,Xs), and

=

Il
S = D W A
—_ O N O W
N WO NN
S = WO -
NSO D= O

the X;’s being independently and exponentially distributed with parameter § = 3.

Since the exponential distribution has a semi-infinite support and all the elements of A are non-
negative, a generalized gamma distribution can be used as base density to determine an approximate
distribution for Q; (X). The proposed methodology comprises the following steps:

e The moments of Q;(X) are determined from Equation (2.3) wherein in this case n = 5 and

B=3.

e Consider the following generalized gamma density function as a base density:

v(z) = [Wyr(a)zw‘le—@/ﬁ)’ T (2), a>0,B>0,7>0. (2.6)
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e The parameters o, 3 and y are determined by solving simultaneously the following nonlin-
ear equations

uj=m; forj=1,2,3,

where

_BIT(a+i/y)

=0,1,...
] F((X) I »

are the moments associated with a generalized gamma density function and (; can be deter-
mined from Equation (2.3).

e A polynomial adjustment of degree d can be made as explained in the Appendix A. The
resulting density approximation is

d
fa(2) = ¢(2) ;)é-z";

in this case, we set d = 7.

Table 1. Approximate cdf of Q;(X) corresponding to
certain percentiles obtained by simulation (Sim%).

CDF Sim% G. Gam. Poly
0.01 0.2562 0.008006
0.05 0.6255 0.045688
0.50 3.8274 0.501751
0.95 16.261 0.949537
0.99 27.589 0.989890

10t .snoasgqnsﬂwﬁﬂﬂ
08} &~
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Fig. 1. Simulated cdf of Q;(X) and 7™ degree polynomially adjusted generalized gamma cdf approximation (dots).

Certain values of the resulting approximate distribution function of Q;(X) are displayed in
Table 1 where G. Gam. Poly denotes the cdf obtained from the polynomially adjusted generalized
gamma density function. The percentiles were determined by simulation on the basis of 1,000,000
replications. The plots shown in Figure 1 confirm that the polynomially adjusted generalized gamma
distribution provides a very accurate approximation to the distribution of Q;(X).
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Remark 2.1. Referring to Equation (2.1), when a; = v;/2,i=1,2,...,n and = 2, the i compo-
nent of the random vector X = (Xj,...,X,)" has a chi-square distribution with v; degrees of freedom
and the representation of the m™ moment of Q(X) given in Equation (2.3) applies.

Remark 2.2. When the matrix A in the quadratic form Q(X) = X’AX contains negative elements,
one can utilize the density function of the difference of two gamma random variables as base density
in order to determine an approximation to the distribution of Q(X). Such a density function can be
determined as follows.

Let Y and Y, be independently distributed random variables with parameters «; , 31 and o, B>,
respectively. By making use of binomial expansion of (Y] —Y»)", h = 1,2,3,4, one can determine
the first four raw moments of Y; — Y>, which are

EYi—-Y)=opi—anp

E(Y; —Y2)? = oy (14 ay) BE — 20 0 By Bo+ 02 (14 01) B7

EVi -0’ =a(1+a)2+a)Bi —wBBou (1+01)BE—30u (1+0)Bi B2
+(1+ ) (24 ) B3)

EVi—Y)*=a(1+a)2+a)B+a)Bl+a(1+m)2+a)(3+a) B
—20100B1 B2 (2(1+0u) (24 1) Bf =3 (1+0u) (1+ a2) Bi B
+2(1+02) 2+ @) B3) 2.7)

Now, on equating these moments to those obtained from (2.3), one can solve the resulting system of
equations for o , B, and f,, which can be achieved by making use of symbolic computational
packages such as Maple and Mathematica.

It follows from the results derived in [9] that the density function of Q =Y, — Y, where Y
and Y, are independently distributed gamma random variables with parameters o, 3; and @, 3,
respectively, can be expressed as

ha(q) F(—0,0)(@) +1p(q) FJ0,00)(9) (2.8)
with
m(@) = [ A0 £0-a)d
_ BB o4/Br (@1 02) (2 ,=94/2 (_ gy (0022
['(op)
XWioo—a1)/2,(1—n—an) 2 (— 09)
and

hola) = [ AG)LO-a)dy
q
B “B,*
— PP /b y-(ate)/2 ,—Bq/2 q(061+0t2—2)/2
(o)
XWiay ) /2,(1- 01— ) /2(Dq)

where & = (B1+B2)/(Bi1B2), g #0, a1 >0, 00 >0, B; >0, B, >0, (1 — @ — ) is not a negative
integer or zero and W (-) denotes the Whittaker function, which on making use of some identities
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given in Sections 9.220 and 9.210.1 of [3], is seen to have the following representation:

_ F(—2[J) u+l —z/2 1 . .
WI’M()_F(%fufl)Z ze TR | U l+2,2u+1,z
F(21u'> —‘u—&-% —z/2 < 1 )
Fi{—pn—1+5;-2u+1;
rdrp_pn® ¢ TR AT R

o T(atk)T(b)Z*
where 1 Fi(a,b,2) = Y1 %.

Example 2.2. Consider the quadratic form Q,(X) = X’AX where X = (X;,X2,X3) is a vector
of independently distributed chi-square random variables having 4, 3 and 5 degrees of freedom,
respectively, and

4 1 =2
A= 1 0 2
2 2 -4

In light of Remark 2.2, one can determine an approximation to the distribution function of
02(X) by following the steps described in Example 2.1, the base density being given by (2.8) in
this instance. In Figure 2, this approximation is superimposed on the simulated distribution function
which was determined from 1,000,000 replications.

10 00009000
e
081 #
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[oX- 43
006.2—
ooﬂ“"‘oo . . . .
—600 —400 -200 200 400 600

Fig. 2. Simulated cdf of Q,(X) and cdf approximation obtained from the difference of two gamma random variables
(dots).

3. Quadratic forms in order statistics from an exponential population

In this section, we derive the moments of the quadratic form Q(X) = X' AX where X is a vector
of order statistics X; = Y,,.,, Xo =Y, 4,:n and Xg = Y, .4, ., Obtained from a simple random
sample of n observations generated from a standard exponential distribution (with density g(y) =
eV I+ (X))

In this case, the joint density of Xi,..., X is

C(n+1) /&

Fxry X)) = (He—x_,-) (l_e—xl)rl—l

T vkl
ZjL F(rj) j=1
k . . r’.il ¥ 1—1
X H (e_x’*‘ - e_x’) (e_’"‘) * 3.1
i=2
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whenever 0 < x; < ... <x; <ocowithrp | =n+1— ZJ 17j» and 0, otherwise.

Consider the transformation z; = 1 — €' and z; = ¢! —e % for j = 2,... k. The inverse
transformation is then

xj:—ln(l—zl—---—zj)
for j=1,...,k, and its Jacobian is
k
[T-z ==z~ Hex! >0. (3.2)
j=1
Noting that e ™ =1 —z; — --- — zx, the joint density of Z,...,Z; is seen to be

I'n+1 LN
harennz) = e ([T

e ) (1 =z — e =gyt (3.3)
Hljiir(rj) i >

whenever 0 < z; <1,i=1,...,k, and Zle z; < 1, and O otherwise. Thus the random vector Z =

(Z1,...,Z;) has a type-one Dirichlet distribution with parameters ry,r3, ..., 1.
In view of (3.2), the joint moment-generating function of U = (=X, ..., —X;)’ evaluated at the
point t = (71,...,#) can be expressed as
My(t) = E(e’l 1n(1—21)+~~+tk1n(1—Zl—~~—Zk)> = E((l —Z) - (1=Zy—--- —Zk)’k)
I'(n+1)
- k+1F / / f(1—zi—2)? =z = =z
) e gy dzp dzy (3.4)
where the domain of integrationis 0 < z; < 1,i=1,...,k, with Zf;l z; < 1. Integrating out z; and
making the change of variables w = z; /(1 —z; — - - - — zx—1 ) yields
=z == r—1 i1 +r—1
/O Zkk (1_Z1_..._Zk)k+1 k de
1
=(l—z1——z )rk+rk+1+tk—1 / w1 (1- W)rk+1+lk—1dw
0
=(l-z1— =2z l)rk+rk+l+’k—1F(rk)r(rk+l + 1)
L(ri) 4 res1 + 1
Then, integrating the terms involving z;_; from O to 1 —z; —--- — zx_5, one has
(1 —7 = _Zk72)rk+l+rk+rk71+tk+tk7171 F(rk—l)r(rk+1 + Ik +tk +tk—1)
C(rer1 7t 11+t + 1)
and integrating successively the terms involving zz_»,...,z2 and zj, one obtains

My(t) =

I(n+1) ﬁF i1 o ot 1) (3.5)

[(res1) C(ripr 4+ +rj+t+---+t))

]:
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Accordingly,

36|+62+-~-+6kMU(t)
851t1852t2 . aﬁkl‘k ‘tzO’

E(X)x2 . X0) = (—1)00t b (3.6)

and in light of Equations (2.2), (3.5) and (3.6), the m™M moment of the quadratic form Q(X) can be
evaluated as follows:

- gl

ij

m’ e
G passesa 2
mij! 99110%1,...0% lt=0 "

3.7

For computational purposes, it is simpler to make use of the joint cumulant generating function
of U= (—Xj,...,—X)’, which is

k
Co(t) = W[C(n+ 1] = In[C(r)] + Y {In(ris + -+ rjr + 1
i=1

o) = In(rpg g ) ) (3.8)
The joint cumulants of —Xj, ..., —X; of orders &, ..., & are then given by
Q5+t
Kf}(él,---,ék):m t) |e= 0—19'2 —1/(x+0)"*! (3.9)
where v = Z;Ll rj, A is the position of the first non null componentin § = (&i,...,&) , x=n+1—-v

and p = (ZIJ‘-: 1 &) — 1. On making use of a recursive relationship given in [11], which can also be
deduced for instance from Theorem 3.2b.2 in [6], one can determine the m™ moment of 0(X) as
follows:

Lm0 o
M = ,:Z(’) m'fu(m—l)#i ; (3.10)

where k;(m — i) is as specified by (3.9).

Example 3.1. Let the order statistics X; < --- < X5 be obtained from a random sample of size
5 from an exponential distribution with parameter 1. Consider the quadratic form Q3(X) = X’AX
where X = (X,...,X5) and

(3.11)

S W = = =
— o N O =
[N R S
S = O W
N O - O

In this example, we approximate the distribution of Q3(X) whose support is non-negative by
making use of a generalized gamma distribution. The moments of Q3(X) can be determined from
Equation (3.7) or (3.10). The steps described in Example 2.1 were followed. The results included in
Table 2 indicate that the generalized gamma density function provides an accurate approximation to
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Table 2. Approximate cdf of Q3(X) obtained from a gener-
alized gamma (G. Gamma) density function corresponding
to certain percentiles obtained by simulation (Sim%).

CDF Sim% G. Gamma
0.01 0.1337 0.009585
0.05 0.3183 0.049363
0.50 1.8023 0.500105
0.95 6.9692 0.949828
0.99 11.218 0.989847
0.999 18.358 0.998990

10t P hdaththdatd

08} ° *

0.6 é f

o4l /

0.2}

50 100 150 200

Fig. 3. Simulated cdf of 03(X) and 7th degree polynomially adjusted generalized gamma cdf approximation (dots).

the distribution of Q3(X). The generalized gamma was adjusted with a seventh degree polynomial
in order to determine the cdf plotted in Figure 3.

Example 3.2. Referring to Example 3.1, suppose that A is the matrix

-5 1 1 3 0
1 0 -2 04
1 -2 0 4 2
30 4 10
0-4 2 0-2

In this case, a base density such as the one given in (2.8) is appropriate. Then, on following the steps
described in Example 2.1, one can determine an approximation for Q4(X). Figure 4 suggests that
the approximated cdf is quite accurate.

1.0t p o © 6 ¢ 08
°
0.8,
]
0.6
04+
crz,
®
-..“.o’ .
-50 50

Fig. 4. Simulated cdf of Q4(X) and cdf approximation (dots).
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Remark 3.1. More generally, when the order statistics X; < --- < X,, are generated from an
Exponential () random variable whose density function is as specified by Equation (2.4), one
can represent Q(X) = X'AX as Q(Y) = B%(v1,...,Y,)A(Y; ,...,Y,) where the Y;’s are order
statistics from an Exponential(1) random variable. Once an approximate density is obtained for
(Y1,....Y,)A(Y1,...,Y,), a simple change of variables will yield the density function of Q(X).

Example 3.3. Suppose that the order statistics X; < --- < X5 are generated from a random sample
of size 5 from an exponential distribution with parameter 4 and let Qs denote the quadratic form
X'AX with A as given in (3.11). Then, proceeding as in Example 3.1 and reexpressing the quadratic
form in terms of Exponential(1) random variables as explained in Remark 3.1, one can approxi-
mate the density function of Qs5(X) by making use of a polynomially-adjusted generalized gamma
distribution. The results presented in Table 3 and Figure 5 indicate that approximate distribution is
in close agreement with the simulated distribution which was determined on the basis of 1,000,000
replications.

Table 3. Approximate cdf of Q5(X) corresponding to
certain percentiles obtained by simulation (Sim%).

CDF Sim% G. Gamma
0.01 0.1179 0.009580
0.05 0.2797 0.049251
0.50 1.5857 0.500469
0.95 6.1811 0.500469
0.99 10.054 0.990157
0.999 16.615 0.999056

10t .......00000
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Fig. 5. Simulated cdf of Q5(X) and polynomially-adjusted generalized gamma cdf approximation (dots).
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Appendix A. Polynomially adjusted density functions

As explained in [10], an initial density approximation can be adjusted by means of a polynomial
whose coefficients are such that the first d moments of the approximation coincide with those of a
target distribution.

For instance, on the basis of the first ¢ moments of a positive definite quadratic form Q(X), a
density approximation of the following form can be assumed for Q(X):

d .
X) Z Eix/
j=0

where ¢(x) is an initial density approximant referred to as base density function, which could be
for instance a gamma density.

The polynomial coefficients, &;, are determined by equating the A" moment of Q(X) denoted
by j, to the /™ moment of the approximate distribution specified by f;(x) for # =0,1,...,d, that
is,

w= [ Lo zzijjdx Zé [ dr

I
M=~ ~—

é:]'m/’H»j? h:0717"'7d7
0

~.
Il

where my,. ; is the (h+ j)™ moment determined from ¢(x). This leads to a linear system of (d + 1)
equations in (d + 1) unknowns whose solution is
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-1
‘50 my myp -+ my Ho
51 | m omy Mgy 23
&y mgq Mgy -+ Mg Ug

The resulting representation of the density function of Q(X) is referred to as a ™ degree poly-
nomially adjusted density approximant. As long as higher moments are available and the calcula-
tions can be carried out with sufficient precision, more accurate approximations can be obtained by
making use of additional moments.
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