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On a Karhunen-Loéve expansion based on Krawtchouk polynomials
with application to Bahadur optimality for the binomial location family
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bLaboratoire de Mathématiques et Modélisation d'Eory (LaMME) CNRS (UMR 8071).

Abstract. In this paper we extend to the discrete case a Karhunen-Loeve expansion already known for
continuous families of classical orthogonal polynomials. This expansion involves Krawtchouk polynomials.
It provides us with the orthogonal decomposition of the covariance function of a weighted discrete Brownian
bridge process. We introduce a discrete Cramér-von Mises statistic associated with this covariance function.
We show that this statistic satisfies a property of Bahadur local optimality for a statistical test in the location
family for binomial distributions. Our statistic and the goodness-of-fit problem we deal with can be seen
as a discrete version of a problem stated by Y. Nikitin about the statistic of de Wet and Venter. Our proofs
make use of the formulas valid for all classical orthogonal families of polynomials, so that the way most of

our results can be extended to Meixner, Hahn, and Charlier polynomials and the associated distributions
is clearly outlined.

1. Introduction

An open problem motivating the present paper was stated by Nikitin [18, p. 79-80], concerning a statistic,
associated with Hermite polynomials, introduced by de Wet and Venter (W-V) in [10]. The problem can be
stated as follows: is the W-V statistic locally Bahadur optimal for the mean-shift problem with the normal
distribution?

The present paper discusses the issue of Bahadur efficiency for a statistic associated with Krawtchouk
polynomials and the binomial distribution, in the same way as W-V’s statistic is associated with Hermite
polynomials and the normal law.

The binomial distribution can be seen as a finite discrete version of the normal law, and our statistic
as a discrete version of W-V statistic. It will happen that the property of local optimality holds for our
statistic against a mean-shift alternative for a binomial distribution, see Section 6. Thus our paper provides
a positive answer to a discrete version of the Nikitin-W-V problem.

Both W-V and our statistics belong to the family of Cramér-von Mises statistics. Orthogonal decomposi-
tions provide a powerful tool in the study of these statistics, see [25, Chapter 5]. In this reference, formulas
(1) = (2) p- 201 give the general form of the Karhunen-Loeve (K-L) expansion of a covariance function, and
the K-L representation of the associated centred Gaussian process.
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(a,b) a(x) w(x) Ax, ke N
Jacobi -1, [1-22|A-x"1+xF, a,p>-1|k(k+a+p+1)
Laguerre | (0, +o0) X x%e ™, a> -1 k
Hermite | (—oo, +00) 1 e X2 k

Table 1: Data for classical continuous orthogonal polynomials.

The well-known Cramér-von Mises and Anderson-Darling statistics belong to the same family. The K-L
expansions associated with these two statistics (see Proposition 1 p. 213 and Theorem 1 p. 225 in [25]) allow
to derive most of their basic properties.

Our recent result [20, Theorem 6.3] is a generalization of these two historic K-L expansions to all classical
orthogonal polynomials in the continuous case. More precisely, our theorem provides the Karhunen-Loéve
representation of a centred Gaussian process, equivalent to the Karhunen-Loeve expansion of its covariance
function (as expansion (1) and representation (2) p. 201 in [25] are equivalent), given by

Q(x1)Q(x2) :ilﬂ%ommwmmmqm) "
o(x)w(x) Vo()w(x) 4 Ak diAr ’

holding for a < x1 < x» < b, whenever (Cy)r=o denotes one of the classical Jacobi, Laguerre or Hermite
sequences of orthogonal polynomials, the auxiliary functions associated with these polynomials being
given by Table 1 and

Qx) = f w(y)dy, Q@x) = Q) - Q(x) (a<x<b) (2)

(see Chapter 22 in [1], Appendix Tables B2, B5 and B8 in [23], or [15] p. 209).
Recall that these polynomials satisfy the orthogonality relations and a differential equation of the form

b
f W)CCWIY = dides, o@WECLDT = ~ @) )

fora < x <bandk, ¢ € N, where for k, £ € Z, 5 ¢ denotes the Kronecker symbol

s _ 1 ik=¢
TN ifk L

The aim of the present paper is to state a discrete analogue of (1) involving Krawtchouk polynomials,
and then outline applications to hypothesis testing and Bahadur efficiency.

Concerning Bahadur efficiency the best introduction remains the original [5]. See also [18] for a survey,
more recent advances and a gallery of applications. About recent advances related to Bahadur efficiency,
see, among others, [2],[3],[6],[7], [9], [16],[19],[21],[26].

Our paper is organized as follows. In Section 2 we introduce some notations concerning binomial
distributions and a discrete Brownian bridge process (13) associated with this distribution.

In Section 3 our first main result is Theorem 3.2, where development (19) is an analogue, for Krawtchouk
polynomials, of development (1).

It can be checked that development (1), in the case of Jacobi polynomials with (¢, ) = (0, 0) or (-=1/2,1/2),
leads to the K-L expansions associated with Anderson-Darling and Cramer-von Mises statistics mentioned
above. Therefore a natural development of this first result lies in the study of the associated statistic.

To this end, the rest of the paper is organized as follows.

In Section 4 we introduce our new statistic defined by (31) — (32). It belongs to the class of the so-called
discrete Cramér-von Mises statistics, which were introduced and discussed by [8] and [4].
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In Section 5 we derive some of its properties under the null hypothesis of binomial distribution. In
particular Proposition 5.2 states a result about the probability of large deviations, a key-result for the
subsequent study of Bahadur efficiency.

In Section 6 we study some properties of our statistic under the general alternative and prove its local
Bahadur optimality in the case of the mean-shift alternative within the binomial family.

2. A discrete Brownian bridge associated with the binomial distribution

Assume p = 1 —g € (0,1) and let N be a positive integer. Consider a random variable X*™) with a
binomial probability mass function (p.m.f.)

ig\=" forie{0,1,...,N}
P X(P,N) — 1) = (N (; — ( )p y Ly ooy ’ n
( D=0 fori e Z\1{0,1,..,N}. @

The associated cumulative distribution function (c.d.f.) is given by
QPN (i) .= pXPN < i) = Z w?N(j) (i€ 2z), (5)
j<i
. I'(N+1) T Nein i .
NGy = N N-i=1(1 _ y)i <i<

Q¥PA(1) TN=OTG+1) s X (1-x)dx (0<i<N) (6)

(for the last equality, where I" denotes the gamma function, see formulas (1.35) p. 8, (1.82) — (1.83) p. 17 and
(3.18) p. 113 in [12]). The tail distribution is denoted by
"0 = Y o) =1-QPVG) (e 2).

j>i

For us, Krawtchouk polynomials, denoted by K,((p N (x) for 0 < k < N, will be those denoted by kl(f ) (x,N) in
[17, Table 2.3-4], i.e.

(k- .
KN S i (k=0,1, ..
(x ( ) ] ( N) p ( 0/1/ /N)/

where the Pochhammer symbol (a) is defined by
@o=1, (@r=a(@+1)---(a+k-1) (k=1,23,..).

The first few Krawtchouk polynomials are given by

K =1, 7)
KPP0 =1, KPP = x-p, ®)
-1
K(()p ’2)(x) =1, Ki” ’2)(x) =x-2p, K;p’2>(x) =p*—px+ xa 5 ). 9)
Krawtchouk polynomials satisfy the orthogonality relations
Z PN ORI ) = o™, df™ = ( k)(pmk. (10)

i=0

They also satisfy the difference equation

AoV HVEPN ()] = AP0V HKPNG) (0 <k<N,ieZ) (11)
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(see [17, (2.1.18) p. 21]), where for any function f : Z — R, the forward and backward shift operators are
defined by

Af()=f+1) - f(@), V@) =fO) - fi-1) =Af(i-1) (€2),
and with
MW =kig 0<k<N), o)=i (0<i<N). (12)

Given a Brownian bridge process, i.e. a centred Gaussian process B = {B(f) : 0 < t < 1}, with covariance
function (s, t) = min(s, t) —st, we define a discrete Brownian bridge process D = {D(i) : 1 < i < N} by setting

B {Q0N(i - 1)
_—_ 1,..,N} (13)

Vowarn

The process is Gaussian centred, with covariance kernel

D(i) =

. —(pN) .
o _ QOG- 10" (- 1)
T oM @w())

Let us give an orthogonal decomposition of this kernel.

1<i<j<N). (14)

F(.”JN) =
ij

3. Orthogonal decomposition of the weighted discrete Brownian bridge
First, we shall prove the following auxiliary properties of Krawtchouk polynomials.

Proposition 3.1. Krawtchouk polynomials satisfy

N
Z VKNV VKN (0w (i) = 5, d”VAP (1 <k, £ < N). (15)
i=1

Proof. From [17, (2.4.15) p. 36], we have the first equality

(»N) _ 1Ap.N-1)
AKk = kal (1<k<N).

Then from relations, valid for0<i<N-1land1 <k <N,

(p.N) 1y,
/\(p) _ If dk _ Npq wPN 1)(1) _ i
kg’ d;leV—l) k "o(i+1)w®N(i+1) Np

we obtain the second equality
APGPN N () = dP VDo 4+ 1)t (i + 1).

These two equalities allow us, in turn, to write, given1 <k, £ <N,

N-1
(PN PN) (o o (N)(;

AK()AK, (D)o@ + DwP (i + 1)

i=0
-1 (PN=1)  ~ p PN=1) =~ (pN-1)

_ Z PLCF) K.y "OK (o @) 10405

= k Yk 4PN M Y k,tr
i=0 k-1

which is equivalent to (15), since AKI((” ’N)(z') = VKl(f ’N)(i +1). O
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Note that the preceding Proposition establishes that the functions defined by

_ o®VKYG)

"N(0) =0, oM (i) = ——E— (1<i<N,1<k<N) (16)

) 4(p.N)
*Mk dk

form an orthonormal system of functions of RN*! endowed with the scalar product
N
wl), = ) u@o@e(@) (0 e RN,
i=0
and that (10), (15) and (16) can be rewritten as
<KI((P/N)|K;P/N)> d(pN)(S ‘) <¢(PN)|(P(PN) = Oks. (17)
We are now in a position to state our first main result.

Theorem 3.2. The spectral decomposition

N
(»N) _ _L_@m ®N) .
r’ ; I ") (1 <ij<N) (18)

holds. In other words, Krawtchouk polynomials satisfy the identity

V- 1)a" (- 1) i 1 AO@VKYG) - VK
VTN [arN(j) ~ AP P2

1<i<j<N). (19

Proof. The first equality is a spectral decomposition in terms of the eigenfunctions provided by Lemma 7.1
in Section 7. Development (19) then follows immediately from (16). O

Note that (19) can written with matrices in the form

. —(p.N) . N

QPNG-1)Q" (- 1) 1 1 N

<i<N = R | ~(7 VK pN) /- .4 H VK(prN) . <i<N- 20
( ’G(i)a(j)a)(P'N) (i)a)<7"N) (]) )%g]gll\\]f ; A(P) d;{p/N)A]((p) ( G(Z) k (l) O(]) k (]))%E]EIIYI ( )

Example 3.3. Let us write explicitly the first spectral expansions, using relations (9), (10), and (12).
For N =1, (20) reduces to

arn0a""(0) 1 Fo@VKPP(1)- oMV N>(1)
TMoMarN DNy AP driaw
which with numerical values reads
gxp _L.\/Txl-\ﬁxl
Vixixpxp 47" paxq!

an obviously true relation.
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For N =2, (20) yields

Qv - 18" (G- 1)
( — ; .)1Sis2
\/G(I)G(])a)(P'z)(l)w(PIQ)(]) 1<j<2
1 1 ; (P.N) - ®N), -
- - VK P A VK p, <
Aip) d(lp/2> Agp)( o(O)VK"(0) - Vo (VK] (]))%EE%
11 . - |
5 T (VTOVKEY @) - VoYK ()i,
<j<

+ " —
) .2) 4 ()
/\2 dz Az

which becomes, with numerical values,

1-¢ q
woavp|_ 11 (1 V3,1 1 P —V2pg
L SR g pgxqt\V2 2] 297 prx2g \=V2pg 2
2V2p 2p?

which is easily checked to be valid.

Remark 3.4. As classical discrete orthogonal polynomials, Hahn, Meixner and Charlier polynomials (see [17, chapter
2]) also satisfy a difference equation of type (11). Sinceall our proofs are based on properties shared by these polynomials,
developments (15) and (19) are valid for these three other families as well. We omit details.

4. A family of discrete Cramér-von Mises statistics

Let Xy, ..., X, be a sample of size n > 1 from a population whose distribution, with support {0, 1, ..., N},
has p.m.f. and c.d.f. denoted by w and Q. The observed frequencies associated with our sample are, for
0<i<N,

n
ﬁ,‘ = Z 1{Xm=il (0 <i< N),
m=1
the empirical p.m.f. and c.d.f. being denoted and given by

Dn(i) = % Q)= Y du(j) (0<i<N), 21)
=0

respectively. Let E denote the expectation operator under the null hypothesis
Hy:w =N, (22)

For 1 < m < n, one can associate with X,, the random (N + 1)—vector V,,, whose components are the random
variables

Vi) = Lix, < — QPN@) (0<i<N). (23)
For 0 <i,j < N, we clearly have

E[1ix,<y] = QPN(), (24)
El1x,<i1ix,<j)] = E[1ix, <min,jy] = QPN (ming, )). (25)

These relations imply in turn

E[Vu () V(] = QPN (minli, 1) - QPVOQPN() (0 <i,j < N). (26)
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If 1 < ¢+ m < n,then Vy and V), are independent, so that

E[Ve(@)Vu()] = EIVe@IE[Vu()] = 0. (27)
Now, consider the empirical process defined over {0, 1, ..., N} by

Qi - 1) - QPN - 1)

VoDt

m(i—1) = 12 Z x(lp’N)[Xm](i) (I1<i<N). (29)

Z \/_pr)(l m=1

Proposition 4.1. One has, under Hy,

X,(f'N)(O) =0, X](/[P/N)(i) — X;P/N) [X1,..., X,10G) = \/ﬁ (28)

—1/2

EXPY0) =0, EXPVOXIY () =TV (1 <ij<N). (30)

Proof. The first equality is straightforward. The second equality follows, keeping (14) in mind, from
(26) = (27), combined with the first expression in (29). O

The discrete Cramér- von Mises statistic, say Tﬁlp ) associated with our empirical process, is defined by

N 1/2
Z{XE,”'M(i)}WM(i)] : (31)

i=1

N N
T = X, =

The statistic T has to be thought of as a test statistic, large values of TN being significant, i.e. leading
to the rejection of Hy. For computations one can use the equality

N A, . .
(PNWN2 _ {nQ,(i-1) - nQ(P/N)(l _ 1)}2
(TP = Zl EERTTR / 32)

to be compared with the widely used Chi-squared statistic

_ i (n @u(i) = nw®N(i)?

(P.N)y2

(33)
i=0
Example 4.2. For N < 3, the first binomial p.m.f. are given by

w?D0) =g, wPV(1)=p,
o?20) =%, oPP(1)=2p5 PP(Q)=p?
W) =g, (1) =347, ¥I2)=3gp?, WPIE) =

and the associated c.d.f. by

QPH(0) = q, QrH(1) =1,
Qr20) =¢%, QPI1)=¢*>+2pq, QPI(2)=1 .
QP30) = g%, QPI1) =4 +3¢%p, QPI?2)=q°+3¢%p +3gp>, QPI3B) =1

With the notation (21) for #1;, the number of times the value i € {0, 1, ..., N} occurs in our sample, we obtain the
following first expressions for our statistic:

n(T(Prl))Z - (A — ”‘1)2
" 1xp '
Py = o= ng’f | (o + i = nlg’ + 2pq))”
" 1x2pg 2 % p2 ’
pry = Bo =m0 o+ i —nlg +30°pD° (o + i+ 72— nlg® +34°p + g7

1x3¢%p " 2 x 3qp? 3xp?
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5. Convergence and large deviations under H,

Let us first provide an alternative expression defining T,(f’N). On the first hand, Pythagorean theorem
with respect to the orthonormal system (gbl(f’N))lsksN gives

V4 PN))Z

(TR = IXPYIR = Z<x<”N)|¢<”N) Z : (34)

)
k=1 /\kp

where the so-called principal components, introduced by [11] for the continuous case, are given, for
1<k<N,by

N
78 = AP @PIXE) = AP Y P @XENY (w PN ). (35)
i=1

A fruitful expression for the principal components is available in terms of Krawtchouk polynomials.
Convergence in distribution is denoted by the sign =, and almost sure convergence by —.

Proposition 5.1. The principal components admit the expressions

“1/2 &

m=1

Furthermore, under Hy, the equalities and the convergence in law

EZI™M) =0, B2V Z0M) = 6, 20V = & (1<k<N, neN) 37)
and
2
On = 0N, i (Npg) @y — 0®V) = N, 1), (TVV)? = 2 Tk (38)
k

hold, where 1 denotes the unit matrix of order (N + 1), and &1, ...,én are independent standard normal random
variables .

Proof. As for (36), note first that for n = 1, in view of (17) (repeatedly used in the present proof) and (28),
we have

N
’/\(P PN) (cp PN)lx(lF’/N)>w — Z[I{Xlﬁi—ll _ Q(PrN)(l' _ 1)]VK]((‘U'N)(1)

= Y [z — QPN (- 1>1VK<”N><z)

ieZ.
=Y Moy = 1zl KPPV + ) [0 - 1)+ QPN 6| KV G)
i€Z i€Z

N N ,N N
= -k + KPVIKEY) = KV (x)

Then (36) follows from the second equality of (29).
The two equalities in (37) are straightforward consequences of (36), combined with the equalities, valid
forl<m<n,

EIKPY (X)) = KV, = 0, EIKPVPXG)) = KPVREY), = df™.

Relations (38) are direct consequences of the law of large numbers and the central limit theorem. [
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We are in the case (discrete finite support) where an important result about the probability of large deviations
can be obtained by simply applying Sethuraman’s Theorem [24], completed by [22, Lemma 2.2]. We will
use, for reference to their assumptions, their restatement [18, Theorem 1.6.3]. Recall that as ¢t — t, the
notation a(t) ~ b(t) means that functions a and b satisfy lim,_. [a(t)/b(t)] = 1.

Proposition 5.2. Under Hy, there exists a function f, such that in a neighbourhood of O, f is continuous and
A(P)
lim 17" log[P(T™) > n!2)] = — £ (1), with () ~ % £ (t—0). (39)

n—oo

Proof. Consider, for 1 < m < n, the random vector Y,, € RN+, equal in law to X(lp ’N), with components
Vm(i - 1)

Ao(DawPN) (i)

with reference to definition (23). Note first that for every t € R

Y,u(0) = 0, Yo(i) = 1<i<N)

Eexp{t[[Y1llo} < oo, (40)

since this expectation reduces to a finite sum. Thus [18, (1.6.9)] is satisfied.
Let us then prove that

1

K

M

sup{Var ' (Y1) : y € RN, llyll, = 1) =

where (RN*1)* is the dual space of R¥N*!. Any unit element y* € (RN*!)" is associated with a vector y € RN*1,
such that [|yll, = 1, whose action on Y; is given by y*(Y1) = XN, y(i)Y1 ().
First we have E[y*(Y1)] = L, yOEXPY ()] = 0 (ie. [18, (1.6.8)] is satisfied) and then

N
Varly'(Y1)] = Ely' (1)1 = E{[)_ y@OYs 0P} = ) y@y(DEY: ()Y ())]
i=0 i,j

= Z y(iyyNEXIV XN ()] = 2 y(i)y(j)TEZ'N)-
7

i,j

In other words the maximal variance, say 2, we are looking for, is the maximal value of the quadratic

form with matrix r® .’N), over the unit ball. The positive eigenvalues of l"(.p N) are, in decreasing order, 1/ /\(p ),
ij P g i,j g 1

w1/ )\;f;). The maximal variance ¢ will therefore be 1/ /\(1’” ). From [18, 1.6.3] we infer the existence of f such
that

tz A(P)tZ
lim 7~ log P(IY1 + -+ + Yallo > 1) = =f(#) ~ —53 =" 12 (t > 0)

and (39) follows from the equality |[Y + - -- + Yullo = | VA XV, = va TV, O

6. Exact slope under H; and Bahadur local optimality under the location alternative

Let us apply Bahadur’s fundamental result [5, §7] to the sequence of statistics T = (TIN), 151

Recall the following basic principles of Bahadur’s efficiency.

Assume (X;;)m>1 is a sequence of i.i.d. random variables following a distribution determined by a set
of parameter, say 0 € ©. Let 6y € ©. The efficiency of a test based on the rejection of Hy : 8 = 0y against
H; : 6 # 0, for large values of the statistic T, = T,,(Xj, ..., X,), is measured by the magnitude of a positive
coefficient called the slope of the sequence T = (T},), denoted by cr. High values of cr correspond to a
good efficiency of the test. The main way to compute cr is provided by [5, Theorem 7.2]. Furthermore, an
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upper bound for cr is the Kullback-Leibler information number K(6, 0y), see [5, Theorem 7.5]. The test is
asymptotically optimal whenever this upper bound is reached, or locally asymptotically optimal if

cr(0) ~ 2K(0, 6p), O — 0.

Given the null hypothesis (22) we will first consider an alternative hypothesis H; under which the
distribution is a p.m.f., supported, as under Hy, by {0, 1, ..., N}, and denoted by (w(i))o<i<n, the associated
c.d.f. being (Q(i))o<icn with Qi) = Y1y w(j), 0 <i < N.

Let us state a first result, recalling that function f was defined above in Proposition 5.2.

Proposition 6.1. If the alternative hypothesis Hy : @ # wy = w#N) obtains, then the convergence in probability

N . N)(; 2
. _12(pN) _ [QG-1) - QPN ~1)] 1/2 _. pp.N)
31_%10 n T = {;_1 SO () e = 0P (w) (41)

takes place and the exact slope of T,(f N) satisfies
er(@) = 2fOPV(@) ~ APV @) (@ = 0®N). (42)

Proof. Relation (41) follows from the law of large numbers applied to (28). Then (39) allows us to use [5,
Theorem 7.2], and conclude that (42) holds. O

Let us now focus on the case of a binomial alternative, i.e. Hy : @ = @?*%M for 8 # 0. In other words, we
wish to test the null hypothesis

Hy:0=0 (43)
against the alternative
Hy:0#0. (44)
Let us simplify the notation of function b defined in (41) by putting
PN (@P+ON) = ().

Recall the Kullback-Leibler information number (introduced by [14]) of 0N and w#*%N) is defined to
be

N (p+O.N) (i
PN 0Ny =} N () 1og L)
K(w , P ; W (i) log RSN
Theorem 6.2. If H; holds then
N . ‘
. QPN (G — 1) — QPN (G - 1))
li ,1/2T(p,N) = h(O) := { 1/2 45
lim n7' 2T = 5(6) (Zf G ) (45)
No6?
~ ()" @0, (46)
Therefore, the exact slope of T,(f N) satisfies
; N6 PON) (o PN)
cr(0) = 2f(b(0)) ~ T 2K(@P0, ) (6 - 0), (47)

so that the statistic TV is locally asymptotically optimal in the sense of Bahadur, with respect to the statistical
problem (43) — (44).
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Proof. The first result is a direct consequence of (41), combined with Lemma 7.2. Then (42), rewritten with
/\gp )= 77! and b(w) replaced by b(0) given by (45), leads to the first equality and equivalence in (47).

Finally, Fisher information being given by 7™?) = N/(pq) (see, e.g., Theorem 9.17 and Example 9.20 in
[27]), Kullback-Leibler divergence satisfies

(p+O0,N) _ (p,N) 1 (N,p) n2 N92
K@V, o) ~ 2 787g = oo (0 — 0) (48)

(see (2.7) in [14]), and the last equivalence in (47) readily follows. [J

Remark 6.3. A new goodness-of-fit test for a distribution as standard as the binomial might seem of little use. It
is, however, not the case. As mentioned already by [13], and more recently by [12, §3.8.4], goodness-of-fit tests for
discrete distributions are, for long, not researched as extensively as those for continuous distributions. Therefore, in
view of its fairly good theoretical asymptotic properties, our statistic might prove a useful tool in this field. This aspect
should be discussed in a paper devoted to this issue, and most of all including simulations for comparisons with other
widely used tests.

7. Useful technical results

We shall repeatedly use the summation by part formula,

b-1 b-1
Y FDAg = [FDgL: = Y, Af@)gli + 1),

with integers a < b.

Lemma 7.1. One has, for j,k € {1,...,N},
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Proof. On the first hand,
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On the other hand, in the same way,
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By summing these two equalities, we obtain
Z 1% Jo@VKPY (a0 () = [N - 1)+ 2" - 1] (p) —[o(HVKPV (),
A

which is the desired result. O

Lemma 7.2. One has,as 0 = 0,for1 <i <N

QPrON(G - 1) — QPN — 1) ~ —NOPND(i — 1), (49)
[QEON G — 1) - QPNIG—1)2  NO* () .
~ " -1
S0P p 0
i (QP+ON)( (G—1) - Q(p,N)](]' -1 ~ N62' (51)
a(j)w®N(j) P

j=1
Proof. From (6) we infer, for 0 <i < N,

IQPNG) N! i N-1-i
ap (N-i- 1)'z'p q

= —Nw®N-D(),

from which (49) follows. Then (50) is straightforward in view of the equality
o()w?M (i) = Npw®N-D(i - 1).

Then (51) follows from the fact that ¥ X' @®N-D(i) =1. O
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