Statistics & Probability Letters 8 (1989) 389-395 September 1989
North-Holland

A PROBABILITY DISTRIBUTION ASSOCIATED WITH EVENTS
WITH MULTIPLE OCCURRENCES

John PANARETOS

University of Patras, Greece

Evdokia XEKALAKI

Athens University of Economics, Greece

Received August 1988
Revised October 1988

1. Introduction

In a recent paper Xekalaki and Panaretos (1989) introduce what they call the cluster negative binomial and
cluster negative multinomial distributions in the context of cluster sampling. Clusters are represented by
balls each marked with a number in the range (0,1, 2,..., k) where k is a positive integer. Balls are
drawn one at a time and with replacement till a given number of zeroes is observed. The distribution of the
total sum of the sampled numbers is defined to be the cluster negative binomial distribution. The case of
straight sampling was considered by Panaretos and Xekalaki (1986a). Given a sample of » bails (clusters)
numbered as previously and drawn with replacement the sum of the sampled numbers was shown to have
a probability distribution termed the cluster binomial distribution. As mentioned by Xekalaki and
Panaretos (1989), such urn schemes may be useful in modelling random mechanisms in the area of biology
where the frequency distribution of cells forming clusters is of interest. Epidemiology is another area of
possible application. There, the hypothesis of contagion is very common in determining the probability
_ distribution of infected cases during an epidemic. In sampling-from-an-urn schemes this hypothesis can be
accounted for by additional replacements which alter the structure of the urn. Panaretos and Xekalaki’s
(1986a) urn scheme giving rise to the stuttering generalized Waring distribution is pertinent to such a
situation. There, balls marked 0, 1,2,..., or k are sampled with additional replacements till a given
number of zeroes is observed. Of course among the various investigators who have used urn models for
describing contagious biological data Polya (1931) seems to be a pioneer in the field.
This paper considers again sampling from an urn containing balls marked with an integer in the range
{0,1,2,..., k}, k>0, and studies the probability distribution of the sum of numbers shown on a sample
of n balls drawn without replacement or with additional replacement(s). As a result, hypergeometric and
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negative hypergeometric types of distributions are obtained. Their structural and distributional properties
are studied and their association to other distributions arising under various schemes for sampling clusters
‘are examined.

2, The cluster hypergeometric distribution

Consider an urn filled with « balls bearing number 0 and B; balls bearing number i, i=1,2,..., k. A
random sample of n balls is drawn without replacement. If X represents the sum of the numbers shown on
the sampled balls then the following theorem can be shown.

Theorem 2.1. The probability of the event { X = x} is given by

n

Bl(xl) .. ‘Blgxk)a(”'zf;lxi)

k
ey Xps n——Z,»=1xi ((X+Z"c 1,3')('1)
{ Sl 1

P(X=x)= Y (xl, .. , (2.1)

Thoix=x

x=0,1,2,..., nk, where the symbol " stands for '(y +1)/T'(y—r+1), r=0,1,...,y, y>0.

Proof. Let X, denote the number of balls bearing number i/ in the sample of »n balls. Then obviously

{ X =x} is the union of all the outcomes { X; = x,,..., X; = x, } for which T¥_,ix, = x. i.e.
{X=x}= U {Xi=x4,..., Xpe=x;}.
Tk ix;=x

Then (2.1) follows as a consequence of the fact that the vector (X;, X,,..., X,) follows the multivariate
hypergeometric distribution with parameters n, a, 8,,..., 8. O

Theorem 2.2. The function defined by (2.1) is a proper probability function.

Proof. It is sufficient to show that X% (P(X =x) = 1. Indeed

nk nk (x1) (X)) (n—ZEo1x)
) n B 1) ... Bk 20 i=1%;
Srx-0-L I | o)
yeees Xy B— 20 1X;
2o x=02{5=1ixi=x X1s X3 k> Zx 1% (a+zf=l i)(")
Letting x, — x; and x - x + X¥_,(i — 1)x; we obtain

n—x)

L P(x-x)- ¥ (3)—= 5 (5 B B0 =1,

(n)
x=0 x=0 (" +Zf=lﬂi) " Thx=x

Hence the theorem has been established. 0O

Note. One can easily observe that for k = 1 the probability distribution defined by (2.1) reduces to the
ordinary hypergeometric distribution. Moreover, by the definition of the descending factorial the defini-
tion of (2.1) can be extended to include the case of non integer values for the parameters « and S,
i=1,2,..., k.
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Definition 2.1. Let n, k be fixed positive integers and let a, B8, i=1, 2,..., k be positive real numbers. A
random variable X will be said to have the cluster hypergeometric distribution with parameters
k, n, & By..., B (X~H,(n; & By,..., B;)) if its probability function is given by (2.1).

Steyn’s (1956) univariate factorial multinomial distribution of the number of occurences of an event E
when sampling from a population whose items cause multiple occurrences of E can also be obtained from
(2.1) if the proportion of balls marked i is allowed to be an arbitrary real number in (0, 1) instead of a
rational number in (0, 1).

Theorem 2.3. Let X be a non-negative integer-valued random variable having the cluster hype;geometric
distribution with probability function as given by (2.1). Then

o™

————ﬁFD(—n; —Byy =Borer =B a—n+ 158, 1%, 1) (2.2)
(“"'Z:(:lbi)

(i) Gx(s)=

where Gy(s) denotes the probability generating function of X, and Fy, is Lauricella’s generalized hypergeo-
metric function derived by

a(Ef=z".’)(b1)("1) e (bk)(’k) er’ Z]’ck
Ak (23)
ry: Ty

o0
Fp(a; byyeoybys €5 20000 2) = Y, X

r=0%k r=r C(Zﬁ]"t)

(here a,, stands for I'(a +r)/I'(a), note that when a < 0 the series is terminating, i.e. r runs in the range
0,1,....[al);

k
. _ n n.
(ii) E(X)_——a+>3f=1ﬁ,- E;lz » (2.4)
n(a+X¥ 8 —n){Ti.iB(a+2k,.8) — 2T, BB )

("‘ + 2{;13")2("‘ +ZaB - 1)

(i)  V(x)= . (2.5)

Proof. (i) Applying the transformation x, — x;, x = x + L_;(i — 1)x; we have

n (x1) (xg) g(n—=x)
n B 1) ... ﬂ oy L o
GX(S)= Z Z (xl,,..,xk, n—x) - kk (n) Eimi%
x=0 T yx=x (a+Zi18)
U S Ry i o
= ( PRESANTS (—Zh %) =1 X!
‘1+Ei=1ﬁi) x=0 5} 1x;=x 1-n)

which is equivalent to (2.2).

The proofs of parts (ii) and (iii) follow as a result of the fact that (X;, X;,..., X;) has the multivariate
hypergeometric distribution with E(X;) and E(X, X)) given by the appropriate well-known formulas for
i=1,2,....k; j=1,2,....,k. O

As is well known in the context of urn models the ordinary hypergeometric distribution is the analogue
of the binomial distribution when sampling is done without replacement and the former has the latter as a
limiting form when the numbers of balls are increased so that their proportion tend to some value
p € (0, 1). It was mentioned in the introduction that a scheme analogous to that considered in this section
but whereby sampling is done with replacement gives rise to Panaretos and Xekalaki’s (1986b) cluster
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binomial distribution. This is the distribution defined by the probability function

k
Xps Xpyeees Xjy B— L 1X;

k
n
P(x-x)= I | g pr, (2.6)
Tk jix;=x i=1
g=1-%.p,0<p,;<1,i=1,2,...,k, x=0,1,..., nk.
It would therefore be interesting to examine whether the distribution in (2.6) can serve as an
approximation of (2.1). The following theorem shows that this is indeed the case.

Theorem 2.4. Let X, Y be two random variables whose probability functions are given by (2.1) and (2.6)
respectively. If a = o0, 8, —> 0, i=1,2,..., k so that B,/(a+ ¥ | B;) = p; where p; are fixed values in the
range (0,1), i=1, 2,..., k, then the distribution of X tends to the distribution of Y.

Proof. Let lim,, denote limit as « = o0, B, — oo so that B,/(a +Xf_18) > p,, i=1,2,..., k. Then

n
lim P(X=x)=
Yy ( ) zf_gﬁx(xl,...,xk,n—z:-;lx,-)
n-Xkox; k ) Xi
X lim (—_ak ) n('—ﬂl )
H \\a+X_18; i—1\a+X5 1B,
n k n—ZIf_,x,- k
- | T D W I s 20
B Xipeuns Xp» N— Lin1X; Pkl 11

Hence the result. O

3. The cluster negative hypergeometric distribution

Suppose now that we wish to sample » balls one at a time from the urn of the previous section, altering its
composition at each stage by adding a ball of the same type as the sampled one before the next draw is
made. As far as applications are concerned this allows for the hypothesis of contagion since each added
ball increases the probability of sampling a ball of the same type at the next draw.

So we start off with an urn containing a balls marked 0 and B, balls marked i, i=1, 2,..., k. A ball is
drawn, its number is recorded and the ball is returned to the urn with one additional ball of the same type.
Let X be the sum of the numbers observed in a sample of » balls sampled in the described manner. Then
the following theorems can be shown following arguments similar to those used to prove Theorems 2.1 and
2.2.

Theorem 3.1. The probability of the event { X = x} is given by

n ) (Bl)(x,) e (Bk)(xk)a(”_zf‘(-lxi) (3 1)

P(X=x)= i

( ) szI:'Zx,=x Xiseons Xpr X = Xio1X, (a+2;‘=lﬁi)(n)
x=0,1,2,...,nk. O

Theorem 3.2. Let X be a random variable defined as in Theorem 3.1. Then L% P(X=x)=1. O

The result of this theorem implies that (3.1) defines a probability distribution which for k =1 coincides
with the ordinary negative hypergeometric distribution.
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Definition 3.1. Let n, k be fixed positive integers and let a, B8;, i =1, 2,..., k, be positive real numbers. A
random variable X will be said to have the cluster negative hypergeometric distribution with parameters
kn,a, By,..., B (X~ H (x; n, a, By,..., B)) if its probability function is given by (3.1).

As before, if instead of the rational proportion 8,/(a + X% ,8,) of balls in the urn we start off with a
proportion equal to any real number p; in (0, 1), the urn scheme considered in this section provides an
alternative derivation of Steyn’s (1956) univariate negative factorial multinomial distibution of occurrences
of an event caused repeatedly by inversely sampled items of a population.

Theorem 3.3. Let X be a non-negative integer-valued random variable with probability function as given by
(3.1). Then

A(n)

(1) Gx(s)=m (—n; B Byseiin B 1—a—n; s, sz,...,s"), (3.2)
k
@) E(X)=—=— L, g (33)
i=1Pi i=1
k -2
(iii) V(X)="(“+Z"=lﬁf+"){ 2L, < B+ ThriB(a+ i)} (3.4)

(a+Zr .8 ) (a+Zk B +1)

Proof. The proof is analogous to that of Theorem 2.3. O

The two theorems that follow demonstrate the fact that the cluster negative hypergeometric distribution
and the cluster binomial distribution relate to each other in the same manner as their ordinary forms (for
k =1) do. In particular, it is shown that (3.1) arises as a Dirichlet mixture of (2.6). Moreover (2.6) is shown
to provide an appoximation to (3.1) for certain limiting values of its parameters.

Theorem 3.4. Let X be a non-negative integer valued random variable having the cluster binomial distribution
with probability function as given by (2.6). Suppose that the parameter vector p = (py, pP,,..., Py) has itself a
distribution with probability density function of the form

— I(Z518,+a) =1 .., Be-1] 1 — - ,
0= ettt Ea) e

a, p, B;>0,i=1,2,....,k, ZF | p, < 1. Then the resulting distribution of X is the cluster negative hyper-geo-
metric distribution with probability function given by (3.1).

Proof.
1

P(x=x)= " ['P(X=x1p)/(p) dp,

rELAre) :
T(a)I’I,_II‘(,B)f .[ (xl,...,xk, n—):f.;lxi)

Th_qix=x

k n+a—Xi_1x;—1 k
X(l— Zpi) {ljlpfﬁﬂ"ﬂ} dp, +--dp,

i=1
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_ I(Zh.B+a) > noo )
- I(a)1,T(B) £ Xiyeors Xgy B = L X;

AT T (e + BT (n @~ B 1))
T(Z{Llﬁi+n+a) ’

Hence, the result. O

Theorem 3.5. Let X be a random variable distributed according to the cluster negative hypergeometric
distribution with probability function as given by (3.1) and let Y be another random variable having the cluster
binomial distribution with probability function given by (2.6). Then, if & = c0 and f; > co so that B./(a+
¢ B)—=pi, 0<p,<l,i=1,2,...,k, the distribution of X tends to the distribution of Y.

Proof. Let lim , stand for limit as a — o0, B; = oo so that 8,/(a +Z/_,8,) > p;, i=1,2,..., k. Then

liIr{n P(X=x)=P(Y=x)

since

a(n—):f,‘x,)n:;](Bi)(xi) o "_):lei k B X
lim < = l'm(—-——k—) lim —-——;(-———
H (a+zi-lﬁi)(n) H \a+Xi_ 1B i=1 H \at+Xi_,B

ko oA"TERax g
= (1— Zp,») [1pr.

i=1 i=1

Hence the theorem has been established. O

The sampling scheme considered in this section can be slightly altered so as to yield a more general type
of distribution. In particular, if each sampled ball is returned to the urn along with ¢ additional balls of the
same type (¢ > 1) before the next ball is drawn then X, the sum of the » sampled numbers follows a
distribution with a probability function given by

o n (a/¢)in—st )T 1(B/€)x)
P(X=x)= )y (xl,..‘, X, N Zf-;lx,») ((Ef_lﬂi_,_ a)/c)(")

Tk jix;=x

, (3.6)

a, ¢ B;>0,i=12,...,k x=0,1,2,...,nk For k=1 this reduces to the ordinary Polya distribution.

Definition 3.2. A non-negative, integer-valued random variable X taking values in {0, 1,..., nk }, where k
is a positive integer is said to have the cluster Polya distribution with parameters ¢, «a and B,
i=1,2,..., k, if its probability function is given by (3.6).

Note that when ¢ = 0, (3.6) reduces to the cluster binomial as this is defined by (2.6) for p, = B./(a+
P3N B), i=1,2,..., k. Moreover when ¢ = —1, (3.6) reduces to the cluster hypergeometric with probabil-
ity function as given by (2.1).

Hence (3.6) unifies the derivation of the distributions that arise in the context of direct cluster sampling,
namely the cluster binomial of Panaretos and Xekalaki (1986a) and the cluster hypergeometric and the
cluster negative hypergeometric distributions introduced in the present paper.
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