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Abstract

We derive Laguerre expansions for the density and distribation functions of a sum
of positive weighted noncentral chi-square variables. The procedure that we use is
based on the inversion of Laplace transforms. The formulas so obtaimed depend
on certain parameters, which adeguately chosen will give some expaunsions already
known in the literature and some new ones. We alse derive precise honnds for the
truncation error.
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1 Introduction

Positive quadratic forms in normal variables arise naturally in many pro-
blems of estimation and testing related to normal distributions and Gaus-
sian processes. Also in non-normal cases, these quadratic forms appear as
limits of cerfain statistics wsed in the inference. Under suitable transforma-
tions, positive gquadratic forms in normal variates can be expressed as linear
combinations of independent non-central chi-square variables. Numerous
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applications of these distributions can be found, for instance, in Jensen and
Solemon (1972) and Mathai and Provest (1992).

The probiem of obiaining the distribution of a quadratic form in normal
variables has been addressed by many authors. Hence, several representa-
tions for the cumulative distribution function and the density can be found
out in the Hterature. These include, among others, power series expansions,
see Shah and Khatri (1961); x? series, see Ruben (1962} and Laguerre se-
ries, see Shah (1963) and Kotz et al. (1967). Some of these representations
arise in an attempt fo generalize the already known formulas for the digtri-
bution of linear combinations of central chi-square variables. For instance,
Kotz et al. (1967) generalized the expansion that they obtained for the
central case, using in essence the same method of Gurland (1953), eiving
single series expansions in the power series and Laguerre series cases. These
formulas are more useful for computational purposes than the double series
given by Shab and Khatri (1961) and by Shah (1963), respectively.

One of the most successful approaches for obtaining the distribution and
density functions of linear combinations of non-central chi-square variables
is the representation in terms of Laguerre series as in Kotz et al. (1967), see
also Davis (1977) and Mathai and Provost (1992). In fact, Laguerre series
expansions play a very important role in the subject of approxdimation of
distributions, see Tan and Tiku (1999). These expansions have been also
used to solve numerous problems in information theory: Borget and Faure
(1973); regression analysis: Vomigescu (1999) and Gurmu et al. (1999) and
experimental design: Genizi and Soller (1979), Tan (1982) and Tiku (1964).

In this work we derive Laguerre expansions for the density and distri-
bution functions of a non-central x* variable and of positive linear com-
binations of non-central chi-sguare variables. The procedure that we use
is based on the inversion of fheir Laplace fransforms in ferms of Laguerre
polynomials.

The paper is structured as follows, In the following section we propose
Laguerre expansions for the density and distribution functions of a non-
central chi-squared variable. Moreover, we derive bounds on the truncation
error in the given expansions. In Section 3 we provide an analogous study
for positive linear combinations of non-central chi-squared variables and
compare our results with those given in the literature. Some comments and
conclusions are inchuded in Section 4. In Section 5, we give an Appendix

in which we describe a procedure to invert Laplace transforms and also the
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proofs of some necessary resulis in order fo study the truncation error of
the proposed expansions.

2 Expansions for a non-central chi-square variable

The non-central chi-square distribution was obtained by Fisher (1928) as a
limiting case of the distribution of the multiple correlation coefficient. Affer
him, this distribution has been derived in several different ways. The firgt
direct derivation was given by Tang (1938). A geometric derivation was
obtained by Patnaik {1949) who emphasized the relevance of this distribu-
tion to approximate the power of the y? test and also suggested approxi-
mations to the non-central x? distribution itself. Patnaik represented the
non-central chi-square distribution as a mixture of central x? variables with
weights equal to the probabilities of a Poisson distribution. Tiku (1965)
obtained an expression for the density function in ferms of the generalized
Laguerre polynomials, which we will obtain as a parficular case of our pro-
cedure. Gideon and Gurland (1977) provided another Laguerre expansion
with coeflicients which are rather complicated. Other representations and
approximations for this distribution can be found in Johnson et al. (1995},

In the next subsection, we propose a Laguerre expansion for the den-
sity and distribution functions of a non-central y? variable, respectively.
Basically, the method consists in the inversion of the Laplace transform of
the density (or distribution function). The procedure to obtain the inverse
Laplace transform is described in the Appendix.

2.1 Computation of the distribution of x2(d8) variable

Let f(y) be the density function of y2(4) variable, where § is the non-
centrality parameter. I'ts Laplace transform is:

LU/ ()) (0) — exp {— } (12072 = G,

1+2A

Consider the function:

H{\) = exp {%} A =@ ()‘2—1) :
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Using standard properties of the inverse Laplace fransform we have:

Fluy=£ HG) (w) = £ (H{L+20) () (2.1)
e~ Uf2
= e EO) )

Now, we invert the function A using the expansion (5.3) given in the
Appendix. For that, let g(p) = (p/p)* H(p/p). In particular, for p = /2,

we obtain X
8(n/2— p)
7 !

glp) = exp {_

with derivatives

g (i) = (E‘)k exp {—M} k> 0. (2.2)

So,

L1 (H(/\)) (y) _ y”/:z_l exp {_M}

7t

R
()

Z n L(n,/Qfl) ( ny )
(n/2), " 2u0 )

with Li_o} the k-th generalized Laguerre polynomial (see Appendix). Then,
from (2.1) we have

‘ emul2 yn/2-1 & (n/2 — o)
Lyt _on/a — o) 2.3
f(y) on/2 T (75/2) exp { 7 } ( )

(*Mﬂ)k ,
.Zn—ﬂfl’/g_l) (ﬂ) Ve > 0.

k
If we consider g = n/2in (2.3), we obtain the expansion given by Tiku
(1965) using another procedure:

P eyl yn/2-1 (—To)"
vi= .
2+/2 T (n/2) = (n/2},

L/t (%) : (2.4)
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Let F(y) be the distribution function of x2(8). Its Laplace transform

is:
1 SA ¢
1 B —n /2 _
L(F{y)y (M) = )\exp{ —1+2)\}(1+2)\) G (A}
Using similar arguments as before, we obtain:
e ¥/2 y/? kley w2y [(n+2)y
F = - ' L(n — . 2"'
W) = s (n/2 + 1>;}<n/2 +1), ( o ) S
with 9 5 )
7 p—H 7t 4
y . _ p=—_4+1, 2.6
g(,u) p_,ue\(p{ % },P 2+ ) ( )

and ¢ = (—p0) g% (o}/k!. These coefficients satisfy the recurrent rela-
tions:

k=1

1 —3(p— HH))
== oid s B> 1, ey = ex _— 2.7a
' k; D p( 2p @)
- J 1 )
d; = ( Ho ) y 322, di=—po ( + —) . (2.7h)
P~ to P Mo 2p

Ashour and Abdel-Samad (1990) derived a different expression as a double
series; Gideon and Gurland (1977) proposed another Laguerre expansion
with coeflicients which are difficult to calculate. Tiku {1965} obtained an-
other expression in terms of Laguerre polynomials by direct integration of
the density function. With our method, we provide a Laguerre expansion
without the explicit knowledge of the density function or the distribution
function. Moreover, the expansion given in (2.3) depends on a parameter,
Ho, that can be chosen arbitrarily. Some adequate choices may give compu-
tationally efficient formulag for the calculation of the digtribution function.
Even, uniform convergence can be achieved by an adequate choice, as we
will see in Subsection 2.2.

In Table 1 we compare the expansion obtained in (2.5) for g = p/4 with
that given by Tiku (1965), and the exact values given in Patnaik (1949),
being 7 the number of terms considered in the expansions.

We can observe in these examples that the expansion that we propose
converge faster than the expansion given by Tiku.
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Table 1 Distribution function of x2{8)

n |d |y Jo | po = p/4(2.5) | Tika (1965) | F(y) (Exact)
4 16 ] 10 10| 0.3148368 0.3141404 (.3148

7 16 | 10.257 | 10 | 0.04999622 -0.45<0 (.05

24124 | 36 15 | 0.15671754 0.1276852 0.1567

2.2 Bound for the truncation error

As we are interested in the implementation of these formulas in a computer,
we study the errors produced when the infinite series are truncated. To get
hounds on the truncation error in the expansions above, we need fo bound
the Laguerre polynomials and also the coefficients ¢, given in (2.7a):

Lemma 2.1. A classical global uniform (w.r.t. n, y and o) estimate given

by Szegd (1975) is

o v+ 1), )
iLé )(y)i < (Q—'II\’_T)Rexp (%) Joe > 0, (2.8)
X . 1 v i
[LiJ(y) < (2— ((H;:—E)R) exp (%),—1 < o< O
To bound the coefficients ¢, the following lemma will be useful:
Lemma 2.2. Consider ¢, as given in (2.7a) and p=n/2+1, then
2 . (141
ol < _ P exp (ﬁé (p ( + 43, HU)) (2.9}
P~ ol 2p
L —k 1 —1
(arm) ()
with & = | —2 5
b Ho
Proof. See Appendix. ad

Consider the truncation error for the density function as:
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Lo—v/2 n/2-1 5(nl2— u
En (f.‘yff'!’ﬂyg): £ i ) : p{—(n/ ,'.!0)}

20/2 T{n/2 o 7

- ()
n {n/2—1} ny
5 (2 ()

o /2 Apo

for py = 0.

From Lemma 2.1 and v > 2 we get

i €7y/2 yn./Qf.'E ) (Tl,/2 — H()) ny
Exi{f.y, o, 0) < T ' T (" S
~ [y, p0,8) £ T T exl){ - } exp (&tm)

The above series is absolufely convergent for pg > 0, and as a consequence
we have that the expansion (2.3) converges uniformly in any finite interval
of (0,o0). However it is possible to get uniform convergence when n > 2,
for all y > 0, by choosing 1y > n/4.

In order o get bounds on the fruncation error in the expansion given
for the distribution function (2.5) we use again Lemmas 2.1 and 2.2, to

obtaln
e g p— (L4 1/6) o
Ex (Foyn,é, ) < ' xp | 9
v (Foym dpo) < — s Ep—fqueXp( ( 2p ))
n—l—Q =
- exp 2.10
I< Bip ) Z 240
with

by = £ (1?@) (1+k).

The bound (2.1} is well defined for uy < p/2, since the series >, by is
abgolutely convergent if 0 < £ < 1.



404 A. Castano-Martinez and F. Lipex-Bldzques

3 The distribution of a linear combination of independent
non-central chi-square variables

In this section we propose Laguerre expansions for the density and dis-
tribution functions of @, = >0, X, with o; > 0 and X; ~ Xi‘ (8,),
independent random variables. We proceed in a similar way as we did in
the previous section for a non-central chi-square variable,

Let f(y) be the density function of @,,. Its Laplace transform is:

£(f) (V) = exp {—Z%} T+ 2060772 = GA).

i=1 i=

Then,

|C:‘

e 2

s = e im0 (). .1

with H(A) = G((A—1)/(23)) and 4 > 0.

W

Therefore, it is enough to invert H(A). Using (5.3) given in Appendix
and (3.1), for p = /2, we obtain

o
BRZENT e Klep _iurme 1 ,
Fly) = 4 Ch_p s ”( 7 ),V,u@ >0, (32

R T

[
(25 Ex0
with
vone/2 I dylp — S Ciin
glu) = (5‘3) exp {EZ&} H (B + cip — )™

A+ oy (P - f*’*) i1

i=1"
where v = > [ v; and ¢, = (—p0)* g™ (g)/K!. These coefficients satisfy
the recurrent relations:

ke—1

1
Cp = E‘Z_de;‘._j, )l\ 2 1,
=0
uf2 8 c
v i dici(p — o) .
g =] — exp4 —— _ (3.4a)
’ (2}10) P { 2;.3}!«() + oy(p — po)

i @ —11,@/2
H (]_ —+ —3( /[.L() — 1)) s

=1
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TP~ - =1 Ho it
d; = — S0 (3 — oY
! 20 Z 01 (=~ ) (ﬁﬂo +eylp - Ho))

i3

v 1— /8 i l'
+‘Z§ (1 + (/) (p/ 1o — 1)) YR

=1

(3.4b)

Obviously if we consider §; = 0.7 = 1...n, in the expression (3.2), we
obfain the corresponding expansion for the ceniral case.

If we consider in (3.2), po = /2 = p we obtain the expansion given by
Kotz et al. (1967). However we can consider other choices of the parameter
in order to improve the gspeed of convergence of this series.

Simitarly, since the Laplace transform of the distribution function, F(y),
of ¢, is given by

1 " S ” .
= = - — ot Y= 2
L{Fy)(\) = s exp { ;1 Y } }—[1(1 T 2ap) "2,

we obiain the [ollowing expansion for the disiribuiion function:

6—% yV/? Elrng, vy (v +2)y a =
Fly) = )Z( L (SEe) 69

(2’3)1//2+1 Frj2+1 = v/24 1}, 431

for po > 0 and p = v/2 4 1. The coeflicients m;, satisfy the following
recurrent relation:

=
My = —Zm dp—j, k=21,

i=0
1 1//2+1 1 1 6\@(}) _ #U) o
iy = 2 (— + 1) exp { —— e (3.6a)
v 2 P { 2;_0’#0 + ai(p — po)
B.u/?—’—lﬁ( 3 ( ))71}-/2
T 1,,tu b=ty
= sza o yt ( #40 )H]
T (- ) Sy ilp—
Ho Bpo + ci(p — po)

(3.6h)

j on j
— o v po (3 — ) ) .
+ + E — | 5 N
(P - }Ln) — 2 (ﬂj,u-n + ei{p— po) "/
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In this case, we offer an alternative expression for the distribution function
without knowing the density function. Most of the authors in the literature
obtain an expression for the distribution function by direct integration of
the density function, such as Kotz et al. (1967). If §; = 0,V4, in (3.5), we
obtain an expression for the distribution function of a linear combination
of independent central chi-square variables.

3.1 Bounds for the truncation error

In a similar way fo the case of one variable, our objeciive is {o implement
thege fornmlas in a computer so we study the errors produced when the
infinite series given in (3.2) and (3.3) are truncated.

Firstly we need to bound the coefficients:
Lemma 3.1. Consider ¢ as given in (3.4a), then

p/2 n ) —y /2 s
0 . / 0

QPC

-ex 1 6 (/8 (pfpe — 1) 2%+ o \F 72k 4\ .
lp{ 4;”(%/;’3')(11/#0—-1)}( ok ) ( » ) ¢

Proof. See Appendix. |

Remark 3.1. If po < v/4, then 0 < { < 1, for all 3 > 0 and if po > v/4,
then O < ¢ <1, for 8> (2 —v/(2u0)) ) /2 ond o,y = max; ;.

Lemma 3.2. Let my, as given in (3.6a), then

23p I\~ i (ei/B) (p/po — 1) pad ] o
il < = rexp {—1_2_31 + (/) (/1o — 1) } ex‘){m} o)

(2 T () () ()™
Ho e 3 \ o : v+ 2 N
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withp=w/2+1,6=3%"",6; , ¢ =max(a,(},

= (a/) |
Ty

Note that 0 <& < 1 4f po < p/2.
Proof. See Appendix. |

From the bounds of the Laguerre polynomials given in Lemma 2.1 and
of the coeflicients given in Lemmas 3.1 and 3.2 we will study the truncation
error in the proposed expansions.

With the usual notation we have:

—5F /21

. e Iy " a; [ p
Exifiyppg,3) < ————- 1+ —-1
v fped) < oo r(v/mgl )
| <_) " {m} expd - Ly Filo/ ) /i )
2t 2pC A4=1 + (e /B (pfpp — 1)

s . k v/2
. vy e {26+ v 2k +v
o (SﬁHu) k_;f ( 2k v '

This bound is well defined since the above series is absolutely convergent if
0 < ¢ < 1, see Remark 3.1. As a consequence the expansion given for the

— i /2
(3.9)

density function converges uniformly in any finife interval, for all 4 and 3
chosen in an adequate way.
In the particular case of pg = 11/2 = p in (3.9}, we have:

y.

e T /2l
Exlf.y.B) = o3 )WF ok { } (3.10)

i (m 1 r/) (zfz 4 r/)”/z
=
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Kotz et al. (1967) proposed another different bound given by

Y

e 3 g/t exp i _ /2 .
o (0 0) < o by {X}(i ) 311)
S
FeN41

with p = ¢ and R = ¢V8,

In Table 2. we show how the bound that we propose is better than the
one given by Kotz et al. (1967) for @2 = 0.7x% (6} + 0.3x? (2) (see Imbof,
1961) with 4= (0.34 0.7) /2 and N = 20,

Table 2: Bonnds for the trnncation error of the density of Qs

y=1 y==6 y=15
(3.11) Kotz et al. | 1200579848 9854959519 1.094787111
(3.10) 0.005900164346 0.0004843 1409820 0.5380253460 - 1077
(3.9) {wo = p/3) | 1349683601 - 107" | 0.1644251231 - 1077 | 0.148010778¢ - 1077

Similarly we obtlain the [ollowing bound for the truncation error of the
distribution function. Using Lemmas 2.1 and 3.2

¥ ¢
, e Tag/2 o [ p —vil? _
AF gy pp, ) < —/—m——— —§ — — 3.
Ex(Foy. po, B) < ROF H)H (1 t3 (Fm 1 (3.12)
P fiod 15~ di{aa/8) (p/po — 1)
* — X —_— X — - -
P — tol p{gpé“} p{ 4;1+ (eu/B) (p/p0 — 1)

vj2 >
P (v + 2)@/)
. —_— ex re-— bv'f
(2.5:“-0) ’ ( 880 k;rl }\

. fe . 241
b;‘.:gﬁ‘"(gkﬂﬂrz) (2k+r/+2) . (3.13)

where

2k v+2

The above series is absolutely convergent for pg < p/2 (p = v/2 + 1) since
0 < & < 1, then in a similar way fo the density function we have the uniform
convergence of the expansion given for the distribution function.
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Kotz et al. {1967) proposed the following bound:
(SN S ) (i _ ép)—n/Q (1 i R)—]—n/? 6)\/2583;/43 (314)
g (n+2.9/8) [(pR) D /(1= 1/pR)] .

with £ = max; |1 — oy/8}, A=3.7 & and g (n+ 2,y/8) is the central x*
density function with n + 2 degrees of freedom, p = £ 7%/% and R = £2/3,

We can observe that the expression {3.14) is different than (3.12) that we
propose. In Table 3 we compare these bounds for @ = 0.7x3 (6) +0.3x% (2)
with 3 = (ay + ) /2 and N = 20. Again, we observe the improvement
produced by our bound.

Table 3. Bounds for the fruncation error of the distribution of Qg

y=1 y==6 y =10
(3.14) 4561.582748 2246.625004 506.7460696
(3.12) (s = p/4) | 0.2211225252- 10~ [ 0.001969049548 | 0.1791774378

4 Comments and conclusions

We propose Laguerre series expansions for the density and distribution
functions of non-central y? variables and of positive linear combinations of
non-central chi-square variables.

Our expansions depend on some parameters that can be chosen arbi-
trarily. Parameter p has been chosen in such a way that the derivatives of
an auxiliar function (g) are easily calculated. The other parameter, g, is
chosen to obtaln uniform convergence in the expansion, see Subsections 2.2
and 3.1.

The terms of our expansions are easily calculated using recurrent formu-
lag, so that with no much computational effort we can obtain many terms
for these expansions. Also we provide precise bounds for the truncation
ErTors.

An IMSL subroutine is available for calculating the probability integral
of a chi-square distribufion with both integer as well as fractional degrees
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of freedom. It is, therefore, eagy to evaluate the Patnaik and Pearson ap-
proximations. The latter gives remarkably accurate approximations except
perhaps for small values of y (Table 4). However, small values of y are
not of much interest since non-central chi-square digtribution arises in the
context of determining the power of a chi-square test. The fest uses the
tail on the right hand side of a chi-square distribution. Consequently, the
value of y is greater than 1 in which case the Pearson approximation is
remarkably accurate.

In Table 4 we compare the probabilities of a noncentral chi-squared
variable, x2(8), obtained from the first j terms of our series and compare
them with the values based on fwo and three moments approximations
given in Patnaik (1949) and Pearson (1959), respectively. We note that
our approximations seem to be better than other approximations to the
non-central y? distribution.

Table 4: Approximations to the distribution function of x2(8)

n | 4 Y Kl {2.5) po = p/4 | Patnaik’s approx. | Pearson’s approx. Exact
2 1 0.17 3] 0.050028 .06 1760 0.069248 0.05
2|4 0.65 3] 0.050440 0.02777 0.0581 0.05
2|4 14.72 8 | 0.949881 0.948975 0.950862 0.95
4 | 4 i 3] 0.050274 0.040042 0.053059 0.05
4 10 | 10 5 | 0.314904 0.3178 0.3118 0.3148
4 16 | 7.88 5| 003135 0.038993 0.05027 0.03
7|4 3.66 5 | 0.049848 0.04542 0.050788 0.05
7 16 | 10257 | 5 | 0.0309 0.0430 0.0503 0.05

An alternative method is the one given by Kotz et al. (1967). They
provide a Laguerre expansion and as Mathal and Provost (1992) state “it
is computationally the most convenient and effective threugh the range
of interesting value y”, for this reason we mainly compare our results on
{runcation errors with those given by Kotz et al. {1967), see Tables 2 and 3.

3 Appendix

In the next we deseribe a method {o invert Laplace transforms that is based
on properties of unbiased estimation in the Gamma distribution.
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Congider a random variable X distributed as a gamma with convolution
parameter, p > 0, known, and shape parameter, A > 0, unknown. As it is
known this distribution belongs to the natural exponential family (NEF)
with quadratic variance function. We parametrize the family in terms of

the mean, ¢ = p/A, as in Morris (1982).

In this situation, we will say that a function h{u) is MVU-estimable
if there exists a function 7" such that, F, AT*(X)) < oo, Vu > 0, and
E(T(X)) = hi{p), Vu > 0. So, T(X) is ‘rhe minimum variance unbiased
estimator (MVUE) of h{p).

From the results in Morris (1983), it can be showed that T admits the
following expansion:

> U)
= Z (j ) L;p_l) (pj) Vi >0, (a.e.) (5.1}

H
d j itay (—a)™
with g(a) = hlp/p0), ¢V = (e and L () = Y20 (70) i

« > U is the j-th generalized Laguerre polynomial.

On the other hand, from the unbiasedness condition £, (T(X)) = h{u),
for all > 0, we obtain an alternative expression for the unbiased estimator
based on the inverse Laplace transform (denoted by £71):

T(y) ff(pz ((#)_ph (g)) (), >0, (5.2)

And from the uniqueness (as) of the MVU estimators, equating (5.1) and
(5.2), we obtain the following expression for the inverse Laplace transform
of a function G{X), such that for certain p > 0, h(X) = AG(A) is MVU-
estimable function:

. _ Y (*,ttu)j gt (1o) - o1y (1Y Qe 5
LTHA(W)) (y) = r(p); %) L (,M_u> (a.e.)  (5.3)

for any pg > 0, with g(u) = h (p/p).

Note that the choice of py is irrelevant, so adequate choices of this
parameter may vield formulas computationally efficient.
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The generalized Laguerre polynomials can be obtained recurrently by
the relations:

jL;Q) () = 2j+a-1- :zr)Léri)l (@) —(j+a— 1)L§(i)2(£[f), j> 1,
LY@ = 0, L% =1

Proof of the Lemmas 2.2, 3.1 and 3.2,
The prools of these lenunas are similar. 50 we only give the prool of

Lemma 2.2.

Proof. By definition ¢ — (—,LL())k g(k}(ﬂg)/k!, and g (-) given in (2.6} is an
analytic function, so for each pp > 0 we have:

g (1= O)pg) — —L (§+8( al ))1 (5.4)

P— o P Mo

)

= Zak@k, 0] < %;

k=0
. o o
with £ = I and (p=n/2 4+ 1).
P~ Ho
Applying Cauchy’s inequality to (5.4), we bound the coeflicients ¢y:
, 1 ..
lex| < p7* max |g (1= O)po)l, Vo, 0 <p < 2 (5.5)
=p
Considering (5.4),
wax g (1 @)pu0)] < —E— (1 — p&) " (5.6)
#l=p D~ o

cexp | -4 p—(1+1/8) o _
From (5.5) and (5.6): ; ( ( 2p ))

o] € —2—exp (—5 (p_ U+1/8) HO)) p (- pf)

= o 2p
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We find a better bound if we consider:

. —k 1 k -k 1 -1 _
()<,lalif1/.gp (1=pt) = (5(1 + k)) (i + k) i (57)

so we have (2.9). O
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