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NGUYEN VAN DAT. Tests for Time-Space Clustering of Disease (Under the

direction of ROGER C. GRIMSON.)

Several statistical tests for time-space clustering of disease have
been suggested by different authors. Some commonly used tests are reviewed

and their differences and similarities are discussed. Two alternative new

“tests that do not have some of the drawbacks of the others are suggested:

the number-of-empty-cells test and the zero-one matrix test.

The exact distribution of the number-of-empty-cells test statistic
is derived, together with the exact moments of the zero-one matrix test
statistic. Since these moments are too complicated for most practical
testing situations, a way to approximate the first and second moments is
suggested, based on the exact moments calculated for a wide range of the
parameters. Using these approximations and the asymptotic normal prop-
erty of the test statistic, the approximate test can be carried out with
relative ease,

The performance of the zero;one matrix test is compared with its
counterparts in the literature: the EMM test and the scan test. Examples
drawn from North Carolina mortality data are given to illustrate situations
in which one test is better than the others.

Generalizations of the zero-one matrix test are also suggested to ad-
just for extraneous factors and for multivariate applications, using maxi-
mum likelihood procedures and Euclidean distances respectively .

Finally, a summarized step-by-step practical guide for the test of
time or space clustering is presented together with some suggestions for

further research.
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CHAPTER I

INTRODUCTION AND REVIEW OF LITERATURE

1.0 Introduction

In recent literature, many epidemiologic studies are found attempting
to attach significance to what seems to be a large number of cases of a
given disease in some particular place and/or at a given time. Recent ex-
amples of '"clusters' of diéeases reported included the case of the town of
Rutherford, New Jersey, where public health authorities became alarmed when
it was found that the community of 20,000 had had 32 cases of leukemia, lym-
phoma and Hodgkin's disease in a five year period. Residents in Utah are
claiming an unusually high cancer rate in that state celated to nuclear
testing in the area approximately twenty years ago. The Center for Disease
Control has published numerous reports on "clusters" of disease. Residents
of the area surrounding the Three-Mile Island nuclear facility in Pennsyl.-
vania are being followed for evidence of unusual "clusters' of health
problems.

While evideﬁce that a particular disease does cluster in time and/or
space would not necessarily prove anything about its etiology, it could pro-
vide clues in the development of theories concerning the cause of that dis-
ease or support existing theories. Recently many important studies have
sought to link disease clusters to environmental factors.

Unlike many infectious diseases where time-space clusters are easily

recognized due to their relatively confined and isolated patterns, chronic



diseases with lower incidence rates and longer latent periods present

special difficulties in ascertaining patterns. .

Several different statistical tests have been suggested by different
authors in an attempt to deal with this problem. As part of this study
these tests will be reviewed and their similarities and differences will
be discussed.

Unlike the branch of multivariate statistical methods generally known
as cluster analysis, time-space clustering methods do not seek to define
clusters. Rather they test for the presence of a time cluster, a space
cluster or a time-space interaction effect. The analysis is an attempt to
determine whether disease cases tend to be closer together in time and/or
closer together in space‘iﬁénvone would expect if the cases occurred ran-
domly.

While the methods have typically been applied to disease data, many ‘ )

other applications have been conceived using these techniques.

1.1 Literature review

As a review of the literature, the following tests have been re-

commended by different authors:

1.1.1 Pinkel and Nefzger's test: Pinkel and Nefzger (1959) recommended
a test using a classical combinatorial problem: if r cases are classified
into n cells, the probability of placing k or more cases in cells that con-
tain at least one other case is:

n r-1
(o) O3 )

T "

r

P(k) =

To perform the test the authors recommend dividing the study area and .

time period into time-space units (subjectively) and observing the maximum



number of cases in a time-space unit ko + 1, then calculating the P-value
of the test by:

r-1

P= ) P(k)
=k

k 0
One concludes that there is a time-space cluster if P < a where a is the
level of the test,

This test has been criticized as more sensitive to clustering in time

or space alone and requires a uniform population distribution (see Mantel (1967)).

It is not clear how the authors derived the combinatorial formula for P(k),

1.1.2 Knox's test: In his 1963 paper Knox suggested a test using & contin-

R

gency table approach. In ﬁhis paper he divided the space distances under
study into 5 categories and the range of 800 days under study into 9 inter-
vals and formed a 5x9 contingency table, the cell entries being the number
of pairs falling within the appropriate time-space unit. Although Knox

did analyze the table using the usual chi-square test he indicated that

this is not really appropriate since the cell entries are not independent.
Abe (1973) has derived the appropriate way to analyze such a table. Instead

of using the Knox statistic,

T c (0ij - Qij)
K= Z z [} >
i=1 j=1 ij

as a chi-square statistic with (r-1)(c-1) degress of freedom, where

Oij observed entries of the contingency table,

n

L. . expected value of 0,. ,
ij i

Abe argued that an appropriate chi-square statistic is:

Q=xv'x,



1]

of the elements of Knox's table from their expectation, and E“l is the

where the elements of X' (a row vector) are the deviations (Oij - .. '

inverse of the variance-covariance matrix. This statistic has been shown
to have the correct expectation of a chi-square distribution. In a paper
éf the next year (1964-b) Knox analyzed the problem in a 2x2 contingency
tablé by classifying each of the (g) possible pairs of cases as close or

far apart in space and close or far apart in time as the following 2x2 table

shows.
Space Total
close far
Time close a b a+b
far c d c+d
Total a+c b+d n(n-1)

2
> .w‘l'

The statistic a is the number of pairs which are close in both time and
space. Statistical significance is calculated by treating the null distri-
bution of this statistic as Poissén, with expectation calculated from the
marginal totals in the usual manner. The Poisson assumption is only appro-
priate when such pairs could be considered rare events. In this case, this
test is considered a good approximation test, more sensitive to time-space
clustering (interaction) than clustering in time or space alone. Alterna-
tives to the Poisson approximation is the normal approximation for large num-
bers or the permutation distribution for small numbers. Knox's method was
extended by Pike and Smith (1968) to take into account assumed periods of
infectivity and susceptibility of cases. This allows for investigations

of diseases with long latent periods.

Roberson (1979) has shown that the choice of boundaries for 'far' and .

"close'" criteria has some effect on the test outcome.



1.1.3 Barton and David's test: Barton, et al. (1965) and David and Barton
(1966) introduced a procedure analogous to ANOVA methods. They divided the
time span of study into subintervals and calculated the statistic as the
average squared spatial distance between all points within subintervals
divided by the overall average squared spatial distance between all points.
Under the null hypothesis of no clustering, this statistic has an expected
value of 1, while if clustering is present the expected value is less than 1.
The significance level of this statistic is determined by comparing the ob-
serve@ value with the permutation test derived by pairing each location in
time with all possible locations in space.

The authors also discussed the approximation to the permutation distri-
bution, using a B-functig; which in turn éan be approximated by the normal
function when the number of time subintervals is large (k-1 2 SOQn) or by

the F distribution when the number of time subintervals is small (k-1 < 3Uéﬁ)

where

k = number of time subintervals,
n = number of observations,
Q = test statistic, and

2 .
0. = variance of Q .

Q

The major drawbacks to using this test are the lack of criteria for
determining the subintervals, the difficulty in computing the.significance
level of the test statistic, and the fact that the smaller distances which
are of greater interest have less influence on the value of the statistic

than the larger distances.

1.1.4 The EMM procedure: Ederer, Myers and Mantel (1964) recommended a

procedure for time clustering. The time period under study is divided into



k subintervals over which n cases of the disease are observed. The test .
statistic is a, the maximum number of cases in a subinterval. The null dis-
tribution of a is derived by a combinatorial procedure; its mean and vari-

ance, along with the p-value, can be calculated, based on this distribution.
The procedure was also extended to test for time-space clustering by dividing
both time of study and geographic region into subintervals called time-space
.subunits. Each time unit has a fixed number of time-space subunits, m.

Let a, be the maximum number of cases in a subunit of the ith unit. Then

the statistic is a chi-square statistic with 1 degree of freedom.

[k ) ’
a, - E{ a.)| - .S]
2 .Alj=p 1 i=1 * )
X = X s 1=1,2,...k,
'Z Var(ai)
i=1

where E(ai) and Var(ai) are detemined by assuming that the null distribu- - . i
tion of a; is that of theAmaximum‘of a multinomial distribution.

Mantel, Kryscio and Myers (1976) tabulated tables for the expectéd val-
ue and variance of a; for some selected values of n cases and m subunits in

each unit.

The disadvantage of this test is its sensitivity to time or space clus-

tering alone as well as time-space interaction.

1.1.5 Grimson's cluster model: Grimson (1979) suggested a model using the
procedure similar to the EMM test. This model considers only the number of
cases; it does not take into account the fac£ that cases are distinct., The
model uses number of cases in a time-space subunit rather than the arrange-
ment of cases in a unit.

Let aj be the number of cases in subunit j (j=1,2,...,k); then, based .

k
on the composition of the number of cases r (r = Z aj),
j=1



N

_yad k+r-jm-1
D (T

k
P{max(aj) zmr = g a.} =1 -4 T

1)

Based on this composition model the limit distribution of the tést statistic,
max(aj), was proved to be geometric rather than Poisson, as in the multi-
nomial model of the EMM test. Expected value and variance of the tesi statistic
was computed for the case k=5 and r=2 through 400.

This approach was used in modeling hepatitis data.

1.1.6 Mantel's test: Mantel (1967) gave a generalized regression approach
which contains both Knox and Barton-David procedures as special cases. He

suggested a statistic of the form:

[ hix ety s

i<j
where
xij = spatial distance between cases i and j
yij = temporal distance between cases i and j

h(¢) and g(+) are transformation functions for spatial
distance and temporal distance respectively

The exact p-value for an observed statistic is obtained from the per-

| mutation distribution derived by evaluating the statistic for every possible
pairing of time and space location. For even a moderately small sample size
this is not simple to compute. Mantel gave some general formulae for the
permutation mean and variance of the statistic., In most cases, however,

it may be more practical to use Monte-Carlo methods to estimate p values

as suggested by Besag and Diggle (1977), or to use the asymptotic distfi—
bution as an approximation. The choice of the functions h(*) and g(+) were
also discussed. Mantel favored the choice of transformations which empha-

size closeness rather than great distances, as this should increase the



power of the test to detect clustering if it is present. He suggested

having the temporal and spatial transformation functions as the recipro- .
cals of the absolute time and space distances respectively. To avoid prob-

lems of zero distances he suggested adding a small cénstant to each distance.

No criteria were set by the author for selecting the values of these con-
stants, and their values do effect the results of the analysis as discussed

by Roberson (1979).

Mantel's procedure uses, where ¢ and c' are the constants,

1

MOy T ST

1]

Note that if we let

jl if ith and jth cases are close in space, ‘
h(xi.) =
1 0 otherwise,

\

1if ith and jth cases are close in time,

gly;;5) =

0 otherwise,

then a = Z h(xij)(yij) is the Knox statistic. Mantel also pointed out

i<j
that the Knox's test with the significance level evaluated using its per-
mutation distribution or normal approximation probably is more applicable

in many situations than the one evaluated by using the Poisson distribution

as suggested by Knox,

Asymptotic properties as well as Monte-Carlo results on robustness of

this test and the Knox test were also investigated by Roberson (1979).

1.1.7 The Scan test: In this test, the maximum number of cases in a fixed .

interval of time within a fixed spatial unit was used as the test statistic.



This statistic was first investigated in detail by Naus (1965, 1966)
as he derived the probability distribution and the expectation and vari-
ance of this statistic. Later, Wallenstein (1980) investigated this statis-
tic and tabulated the‘lower tail of the distribution of. this statistic for
some selected values of n (scan statistic), N (total number of disease cases),
and L (time period under study‘divided by the length of the time interval
of the test statistic). Naus (1982) suggested some approximations for the dis-
tribution of the scan statistics.

This test is probably more powerful than the EMM test and does not
need a criterion for dividing time under study into fixed intervals. How-
ever, the test statisticis not easily assessed and due to the complexity
of its distribution, its significance level (p-value) is much more difficult

to evaluate than that of the EMM statistic for most practical situations.

1.1.8 Bailar, Eisenberg and Mantel's test: Bailar, Eisenberg and Mantel

(1970) introduced the following test:

Let n be the total number of disease cases,

N be the number of years (time units) over which
n disease cases occur,

p. be the probability that a case occurs in the ith year
(time unit),
. . th
n, be the number of cases observed in the i~ year
(time unit)

N
(Zni n) i=1,2,...,N.
i=1

Then (n = number of pairs formed where the first case

S
i 1+d) h
occurs in i year and the second case occurs

in (i+d)th year.

The statistic is t = total number of pairs occurring in years exactly
d years apart,
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N-d

L= , nini+d
i=1

(d=1 or d=period of infectivity and susceptibility.)

When.Pi =Pj_q *Pi.a and P, = 0 for t<0 or t>N, it was proved that

N

-1

B(e) = 2871 ¥ pop,

i=1
N N

-1

Var(t) = “(g )y PP, + n(n-1)(n-2) | piPi

i=1 i=1

N
n (nr';l ) N2
- —~§———-(2n—3)(i§1pipi)

The p-value of this test statistic is evaluated by using the normal distri-
bution as an approximation, with the above expected value and variance.
This test has not been used widely and the appropriateness of the

approximation has not been investigated. It seems to be appropriate for

testing of clustering in time or for testing of a latent period of length d.



CHAPTER II

INTRODUCTION OF SOME POSSIBLE NEW TESTS

2.0 iIntroduction

Although many different tests have been suggested, these tests contain
the following drawbacks:
- They involve some subjective steps to determine the criteria which

would affect the outcome of the test.

- e

- While they are mainly sensitive to-time—space clustering, they tend
to be somewhat sensitive to clustering in time or space.

- The distributions of the test statistics are complicated and the
significance levels cannot be assessed easily in most'practical
situations even with épproximations.

- They are only a one tail test of clustering.

In an attempt to overcome these drawbacks, the following tests are suggested:

-~ Number-of-empty-cells test for rare events.

- Zero-one matrix tests for events with larger frequencies.

2.1 Number-of-empty-cells test:

Most of the derivations of the statistical formulas of this section
are known {(see Feller, Johnson and Kotz, and Riordan). This section will
show how an occupancy distribution of the number of empty cells may be used
as a cluster test.

After dividing the time and space under study into time-space units,
similar to'what is done in the EMM test, the statistic of interest is X, the

number of units without disease cases. Example: dividing 10 years of North
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Carolina mortality data into 1 year time units and 100 counties (space
units) will provide 1000 time-space subunits.

Let n be the total number of cases occurring in m time-space units.
m

Each unit has a. cases, j = 1,2,...,m; 0 < a. = nj z a, = n.
] J j=1 3.

If X is the number of units with no cases, then under the null hypo-
thesis of no clustering we have, for the special case of X=0,

m-1 i.m i "
P(X=0) = ZO(-l) (DL =51 (fornzm .1

i=
{whenn <m P(X=0) = 0.}

To see this, assume equal probability of having cases in any unit.

g

If Ej is the event that unit j has no cases, then

PE;) = (1 -%)n=(“l’—19n
J m ’
, 1
P(EJ N Ei) = (1"‘ “E") »
m
therefore, P(X=0) = 1 ~ P( U Ej)
j=1
m
=1-JPE)+Y)PE nE,) - .
j=1 J j<jt J J
m
Note that P( n E.) = 0 .
iop J
]
m-1 i.m i 2
Therefore, P(X=0) = 2 (-1) (i)(l - ﬁﬂ . This establishes equation (2.1) -
i=0
Next, let m 2 k = Max(0, m-n). Then
m-k-1 . . n
-k k .
Px=k) = (1 -D7MHa - (2.2)
. j m
j=0
m-k-1 . . . n
- 3 Jkriym _ k+j
= J_ZO D7D G- 5 (2.3)

Proof of (2.3) is as follows:




P{X=k)

1]

(m) P(First k cells q Last m-k ce115)
k are empty are occupied

- m) p All cases are in the last m-k cells )
= gnd all these m-k cells are occupied

Applying the inclusion-exclusion principle to the last m-k cells ,

m 1

- K- i m-k K+j 1
P=R)= () ] DITHa - b
j=0 ’

Note tbat (ij)(k;J) = (E)(mgk), so that

m-k-1 . . . n
B _ yJ k+iom _k+j
P(X=k) = jzo DTG G- 5
which is equation (2.3). The expected value of X is given by
1B
E(X) = m(1 - Eﬂ
To see this let
0 if jth cell is occupied,
X. =
J 1 if jth cell is empty.
m-1."
Then E(Xj) = (T)
m p.n
E(X) =) E(X)) = m(l - )
i=1
Similarly,
n n 2n

2 1 2 1
Var(X) = m(m-1)(1 - 59 +m(l - ﬁJ «m (1 - Eﬁ
The descending factorial moments of X are given by:
- m-R,™" (R)
u(R)(X) = E{X(X-1) . . . (X-R+1)} = ¢ m ) M

ecx®)y .

fi

Equation (2.6) is derived from equation 2.2, where for any

(2

13

.4)

.5)

.6)
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m 2 k 2 max(0,m-n),

m m-K-j

1= 1 & e ekey”
k=max (0,m-n) 5=0 J
If n 2m then P(X=0) > 0,
If n <m then P(X=0) =
Therefore,
n m-k-j
ex®y = ) i @kl ®
k=max(0,m-n) j=0
t (R) m-k- j m-k - _')
=] ) Z 17 (" s )(-—-)1
k=max(0,m—n) j=0

Note that when 0 < k < R, k(R) = 0, so that no contribution is made to the sum.

Let k' =k ~ R, m' =m - R. Then .
g N m' , m'-Kk'-j iomt k! L
ex(®)y = (&R ) GO L en A 5y
k'=max(0,m'-n) j=0

L J

The double sum simplifies to unity (see (2.2)), so that
px®)y o p(R) moRy™

n

Based on (2.2), the exact p-value for this test statistic can be computed
readily.
This test is only good in situations where the disease incidence rates

are not so high that we would e€xpect some time-space units to have no

diseasec cases (E(X) > 0). In order for E(X) = §~ (to have approximately half
of the number of cells empty) we should have 0.65m < n < 0.7m for m betveen
n

10 and 1000; since E(X) = m(1l - %ﬂ , in order for E(X) = %’ we must have

1 n m i
- - ®

n
1 1
- =z

or
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or
n = log 2
" log m - log(m-1)
for m = 10, n = 65.5788
for m = 100, n = 68,9675
for m = 1000, n = 692.8006

The test can be generalized by using the number of cells containing
less than a certain number of cases, say a, as a test statistic.

This test will not be very powerful in detecting clustering if n is too
large (or too small) relative to m, since in these situations most likely the
test statistic will assume a value of zero (or {m-n)) under a random alloca-

- -

tion of cases.

2.2 ZERQ-ONE matrix test:

2.2.1 Description of the test: Divide the area and the time under study

into time-space subunits to form a two-way table as follows:

Time
1 3 3 . o . J . . ° C Total
Tlmy Mg Mgt oo cmgge s e omp
20 My Pyy Mgt ot emyue e eom, g,
3| Mgy Mgy Myz ot 0 Mgyt 0 mg | ng
Space Lpngy M, Big e o nij” Toeomgfng
ST Mp2 Bpz * 7 0 nrj. T By M
Total n n n . . en . * L] n n
ol .2 03 -J sC Py
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Let nij be the observed entry of the (ij)th time-space unit, where .

and let
T ¢
=L by
i=l j=1
)
n. =)mn,.
{e :
b 4= B3
)
\n., = n,.
i i=1 ij
(i) Test for time clustering:
e n..
0 if n,, < — ,
ij ¢
Let a,, =
1]

ni'
1 ifn,, = 2. 4";“
ij c

a,. is distributed approximately 1like a Bernoulli distribution with

1)
p = %. . The test statistic, denoted by A, is defined by
r ¢
A=) Ja.. -
i=1 j=1 *J

Note that aij and aij' are not independent; however, under the null hypo-

thesis HO of no time-clustering, a plausible approximate distribution of A is
a binomial distribution with parameters p = %=and n =rc. From this binomial
distribution the significance level of the test statistic could be assessed.
When n is large, an approximate distribution of A is a normal distribution
with mean equal to %; and variance equal to %5—.

Like the EMM test, this test may be referred to as a test of time-

space clustering but it is sensitive to time clustering within spatial units‘

However, this test, by its nature, is more powerful than the EMM test in
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situations where within each time unit there is more than one large clus-
ter in different time-space subunits, since the EMM test uses only the max-
imum frequency in a single time-space subunit as the test statistic.

When the observed statistic is large, the test indicates cluster
aveidance in some time-space subunits. (At certain times, some places have unus-
ually few cases.) When the observed statistic is small it indicates some
clustering in some time-space subunits. (At certain times some places have un-

usually many cases.)

(ii) Test for space clustering:

1if n,, 2 —3
ij T

The test statistic, denoted by B, is defined by:
r c

81 L
i=1 j=1
Under the null hypothesis HO of no space clustering, the approximate
distribution of B can be evaluated in the same manner as that of A.

As in test (i), this test is a type of tiﬁe~space clustering test;

however, it is sensitive to space clustering within temporal units.

The test requires that the populations under study in the time-space

subunits are equal in size; this can be a severe restriction. However, when

this requirement is not met, the frequencies n,.'s need to be adjusted or

ij
the rates should be used instead of the frequencies. Example:

T

i r..
=1 ij

0 if r,, < =t where r.. is the
i T ij
- T observed disease rate
) izlrij at time-space subunit ij.
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(iii) Test for time-space 'interaction':

n.. n..
0 if n,, < 43| -
ij n

Let ¢;; = n,

1 ifn,. 2 —
ij n_,

The test statistic, denoted by C, is defined by

by C

C=) 7Je,.
i=1 j=1 *J

Under the null hypothesis of no time-space interaction, the approximate
distribution of C can be evaluated in the same manner as that of A,

The test for time-space "interaction" is not sensitive to time or
space clustering alone. "éﬁi; test, unlike the test for space clustering,

does not require that the populations under study within time-space units

be equal in size. .

(iv) General properties of the zero-one matrix test:

The zero-one matrix test has the following advantages:

The test can be used to test either time or space clustering alone

or time-space interaction.
- The test statistic and its approximate distribution (to be derived)
are simple; therefore the p-value of the test can be evaluated with-
out complicated computation.
- The test is sensitive to cases with more than one cluster, which
gives it an advantage over the EMM test, which depends only on the
maximum.
- The rates (édjusted or unadjusted) can be used for this test instead
of the numerators themselves, as required by other tests.
- The test can be used as a one- or two-tail test; for instance, .

when A is small it shows time clustering; when A is large it shows
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cluster avoidance (vacuity) at some time-space subunit(s).
Example: If we have one space and 6 time units with a total of
30 discase cases, then we may have one of the following

situations (r=1, c¢=6, n_ =30):

* s

Time 1 2 3 4 S 6 |Total

Expectation

w
w
o
tn
(92}
]

30

~ Observation 1} 4 6 7 2 8 3 30

Observation 2} 10 0 6 |10 4 0 30

Observation 310 -1 0 |10 0 0 |10 30

Observation 4 | 10 4 4 4 4 4 30

Observation 5| 6 6 6 6 6 0 30

A~ Bin(lu 6)
2
E(A) = 3 Var(A) = 1.5

In observations 1, 2, 3, since A=3=E(A), we do not reject H f

0 ©°
clustering or cluster avoidance, while in observation 4 we would reject
H0 in favor of clustering (A=1), and in observation 5 we would reject HO
in favor of avoidance (A=5). Depending on how one defines clustering, one
may argue that 6bservatiéns 2 and 3 should be considered as clustering.
This test is not intended for detecting clustering of this type.

This test is not designed for testing clustering of extremely rare
diseases, since in these cases most time~sp;ce units have no cases (nij=0
for most ij) and we will have a small test statistic (A is small) and

hence the probability of committing a type II error is large. For the

applications to rare diseases, the numer-cf-empty-cells test is recommended.
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However, as discussed in Section 2.1, the number-of-empty-cells test is

also not very powerful in situations with extremely rare diseases.

In the above example, binomial and mormal distributions are considered
approximate distributions of the test statistic. Since aij's are not inde-
pendent of each other, the appropriateness of these approximations needs to
be investigated further. As part of this study, this issue will be investi-

gated further along with the exact distribution of the test statistic.

2.2.2 Exact distribution of the test statistic for time clustering:

The test statistic is

-
A= a,. =
-wi=1 j=1 1J

W ~1h3

a,
i=1-

where

a. =
ie

e~ 0

alj
- - @
Each a,, is distributed independently (since'aij only depends on the mar-

ginal ni.). Thus, for simplicity here we shall investigate the distribution

c
of a, . This is equivalent to the special case where r=1, A = Z aj
j=1

_P(A=a) = Probability that among m cells a of them have frequencies
of —%l or larger.

P p a . a
B3 My S (O N
" (P)r(v+l-ap) 0 0 j=l =

a
Let 1 ,V) =
p(@ )

= Incomplete (type I} Dirichlet Integral .

It has been shown (see Harter et al (1975)) that I;(p,v) is the probability
that the minimum frequency of the first a cells of a multinomial which has a+l
cells is at least p, provided that the first a cells have a common cell ’

probability of p = % (m>a) and the total of the cell frequencies is V.
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Note the special case I;(p,v) = Incémplete beta function Ip(p, v-p+1),

Applying the inclusion and exclusion principles it can be shown that

for the case of 1 row (r=1, msrxc=c):
o Mo i mea. (a+i)

P(a=a) = () J (-17 (U 1% 0, (2.7)

& 520 ] p

' v
where p = T

From this exact distribution we get the descending factorial moments

of A:
Ay 2 m(k)Ig(p,v) . (2.8)

E(A) = mI;(p,v) = mI(p,v-p+1) = mo . (2.9)

Note that the theory derived in this section does not apply if the population
sizes are unequal and have been adjusted for (e.g., the rates were used in-

stead of the frequencies).

The higher moments of A can be derived from (2.8) as follows:

E(A(A-1)) = EA® - E(A) = m(m«l)I;(p,v) = mm-1)8 o

E(A%) = m(m-1)B + ma = m(a+(m-1)8) (2.10)
Similarly,

E{AGA-1) (A-2)} = E(AY) - 3E(A%) + 2E(A) = m(m-1) (m-2) vy

E(AS) = mm-1)(m-2)y + 3(m(m-1)8 + ma) - 2ma (2.11)

mo + 3m(m-1)8 + m(m~1) (m-2)y .



Similarly,

E{aA(A-1) (A-2) (A-3)}

Eat
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By - 6E(%) + 11E(?) - 6E(a)

m(m-1) (m-2) (m-3)6

- 11(m(m-1)B + ma) + 6mo

: 1 2. . 3
where o = I yV), =1 sV, = 1 V), 6
p(o ), B p(o YooY p(o )

4
= I ,V
p(o )

m(m-1) (m-2) m-3)8 + 6(m(m-1) (m-2)y + m(m-1)B + mo)

mo + 7m(m-1)5 + 6m(m-1) (m-2)y + m{m-1) (m-2) (m-3)§,

(2.12)

In an attempt to find,a good approximate distribution for the statis-

tic A we need to compute the first 4 moments of A. To do this we need to

have Iéb)(p,v) for b = 1, 2, 3, 4. Tables are available for only some

selected values of b, p, p and v (Harter and Owen

(1975)).

To compute Iéb)(p,v) for b = 1, 2, 3, 4 note that for any v > bp

we have

vl

[(0-1)11°[v-bp]1 O

—

s = p-1; then the integrand may be expanded as follows:

kb s
xi} I x;
1 i=1 1
i
2 b k! 1.5.5_5 S
Lol X — T —T)X7X X, .. . X
2 b 11.12 'lb' 17273 b
s+12 s+ib Kl
20 % T
172 "p’
xs+i.D ml
hd hd [ 3 T T T T
b (m K)!llllz....lb.
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1 P B
Po,v) = vl ot
P [(o-1)!] " (v-bp)t O O
m' S+i. s+i, S+1i b
k=0 il+i2+...+ib=k T17 72 b'/i=1
m'
- v! X
T e ,b e
[{p=-1)1]"(v-bp}! k=0
{( k E Pk+bp m'! ]
-1) : : L .,J
il+iz+"’+ib=k {11+O)C12+p).--(1b+p) {m k)'11°12'°°'1b°
v e .
= -—‘m b ) (“1) P . . z . . b
LCo-2)1]7 k=0 BRI ibpek) U T [ (i 404, 1]
ET - ,=l J J
J
(2.13)

To compute the first 4 moments of A, (2.13) gives

1 vip? ViR | -p* ) \
Ip(D,V)= o171 xgo o0 (VP TxT = Incomplete beta = o .
2 V! 2p v-2p (- )x X 1
o) = —b—p ] [cv-zp-x)' L TR DT "ng‘
P [Co-1)11° x=0 P=x)% j2o (P+1) (p+x-1)il(x-1)!
3p v-3p X
(o, = P ] (ngég%KTT' I e +';( +k)'3‘vaJ =Y.
P [(o-1)!]7 x=0 PO sajakax (PHLI(0*I) (pHi) 11
i,j,kz0
49. V=40 X
Id(D.V)='-—YiE——“Z [*“‘%lﬁl“r ) : : i ) 'v'vklgl]: §.
p [(p-1)1]1" x=g t(V-40-x) jrjekenax (PH)(P*+]) (0+k) (0+2) 115 kAl
i,3,k, 220
If m = number of cells (m = %9
' = E(A) = ma
Wy = E(A) = mo + m(n-1)8
Wy = E(A%) = ma + 3m(n-1)8 +m(m-1) (m-2)y
“; = E(AY) = mo + 7m(m-1)B8 + em(m-1) (m-2)y+ m(m-1) (m-2) (m-3)§



24

Using thesc 4 moments a Pearson-type curve could be selected to be a good .

approximate distribution of A (see Pearson et al (1962)).

2.2.5 Adjustment for better approximation (continuity correction):

As presented by (2.7), the exact distribution is not in a simple form and
it cannot be used conveniently in most practical situations. Usually we
will have to rely on some form of approximation.

It was found from the following simulation results that the distribution

r ¢
of A = z Z aij is closer to the binomial distribution when aij is defined as
i=1 j=1

follows: P

n,
0 if n.. < [—L.— o.s]
1] C L

a'--= 3 "
ij n, .
lifn..z[—i—-O.S‘l .

1]

where [x] = smallest integer larger than x. (Note that [a-0.5] is the
"nearest integer to a'" with rounding up of 0.5.)
This adjustment will be explored more thoroughly in Chapter III but

first the simulation results will be described.

2.2.4 Simulation results:
Results of 100 tests using random numbers of one, two and three dig-
its to form tables of 10 columns and 50 rows gave the means very similar to
the binomial means, 250. However, the standard deviations obtained are -
smaller than the binomial expected standard deviation, 11.18 . This is due
to the fact that the aij's are negatively correlated to each other. There-
fore, binomial approximations should be considered as a conservative first
step of testing. Exact tests and/or other approximations should be performed .

to confirm a non-significant result from the binomial test.



The following proof shows why the variance obtained through the simula-
tion is much smaller than that of the binomial approximation; again, since
the rows are independent of each other, for simplicity we prove for the
case of r=1 without loss of generality

Var(A) =

!3.:1 m
. Var(a,) + D) Cov(ai,aj)

1 i=lpj=1

o~

While the binomial approximation assumes that Cov(ai,aj) = 0, the true

Cov(ai,aj) has a negative value as shown below:

. .1 ~
h(ai) = E(aj).; P(niZQ) = Ip(p,v) =0,

For 1 # j:
2
E(a. a.) = P(n.2p, n.2p) =1 ,v) = B.
(a; J) (n,2p j P) p(p )
Cov(a,,a ) = E(a, a,) - E(a,) E(a.) = B - o
i’ j - i j i j :
Note that B = P(n. =0, anO) = P(nizo]njzo) P(njzo).
. 2
Since P(nizp|nj2p) < P(niZQ) = ¢, we have B <a .
Hence

Cov(ai,aj) <0,

If we let P(niZQ]anQ) =qa', then

Var(A) = m x Var(ai) + m(mwl)(ﬁ—az)

i

m x Var(ai) + m(m-Do(a’-a)

Note that (o'-a) < 0.
Therefore

AVaf(A) <m X Var(ai).
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Hypothetical clustering data are also generated by using random num- .

bers from the tables referred to above, with the first column changed to

zero, then changed to the sum of the first and second columns, and finally
changed to the sum of the first, second and third columns. Results are pre-
sented in the following Table 2.1, which indicates that the test performs

well on either side of clustering (cluster avoidance when column 1 = 0 or
clustering when column 1 is larger than expected by the random process).

We have larger means with cluster avoidance data and smaller means with
cluste.ring data, and the larger clustering data gives smaller means. The

standard deviations were not significantly affected by the size of clustering.

-

Simulation results of
100 tests using random numbers of 1, 2 and 3 digits ~‘ -

10 columns, 50 rows => m=500, E(A)=250, Var(A)=125, SD(A)=1f1.18

1-Digit 2-Digit 3-Digit |
|
Random Mean 249.75 250.13 250.66
Completely SD 6.29 6.44 5.88 |
!
o 2
Column 1 = 0 Mean 252.09 251.49 251.57
SD 5.58 6.17 6.89
;
|
[ Column 1 = Mean 244.74 246.63 243.29 |
Col 1 + Col 2 D | 5.71 6.89 6.30
I ; )
Column 1 = Mean ; 238.17 233,21 235.54 )
iCol 1 +Col 2+ Col 3| SD . 6.62 5.89 7.96
; i
i
z , |




CHAPTER III

REGRESSTON ESTIMATION FOR THE ZERQ-ONE
MATRIX TEST FOR TIME CLUSTERING

3.0 Introduction

As shown by the simulation results in Section 2.2.4, the binomial
approximation tends to g}ye a conservativ¢ estimate of the null distri-
bution of the statistic A, in testing for time clustering. The binomial
estimate of the variance is much larger than the variance obtained by the
simulation procedure.

In this chapter we will attempt to compare the binomial estimates
with the exact mean and variance for a range of situations with different
values of n, the number of cases to be distributed into m time units. Based

on the results of this comparison we will use a linear regression technigue

to estimate the mean and the variance of the statistic A.

3,1 Binomial estimates vs the exact values

For the statistic A, since the rows (space units) are treated as inde-
pendent from each other, we shall, without loss of generality, consider the
distribution of cases in only one row: n disease cases are distributed into

m time units, each unit contains nj cases (X?~l nj= n). Let p = %- and

p = [%] = smallest integer larger than (%—- 0.5). To test the hypothesis

that some units have unusually more (or fewer) cases than others, the test
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statistic is

where

As shown in the derivation of equations (2.9) and (2.10), the exact

expected value of A and A2 are:
E(A) = ma,

E(A2)= mo + m(m-1)8,

B

where
1
a =1 ,n) = I , N-p+1
p(o ) p(o p+1)
= Incomplete Beta function h .
B = I;(p,n) = Incomplete dirichlet function.

From these results we have the exact variance of A:

i

Var(A) E(Az) - [E(A)]z,

mo. + m(m-1)B - mzaz ,

1]

m(m-1)B - ma(ma-1) . (3.1)

For m from 5 to 10 and some selected values of n from 5 to 50, the
a was computed using the Incomplete Beté program of the Institutes of
Mathematical Statistics Library (IMSL) and 8 was computed using a computer
program written by the author especially for this purpose. Details of
these programs can be found in Appendices 1.1 to 1.3.

From these values of a's and R's, the exact expected value and variance

of A are calculated using equations (2.9) and (3.1) respectively.



28

Under the binomial approximate distribution of A, fA ~ Bin(m,%ﬂ],

the (approximate) expected value and variance of A are:

Bin E(A) = %

]

Bin Var(A) = ‘;l

‘The exact and binomial approximate mean and variance of A for each
combination of m = 5(1)10 and n = 5(1)10, 12, 15, i8, 20(5)50 are presented
in Table 3.1.

éonsistent with the simulation results, the expected values of A under
the binomial approximation are very similar to those under the exact distri-
bution, while the exact variances are much smaller than those obtained from
the binomial approximation. In fact, the approximate variances are about
3 times larger than the exact ones. —

The ratios and the differences between the approximate and the exact
variances as well as those of the expected values are also presented in
Table 3.1.

Over all, the ratios between the variances are about 3, while the ratios
between the expected values are close to unity. Means of the ratios and
means of the differences between the approximate and the exact moments are
presented in Table 3.2 by number of cells m. The difference between the var-

iances becomes larger as m is increased, while the ratio between these values

remains about the same for all values of m from 5§ to 10.

3.2 Estimate the variance using the expected value

. . m
Since approximate variance of A is a linear function of m (Bin Var(A)=§J,

the exact variance of the statistic A should be highly correlated with m,
which is in turn highly correlated with the exact expected value of this

statistic. Therefore it is believed that the expected value and the
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variance of the statistic A are highly correlated. .

A general least squares model fitting the exact variance on the exact
expected value showed that the variance can be closely estimated as a func-

tion of the exact expected value as follows:
Var(A) = 0.155 x E(A) . (3.2)

This model gives an R-square of 99.4%; the details of the regression
results are presented in Table 3.3.

Some other models were also tried but none gave a better fit; the
same model as in (3.2) with an intercept term gives an R-square of 90.4%;
the model fitting the vé;;ance on the squéred term of the expected value
gives an R-square of 87.8% with an intercept term and 93.8% without an in-
tercept term; the model as in (3.2) with an addition of the square term of ’ ’
the expected value only improves the R-square value from 99.4 to 99.5%;
the model fitting the standard deviation (instead of the variance) on the
expected value gave an R-square value of 90.1% with an intercept term and
98.1% without,

From these results, it is concluded that the model of equation (3.2)
gives the 'best' estimate of variance using the expected value; the word

"best" here is used to indicate the relative simplicity and lack of large

errors of the estimate.

3.5 Estimate the expected value .

It was observed that even though the ratios between the binomial
approximate and the exact expected value of (A) remain about the same
with different values of m, (Table 3.2), within each value of m these val-
ues depend on the decimal part on the value % This is intuitively log- .

ical since the expected value of A depends on the probability that each
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a, = 1, i.e. the probability that n, > integer part of (%-- 0.5), this
probability depends on the value %; vet n, can only be an integer; there-
fore the decimal part of %—was neglected in the binomia} approximation,
For a better estimate of the expected value of the statistic A, this
decimal part shouid be taken into account.

A general least squares model fitting the exact expected value

of A on the number of time units (m) and gvminus the smallest integer

larger- than (g-— 0.5) (Decimal) showed that the expected value of the sta-

tistic A can be estimated as follows:

E(A) = 0.6 X m + 2.2 x Decimal (3.3)

This model gives an R-square value of 99.5%. The details of the re-
gression results are presented in Table 3.4.

The same model as in (3.3) withiintercept term gives an ﬁ-square
value of 92.0%.

Due to the simplicity of the model and its good fit, equation {(3.3)
can be chosen to estimate the expected value of A. However, since E(A)=mq,
where o is the probability that n, 2 [%=_ €.5], and o is independent of i,
a more general estimate of E(A) can be obtained from an estimate of o multi-
plied by m.

A general least squares model fitting the exact value of a on the

N

difference between %-and [H - 0.5] (Decimal) showed that the value of a

can be estimated as follows:
a = 0.6 + 0.3 x Decimal (3.4)

This model gives an R-square value of 80.8%. The details of the regres-
sion results are presented in Table 3.5.

From equation (3.4) the expected value of A can be estimated by:
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E(A)

mo

E(A) m(0.6 + 0.3 x Decimal) (3.5)

3.4 Appropriateness of the regression estimation

To check the appropriateness of the regression estimation, equation (3.5)
was used to estimate the expected value of A and this estimate was then
used to estimate the variance of A, using equation (3.2). The residuals
were calculated as the difference between the estimates and the exact values.
These residuals were standardized in percents as follows:

R -

Standardizéd residual = Residual x 100

exact values

These standardized residuals were plotted against n in Plots 3.1 .
and 3.2, with Plot 3.1 presenting the residuals of the expected values
and Plot 3.2 presenting the residuals of the variances. Univariate pro-
cedure applied on the residuals showed that in estimating the expected
value the residual is not more than 15% of the value being estimated;
90% of the time the residual is not more than ld% and 50% of the time
the residual is not more than 6%. In estimating the variance, the resid-
ual is not more than 1/3 of the estimated value (33%); 90% of the time the
residual is not more than 16%, and 50% of the time the residual is not
more than 7%. More details of these results can be found in Appendix 2.

In summary, the results of the study presented in this chapter lead to
the conclusion that a good estimate of the expected value of the test statis-

tic A, test for time-clustering, is
E(A) = m(0.6 + 0.3 x Decimal) .

. . . . R
where m is the number of time units and Decimal is a-mlnus the smallest
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: n . . .
integer larger than (a-- 0.5); n is the number of disease cases to be dis-

tributed into m time units. A good estimate of the variance of A is
V(A) = 0.155 x E(A)

These estimates are simple and relatively accurate with the error of the

estimate usually less than 10% for E(A) and less than 15% for V(A).
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Labels of the variable names in Table 3.1:

M

1]

number of time units

N

i

number of disease cases to be distributed into M un;ts

R = smallest integer larger than (g-- 0.5)

1
1/M

= o = incomplete beta function Il/M(R,NuR+1)

11 =1 (R,N) = incomplete dirichlet of first degree

12+ If/M(R,N) = incomplete dirichlet of second degree

EEA = exact expected value of A = M x I1

EVA = exact variance of A = M(M-1) I2 - M(Il)(MxI1-1)
BEA = binomial approximate expected value of A = %
BVA = binomial approximate variance of A = %

RVA = BVA/EVA
REA = BEA/EEA
DEA = BEA - EEA
DVA = BVA - EVA
EV = EEA/EVA

. N
Decimal = M- R



Means of the ratio and of the difference between the approximate and the
exact moments by number of cells, based on results presented in Table 3.1,

Table 3.2

37

e |
Number of obs. m BinVarA/Var(A) {BinVar-VarA |Bin E(A)/E(A)] Bin E(A)-E(A)
16 5 2.68 0.78 0.84 ~0.53
16 6 2.72 0.94 0.87 -0.53
16 7 2.69 1.09 0.84 -0.75
16 8 2.76 1.28 0.87 -0.69
16 9 2.79 1.43 0.86 -0.84
16 10 2.98 1.64 0.94 -0.44
96 5-10 2.77 1.19 0.87 -0.63
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CHAPTER IV

COMPARING THE ZERO-ONE MATRIX TEST FOR TIME CLUSTERING
WITH THE EMM TEST AND THE SCAN TEST

4.0 Introduction

T};e zero-one matrix test is based on the number of disease cases observed

in each time-space unit, without regarding the arrangements of cases within

each unit. In this respect| more than any other test, it is similar to the

EMM test and the scan test, both of which are based on the maximum number of

disease cases in an appropriately defined time-space unit. . *
In this chapter we will compare the zero-one matrix test with these

other two tests, in an attempt to define situations in which each test is

more powerful than the others and to determine the alternative hypotheses for

which one test is more appropriate than the others.

4.1 Situations in which the zero-one matrix test is more powerful than the

EMM test

For a fixed number of time units and conditional on the total frequency
in all units, the EMM test depends only on the statistic a, the maximum fre-
quency in a time unit, regardless of the distribution of the other frequencies
in the individual units, other than the maximum. On the other hand, the zero-
one matrix test statistic depends on the frequencies of all the individual .
units. Thercfore, the difference in power of the two tests depends on the
frequencies of the individual units, other than the maximum. To test for .

time clustering, the zero-one matrix test is more powerful in situations in
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which there is less variation between the frequencies of the individual
time uni.s, other than the maximum. The following examples, (4.1) and
(4.2), iliustrate this point:

Example 4.1: Annual numbers of cervix cancer deaths in Nash County of

North Carolina reported from 1976 to 1980 are as follows:

Year 1976 1977 1978 1979 1980 Total

Number of cervix
cancer deaths

(%]
N
[NV
™
e

14

With a total frequency of 14, for 5 time units (average 7.8 deaths per year),
the zero-one matrix test statistic is A=1, which shows significant clustering.
(Under the null hypothesié ;f no clustering, the approximate expected value
and variance of A are, by equations (3.5) and (3.2), 2.70 and 0.42 respective-
ly.) The EMM test statistic in this case is a=6; under the null hypothesis,
conditional on total frequency of 14 for 5 time units, expected value and

variance of a are 4.86 and 0.93 respectively. Therefore, the EMM test shows

that the clustering of cervix canver deaths during 1980 in Nash County of

North Carolina is not significant (Z = 6-4.86 1.18 ), while the zero-one
V.93
matrix test shows that it is significant (Z = 2.7, -2.62). The signi-
V.42

ficance declared by the zero-one matrix test is based largely on the_fact
that there is little variation in the annual frequencies of cervix cancer
deaths in Nash County from 1976 to 1979 (2 deaths each year) and in 1980 the
number of deaths was 6. If in 1976 and 1977 the number of deaths had been

1 and 3 respectively (instead of 2 each year), as in the following array:

Year 1976 1977 1978 1979 1980 Total

Number of cervix
cancer deaths 1 3 2 2 6 14
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then the zero-one matrix test statistic would be A=2, which shows insignifi- ‘
cant clustering for the same maximum and total frequencies of 6 and 14, re-
spectively, forsd time units. The EMM test would remain unchanged in this case.
It can be concluded by this example that while the EMM test is independent

of the variation of the frequencies, the zero-one matrix test takes into ac-
count this variation, and clusters are more likely to be declared significant
by this test when there is a sudden change among otherwise stable frequencies
The following example restates the same point:

Examplé 4.2: Annual number of arteriosclerosis deaths in Catawba County

in North Carolina reported from 1976 to 1980 are as follows:

- e

Year 1976 1977 1978 1979 1980 Total

Number of arterio-

sclerosis deaths 15 11 11 10 11 58 . i
With a total frequency of 58 for 5 time units (average 11.6 deaths per year),
the zero-one natrix test statistic is A=1, which shows significant clustering,
(under the null hypothesis of no clustering, the approximate expected value

and variance of A are, by equations (3.5) and (3.2), 2.40 and .37, respective-

ly, which give a Z value of Z = 1-2.40, -2.30 .) However, the EMM test sta-
V.37
tistic a=15 is not significant, as its expected value and variance are 15.7
and 3.38 respectively, which give a Z value of Z = 15-15.7 -0.38 .
" v3.38

Therefore, the EMM test shows that .the clustering of arteriosclerosis
deaths during 1976 in Catawba County in North Carolina is not significant,
while the zero-one matrix test showed that it is significant, due to the fact
that there is little variation in the annual frequencies of arteriosclerosis
deaths in Catawba County from 1977 to 1980. If in 1979 and 1980 the number

of deaths had been 9 and 12 respectively, instead of 10 and 11, the zero—-one.
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matrix test statistic would be A=2, which shows insignificant clustering for
the same maximum and total frequencies of 15 and 58, respectiveiy, for §
time units. The EMM test would remain the same with this frequency change.
The above two examples show that for a given number of time units and
conditional on total frequency, the EMM test will not detect a cluster un-

Yess maximum frequency in a time unit is quite large, while the zero-one

the variation between units,

Note that examples (4.1) and (4.2) are used here for illustration pur -
peses. It is assumed that the population of the two counties (Nash and Cataw-
ba of North Carolina) did not change substantially from 1976 to 1980, and
that the frequencies of déa;hé before 1976 and after 1980 were ignored. The

reasons for the clustering detected are not in the scope of this research

and hence are not discussed here.

4.2 Situations in which the EMM test is more powerful than the zero-one

matrix test
For comparison purposes, suppose that the annual number of cervix cancer
deaths in Nash County in North Carolina reported from 1976 to 1980 which

were used in example (4.1) were modified as follows:

Year 1976 1977 1978 1979 1980 Total

Number of cervix

cancer deaths 3 2 7 14

[AS]
<

For this data set, the EMM test will show significant clustering (test

statistic A=7, E(A) = 4.86, Var(A) = 0.93, which gives a Z value of

‘A« . . .
o= Zu;;ﬁﬁ.; 2.22), while the zero-one matrix test will not declare the

V.93
clustering significant, (test statistic A=2, E(A) = 2.7, Var(A) = 0.42, which
gives a Z value of 7 = 222:7 . -1.08).

/.42
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The significance declared by the EMM test is based on the large maximum
frequency in a time unit (7 for 1980) given the fact that there are only 14
cases in 5 time units (from 1976 to 1980). The clustering in 1980 is rot
significant according to the zero-one matrix test, due to the fact that there
is a large variation between time units; it can be argued that, for example,
if the frequency can vary by chance from 0 to 3 as in 1977 and 1978, so also
it could be by chance that we observed 7 cases in 1980. However, in example
(4.1), the frequency observed in 1980 is iny 6, but since in the previous
4 years there were only 2 each, this is declared as a significant cluster.

Similar examples can be obtained by assuming that the arteriosclerosis

data set of Catawba County used in example (4.2) is modified as follows:

Year 1976 1977 1978 1979 1980 Total .

Number of arterio-
clerosis deaths 20 13 4 - 10 11 58

For this data set, the EMM test shows significant clustering, (test

statistic A=20, E(A) = 15.70, Var(A) = 3.38, which gives a Z value of

7 = 20-15.7 _ 2.34 ), while the zero-one matrix test does not declare the
v3.38
clustering significant (test statistic A=2, E(A) = 2.4, Var{A) = 0.38, which
gives a Z value of z = 2224 -0.66) .
- V.37

Similar to the above case, the EMM test declares the clustering signifi-
cant, based on the large maximum frequency in a time unit (20 for 1976),
given the fact that there are a total of 58 cases in 5 time units (from 1976
to 1980). This clustering is not significant according to the zero-one ma-
trix test, due to the fact that there is a larger frequency variation between
time units compared to the original data in example 4.2. .

It can be concluded from these illustrations that the EMM test is more
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powertul than the zero-one matrix test in cases in which one large maximum
frequency is observed in one unit, together with a large frequency variation
between the other units., However, it may be undesirable to call this type of
clustering 'significant", since a large frequency variation between units leads

to the logical expectation of a large maximum in one unit.

4.3 CZero-one matrix test for time-clustering versus the scan test

As in the EMM test, the scan test statistic is the maximum frequency
of disease cases in a fixed interval of time; therefore, similar to the case
of the EMM test, the scan test is more powerful than the zero-one matrix
test in situations in which one large maximum is observed in a fixed inter-
val of time, and the rest of the cases are distributed rather unevenly dur-
ing the rest of the time intervals under consideration. The zerc-one matrix
test is more powerful than the scan test in situations in which a small c¢lus-
ter of events is observed in a fixed time unit and the rest of the events
are distributed uniformly (evenly) during the rest of the time under consid-
eration.

Due to the nature of the scan test, a criterion for dividing the time
under study into fixed intervals (time units) is not needed and the test sta-
tistic does not depend on this subjective step. In this respect the zero-one
matrix test has a drawback compared to the scan test; however, the scan test
does not get this advantage without paying a high price, as neither the exact
nor the approximate distribution of the scan test can be assessed easily,
and cxtensive tables on the significant points of this statistic are not avail-
able. Furthermore, the scan test statistic requires more detailed data than
those required by the zero-one matrix test, when the length of the time unit
is the same. For example, if the length of the time unit is one year, then
the zero-one matrix test requires annual data, i.e., number of cases occurring
in each year with an appropriate starting date, while the scan test requires

data with a more exact time at which each case occurred, or at least the semi-
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annual data, i.e., number of cases occurring in each gix months with an ap-
propriate starting date, so that the scan statistic can be computed as the .
maximum of all the sums of two consecutive semi-annual frequencies,

Moreover, the scan statistic depends on how detailed the available data
are; for example, if the length of the 'window" for the scan test is one
year, the scan statistic can be the maximum of all the sums of two consecu-
tive semi-annual frequencies or the maximum of all the sums of 12 consecu-
tive monthly frequencies. The latter statistic can be either equal or great-
er than the former and the two statistics are not necessarily the same. There-
fore, in assessing the significant level of the scan test statistic, this
fact should be taken into account, and this may not be feasible in most prac-
tical situations,

Note that when "time" defines a "unit", "clustering" between neighboring
units can occur without being detected by the zero-one matrix test. Example:
5, 7, 8, 8, 5, 7 might be considered less '"clusterful" than 5, 5, 7, 8, 8, 7;

the zero-one matrix test does not allow for this consideration.



CHAPTER V

GENERALIZED ZERO-ONE MATRIX TEST FOR TIME CLUSTERING
WITH ADJUSTMENT FOR EXTRANEOUS FACTORS; MULTIVARIATE APPLICATIONS

5.0 Introduction

A major weakness of most of the tests for time-space clustering is

that they do not take into account the population changes due to time and

&

space, nor the diffevence in distribution of extraneous factors among

study groups. The above factors may affect the outcome of the study.

None of the tests found in the literature can be used in a multivar-
iate problem such as cases in which one needs to test the hypothesis of
an unusual pattern occurring when a group of different diseases are con-
sidered simultaneously.

In this chapter we discuss first the possibility of using the zero-
one matrix test for time clustering adjusting for extraneous factors, and

then we discuss the way to use this test in multivariate situatjons.

5.1 Zero-one matrix test for time clustering with adjustment for extra-

neous factors

One of the most important factors that should be taken into account
when investigating disease patterns over a period of time is the change in
population size. As discussed earlier in Chapter II, to adjust the zero-
one matrix test for this change, the rates of disease in each unit should
be used, rather than the frequencies themselves. However, unless the rates

arc known to have the same precision, an apparent gap within them mav be
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misleading as a basis for classification as zero or one in the zero-one .
matrix test. The larger the population base for the rate, the more stable
the rate will be and also the more reliable will be the classification of
the corresponding unit.

Symons, Grimson and Yuan (1982) recommended a way to classify units
into high or normal risk of sudden infant death syndrome, adjusting for
population si:zes, which can be used in the zero-one matrix test. Instead
of classifying units into "high'" or 'mormal' risk, we classify them into one
or zero; unusual'cluster" is found when one observes a few "high' risk units
among many 'normal' risk units, and "avoidance" (or ''vacuity") is found when
one observes a few "normélh risk units among many "high'" risk units. The
following discussion summarizes their method of classification:

The number of events, n., in the ith unit having a population size of ‘

Ni’ is assumed to have a Poisson distribution. The distribution of the num-

ber of events 1is
Ny
= - {
P(niINi, Ag) exp (-N, Ag)(Ni xg) ‘/ni. , (5.1)

where 1 = 1,...m indexes the units and Ag is the population rate in the
gth group, g=0 or 1 for the zero or one value in the test matrix, which
correspond to '"normal" or "high" risk respectively.

If a randoml& selected unit is 'mormal" risk with probability T and
"high" risk with probability o= 1 - Ty the unconditional distribution
of n, is then

1
PN =]

f(nilﬂ , A
4 g=0

™ P(n.{N., A}, (5.2)
g g(l’l g) (5.2)

The cluster test is formulated as a problem of estimating the wknown .

mixture component origin of each n., denoted by a; =g, or equivalently



n, come from the gth component. of the mixture. The a priori probability
of ay equaling g 1is ng. A likelihood of the data is required to estimate
the m components of the vector a = (al,..,,am) by a maximum likelihood or
a Bayesian approach. Let the vector n denote the m observations ns s and
N be the vector of corresponding population size, and € be the vector of
paramecers (WO, T AOy XI)O The likelihood of the data for the m units,

~

a specified allocation a, parameters §, and population size N is given by

1 m
L(nlg, a, N) = { I g} exp{uz DN+ ) ) on fn(N, A )}
o =0 g - 1 g ¢ 1 1 g
g g C, g C,
5 (5.3)

The mg denotes the number of observations allocated to the gth component

by a; Cg is the collection of these observations. The first factor of
(5.3) represents the likelihood of the number of observations assigned

to each group and the remainder represents the likelihood of which of these
nunbers of observations are assigned to each group.

A maximum likelihood approach determines the maximum likelihood esti-
mate of a, ;, as the allocation that maximizes (5.3). This is accomplished
by replacing the parameters § by their maximum 1ike1ihood estimators, giving
an allocation of the m n, to the 2 components, and theﬁ seeking the maximum

of (5.3) over the 2" possible allocations. Given an allocation a, the max-

imum likelihood estimates of the parameters are

~ m
1 (5.4)
g n
and X
n
~ C i
A —& (5.5)
Lo Ny
g

~

The allocation a that maximizes {5.3) is equivalent to the partition

of the m observations into 2 groups which minimizes the negative of the



natural logarithm of (5.3}, especially, .
m 1 1
) n, - ) n, fn(N k ) Ym_ fn(m ) (5.6)
i=1 " g=0 C_ g=0 &8

A Bayesian approach requires the specification of a prior distribution,
p(8), for 8§ and the averaging over the uncertainty in the unknown parameters,

since the allocation vector a is of primary interest. Generally,
Lnla, M) = [L@l8, 2, N) p(8)ds , (5.7)

where the integration is over the parameter space of 6. The mode of (5.7)
is taken as the Bayes estimate of the optimal allocation 5.
If the prior is chosen to delineate the parameter space as follows:

1 1
P@) = P(TymuAgA) = [Tl T, (5.8)

g=0 "g g=0 & ‘l'

then the resulting Bayesian optimal allocation, a, is equivalent to the

partition of the data into 2 groups that minimizes the criterion

s

Z Zn[P(Z n,)] - Z zn[r(m )]. (5.9)

Z (} n, )Qn(z N.) -
0C g=0

A "marginal' or unconditional likelihood can be written as

m 1 n,
L(n!g, N) =1 { exp (-N; A ) (N, A ) l/n.!}. - (5.10)
i i=14g%0 g i"g’tig i

An alternative large sample likelihood ratio procedure would be to

assign ng to the mixture component g when

7 P(n, N.,R max {m. P n; N A }, (5.11)
T (nl| i g) omn) { 3 (n, | )

where A. and nj are the large sample maximum likelihood estimates or known

parameter values.



The required maximum likelihood parameter estimates for (5.10) with
the likelihood ratio procedure (5.11) can be obtained by an iterative scheme
with intial estimates determiﬁed by preliminary descriptive analysis of
the data, or more precise initial estimates by the method of moments. Alter-

~

natively, initial estimates based upon g or g from criteria (5.6) or (5.9)
respectively, may be employed. These are biased parameter estimates; how-
ever, they are found by Symons (1973) to work quite well as initial esti-
mates for an iterative maximum likelihood scheme for a mixture of multi-
variate normals, probably because the bias in the estimates of the means

tends to exaggerate slightly the separation of the mixture components.

It has been shown by Lindley (1965) and Cox and Hinkley (1975} that
the Bayes estimates of the parameters in likelihood (5.10) with vague prior
information will converge to the maximum likelihood estimates with lavrge
samples. Due to the computation difficulties in optimizing criteria (5.6)
or (5.9) over 2" allocations, given the desirable large sample properties
of maximum likelihood estimates and the general optimality of the likelihood
ratio criterion, the likelihood ratio procedure in (5.11) is preferable
with large samples. With generally smaller sample sizes, the criteria
(5.6) or (5.9) may be more reliable, as has been shown by Symons (1973} for
a mixture of mul;ivariate normals.,

A computer program that performs the classification is available from
Symons, Grimson and Yuan (1982); this program makes the classification using
one of the thrce optimal criteria: maximum likelihood (5.6), Bayesian op-
timal allocation (5.9), and large sampleblikelihood ratio (5,1}), The re-
sults of the following example are obtained using this computer program.

Example: Annual number of deaths due to large intestinal cancer in
North Carolina from 1970 to 1978 for white males between the ages of 75

and 84, with the corresponding population size, are as follows:
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Year Number of deaths Population size .
1970 54 37286
1971 39 38053
1972 47 38815
1973 63 39582
1974 66 40431
1975 81 41188
1976 64 42077
1977 64 43029
1978 67 44370

Source: FEPA data: combined population data from Census Bureau
and mortality data from National Center for Health
Statistics

When classifying into two groups, all 3 options of the classification
program applied to these 9 time units (years) give the same results, as
follows:

Group 1: 2 units 1971 and 1972

Group 2: 7 units 1970, 1973, 1974, 1975, 1976, 1977 and 1978

If one assigns a zero to each of the units in Group 1 and a one to each
of the units in Group 2, the test statistic is A=7. The approximate expected
value and variance of this statistic are (applying equations (3.5) and (3.2)

and assuming the Decimal to be equal to zero): -

E(A) = 0.6 x m =0.6 x9 =5.4,

Var(A) = 0.155 x E(A) = 0.155 x 5.4 = .837.

Under normal approximation, the Z value for the test statistic A is

z =/T§§% = 1.75 , ‘l'



which corresponds to a p-value of 0.08 (only significant at the level w=.10).
Note that the regular zero-one matrix test applied to this mortality
data without adjusting for the population size would have given the statistic
A=6 (zeros arc assigned to years 1970, 1971 and 1972, and ones are assigned
to years 1973, 1974, 1975, 1976, 1977 and 1978) which corresponds to a Z-value

of = —=~ = 0.66 and a p-value of 0.51.

For the data of this example, adjusting for population size using the
regular zero-one matrix test on the death rates (instead of the death fre-
quencies) would have given the same results as those obtained through the max-
imum likelihood methods. However, the maximum iikelihood procedures would
be more reliable in situations where population sizes change more drastically

from one unit to another so that the rates do not have the same precision,

5.2 Zero-one matrix test in multivariate cases

There are situations in which the hypothesis is tested through several
variables simultaneously. Examples are situations in which unusual patterns
for a group of diseases are tested, but these di§eases cannot be combined
because of their differences in certain characteristics.

In this section we suggest a procedure for doing the test in these sit-
uations, using the zero-one matrix test.

Since the zero-one matrix test involves classifying data points into
two groups, zero and one, in order to apply this test to a multivariate data
set, we first must classify the data into two groups using a multivariate
technique; then the significant level of the test is assessed, based on the

number of data points in each group conditional on total number of data points

5.2.1 Classifying data points (time-space units) into two groups: There are
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several methods to classify multivariate data into two groups ulsing cluster ‘
analysis concepts. Classifying involves choosing a similarity or resemblance
measure. Two units (data points) are similar if their profiles across var-
iables are "close" or if they show "many' aspects in common, relative to
those which other pairs of units share.

Generally, the most common type of measure for non-dichotomous data is
the distance type measures. The Euclidean distance between two points
i and j in a space of r dimensions is

T
Zl(xit-xjt)

L

2.%

& = | I’

t

where Xi and th are the projection points of i and j on variable t

t

(t=1,2...r). The variables can be standardized to zero mean and unit stand-
ard deviation before applying the formula, since some researchers feel that th
use of Euclidean distance measure should be restricted to orthogonal, standard-
ized variables. This has the effect of assigning equal weights to all variables.
The ordinary squared Euclideén distances are similar to the Mahalanobis
D2 in the context of discriminant analysis. The difference is that the
Mahalanobis 02 takes both differences in axis lengths and the correlatedness
of axes into account. The Mahalanobis D2 is the same as ordinary Euclidean
d2 if the latter is computed in a space in which the configuration has been
transformed into a hypersphere, as it has been shown by Green (1978).
Three different amalgamation rules for building up two clusters are
single linkage, complete linkage and average linkage. Each rule can be de-

scribed briefly as follows (see Green (1978)):

Single linkage: The single linkage or minimum distance rule starts out

by finding the two points with the shortest distance. At the next stage, a .

third point joins the already formed cluster of two if its shortest distance



58

to the members of the cluster is smaller than the two closest unlinked
points. Otherwise, the two closest unclustered points are placed into a
cluster.

The process continues until all points end up in th clusters. The
distance between two clusters is defined as the shortest distance from a
point in the first cluster to a point in the second.

Complete linkage: The complete linkage rule uses a similar way of first

clustering the two closest points. However, the criterion for joining points
to clusters or clusters to clusters involves maximum (rather than minimum)
distance. In other words, the distance between two clusters is the longest

distance from a point of first cluster to a point in the second cluster.

Average linkage: The average linkage rule starts out the same way as

the other two. However, in this case the distance between two clusters is
the average distance from points in the first cluster to points in the sec-

ond cluster.

5.2.2 Assessing the significant level of the test: The test statistic A
is the size of the smaller cluster; conditional on the total number of data
points m, the significant level (or P-value) of the test statistic A is

A-1

m-2, .1, m-2 .
( j ) (3) ' (5.12)

~J
it
| &~1 4

j=0

Proof of equation (5.12) is as follows:

Since we have m data points and we force them into two clusters, and
since each cluster contains at least one point, there are only (m-2) data
points to be classified into the two clusters. Under the null hypothesis

of no special pattern in the data, each of these (m-2) points has equal proba-

bility (one half) of being classified intc either of the two clusters. There-
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forc, the problem becomes one of assigning (m-2) "balls" randomly into two ‘
"urns'. When the smaller cluster contains A of m points, it is equivalent

to the fact that one of the two '"urns'" contains (A-1) "balls' of the total

(m-2) "balls'. The probability that one of the 'urns' contains exactly -

(A-1) "balls" is a binomial probability,

m-2, 1,A-1 1 m-A-1 m-2. 1.m-2
PU=A1) = (DGR = ()&
and the P-value of the statistic A is the probability that one of the 'urns"

contains (A-1) balls or less:

A-1
P=pus (A} = ] (HH™?
j=o ’

which is equation (5.12).
Example: One hundred counties in the state of North Carolina are divia-u. ’

ed into 8 health service regions, as in Figure 5.1. 1In this example each

region is considered a space unit and we would like to test for space clus-

tering of heart disease and cancer, based on the 1980 death rates reported

by the North Carolina State Center for Health Statistics. The 1980 death

rates by county in North Carolina for heart disease and cancer are presented

in Tables 5.1 and 5.2 respectively, From these rates, the rate for each

region is calculated as the average rate of all counties in that region. The
results are presented in Table 5.3. The Euclidean distance between any two

regions i and j, dij’ is calculated as

_ . 2 2 .
di.j = /(Xi~Xj) +(Yi Yj) i=1,2,...8
j=1,2,...8
i#j

where xi is the heart disease death rate in region i, and Yi is the cancer ‘

death rate in region i.
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The matrix of distances between two regions is presented in Table 5.4,
Based on rhese distances and applying the single linkage procedure as
described earlier in this section, we have the dendrogram as in Figuve 5.2.
From this dendrogram, when forced into two groups, we have Group 1 consisting
of Regions 1, 2, 3, 4, 5, 6 and 8§ -~ and Group Z consisting of only Region 7
{the statistic A equals 1). The P-value for this observation under the
null hypothesis of no clustering of heart disease aﬁd cancer is

A-1 V S
pe L MHG™ s (0 = 00156
j=0 7 ¢ ce

which is significant at o = .05,

These results indicate that there is significant clustering of heart
disease and cancer in region 7, which consists of 16 counties of the north-
east area of North Carolina. These results justify the concerns of the state
health officials about the inadequate health care of residents of these low
income counties which consist mostly of small farms., It is also notsd that
if one considers only the cancer death rates in the above 8 service regions
and applies the regular univariate zero-one matrix test, using equations
(3.5) and (3.2) and assuming that the Decimal equals zeiro, we have the ob-
served statistic A=2 (regions 1 and 7 have high rates of cancer) and under

the null hypothesis the approximate expected value and variance of A are

E(A) = m x 0.6 = 8 x 0.6 = 4.8,
Var(A) = 0.155 x E(A) = 0.155 x 4.8 = ,744
which gives a Z value of

2-4.8

v.744

Z = = -35,25,



These results show a significant clustering of cancer deaths in regions .
1 and 7 while heart disease combined with cancer show a significant cluster
only in region 7. Therefore it can be concluded that while region 7 is

having a general health problem (which is represented b} both heart and can-
cer diseases) region 1 may be having a cancer precblem which justifies the
concern of Schneider (1982). However, since there are many other possible
reasons for the cancer problem in this region, it is presumptuous to conclude,
like Schneider, that it is caused by the extensive use of agent white on

the forest areas of western North Carolina.
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mOQRTALITY

N ORTH

GEOGRAPHICAL

AREA

NORTH CAROLINA

RELGIONS

DHR 1
pHR 11
pwA 111
pDHR IV

HSA i
Hss 11
Hsa 111
HSA 1V
HSA V¥
HSa Vi1

WESTERN
N, CENTRAL
5. CENTRAL
EASTERN

WESTERN
PIEDMONY

S, PIEUMONT
CapITAL
CARDINAL
EASTERN

COUNTIES

aLAMANCE
ALEXANDER
ALLEGHANY
ANSON
ASHE
AVERY
BEAUFORTY
BERTIE
BLADEN

10 BRUNSWICK
11 BUNCOMBE
12 BURKE

13 CAEARRUS
14 CAaLDwWELL
15 CAMDEN

16 CARYERET
17 CASWELL
18 CATAWRA .
19 CHATHAM
20 CHEROKEE
21 CHOWAN

22 CLaY

23 CLEVELAND
24 CoLuUMBUS
2% CRAVEN

26 CUMBERLAND
27 CURRITUCK
28 DARE

29 DAVIODSON
30 DAVIE

31 CUPLIN

32 DURHAM

33 EDGECOMBE
34 FCRSYTH
3% FRANKLIN
36 GASTON

37 GATES

38 GRAHAM

319 GRANVILLE
40 GREENE

41 GUILFORD

I R T & N>

* Per 100,000

TABLE 5.1

cAROLINA

pI1sEASES 0 F

NUMBER
OF DEATHS
1980

17579

6236
3836
3688
3819

3329
3246
2907
2334
2550
3153

DEATH
RATE=
1980

299.24

309,81
308,22
271.87
306.99

327.30
291.20
291,94
292.81
284,09
305.61

323.80
256.01
396,32

379.48 -

349,36
381,89
389.90
423,32
390.81
357.83
379.04
27%5.84%
366.73
258,31
428.74%
352.89
386,39
261,38
311.20
295.79
294,67
513,44
349,98
305.66
216.76
161.02
306.69
403,70
2%8,03
284,54
317,498
297.81
326,85
311,47
%02,58
318,02
405,58
277.23
420,656
273,00
276.20

sTATYT:STICS FO R

RESIDENTS

HEART

COUNTIES
{CONT'D)

42
83
4y
(3]
46
a7
48
49

HALIFAX
HARNETY
HAYWOGD
HENDERSON
HERTFORD
HOKE

HYDE
IREDELL
JACKSON
JOHNSTON
JONES

LEE

LENOIR
LINCOLN
MCDOWELL
MACON
MADISON
MARTIN
MECKLENBURG
MITCHELL
MONTGOMERY
MOORE

NASH

NEW HANOVER
NORTHAMPTON
ONSLOW
ORANGE
paMLICO
PASQUOTANK
PENDER
PERQUIMANS
PERSON
PIYY

POLK
RANDOLPH
RICHMOND
ROBESON
ROCKINGHAM
ROWAN
RUTHERFORD
SAMPSON
SCOTLAND
STANLY
STOKES
SURRY
SWAIN
TRANSYLVANIA
TYRRELL
UNION
vaNCE

WAKE
WARREN
WASHINGTON
WATAUGA
WAYNE
WILKES
WILSON
YADKIN
YANCEY

1980

NUMBER
DF DEATHS
1980

210
217
i60
232
80
&5
22
248
74
319
49
147
200
146
163
81
57
106
981
58
96
209
215%
. 304
21
141
i35
50
103
78
27
112
241
66
222
161
277
258

DEATH
RATE =
1980

379,84
364,26
3uu,13
396,03
342,39
220,82
376,59
300,97
286,69
433,11
412,29
HOD,37
356,33
344,57
293,16
40° .36
338,78
400.80
202,66
461.96
427,25
413,82
320.11"; -
293,80
w02.9%
125,00
175,19
480 .86
361,88
353,12
284,75
384,00
288,10
508,43
241,67
254,03
272,71
369,25
344,79
342,08
340.12
297,46
360467
262,97
331.36
350,19
226.32
452,83
260,02
w2k, 52
217,06
357,31
%25.6% -
252,55
276.1%
349,48

304,
29%
2877



MORTALITY ¥

NORTH CAROLIN A

GEOGRAPHITAL

AREA

MORTH CAROLINA

KEGION3

DHR 1
pHR 11
oHR 111
OHR IV

HS A i
Asa 11
Hsa 11l
HSa IV
HSA v
HWSaA vl

COUNTIES

AL AMANCE
ALEXANDE
ALLEGHAN
ANSON
ASHE
AYERY
BEAUFORT
BERTIE
BLUADEN
BRUNSWIC
BUNCOMBE
BURKE
CABARRUS
caLOwELL
CAMDEN
CARTERET
casweELL
CATAWHBA
CHATHAM
CHEROKEE
CHOWAN
CLAY
CLEVELAN
coLumgus
CRAVEN

WESTERN
N, CENTRAL
S. CENTRAL
EASTERN

WESTERN
PIEDMONT
S, PIEOMONY
CAPITAL
CARDINAL
EASTERN

R
A

K

D

CUMBERLAND

CURRITUC
DARE
DAVIDSON
DAVIE
DUPLIN
OQURHAM

K

EDGECQOMBE

FORSYTH
FRANKLIN
GASTON
GATES
GRAMHAM
GRANVILL
GREENE
GUILFORD

* Per

£

100,000

NUMBER
OF DEATHS
1980

2698

3382
21%8
1369
2189

1764
1899
1618
1268
1393
1756

T

TABLE 5.2

AT ES T

¢CANCER

DEATH
RAYE®
1980

16%.08

168,02
171,14
145,13
175,94

175,43
170,36
162,49
155,08
155,19
170,20

192.66
156.00
219,02
156,48
183,64
97.20
216.06
228.351
167,49
226.44%
20“0“3 N
161.36
189.76
134,32
205.79
189,83
183,72
136,87
128,67
262,97
334,50
120,80
iu9.82
199,85
150.61
21.63
279.63
13% .36
153,759
154 .46
18%,58
170,17
1567.89
160.45
166.3%
174,69
180.26
180.20
150.02
136,30
179.40

cs

F QR

REsyOENRTS

COUNTIES
{CONT®0)

ue
43
wy

- ug

1]
47

HAL LF AL
HARNETT
HAYHOOU
HENDERSOR
HERTFORD
HOKE

HYDE
IREDELL
JACKSON
JOHNSTON
JONES

LEE

LENOTR
LINCGLN
MCDOWELL
MACON
MADISON
MARTIN
MECHLENBURG
MITCHELL
MONTGONERY
MOORE

NASH

NEW HANOVER
NORTHAMPTON
ONSLOW
ORANGE
paMLICO
PASOUOTANK
PENDER
PERQUIMANS
PERSON

PITY

) POLK

RANDOLPH
RICH®OND
ROBESON
ROCK INGHAM
ROWAN
RUYTHERFORD
SAFRPSON
SCOTLAND
STHNLY
STOKES
SURRY
SWALIN
TRANSYLVANIA
TYRRELL
UNION
VANCE

WARE
WARREN
WASHINGTON
WATAUGA
WAYNE
WILKES
WEILSONM
YADKIN
FANCEY

1980

" NUMBER
OF DEATHS
1980

64

DEATH
RATE 2
1984

211,62
139.32
178,52
216,79
188.31%
107:95
170.27
162.3%%
127,85
184,14
216,42
209,71
178,86
141,60
130,92
237,39
225.8%
188,863
152.86
214,84
200,27
231.66
180,19
198,12
334,67
T, u7
109,01
173,11
210.80
202.57
253,11
17%035
159.8%
151,77
164,38
193,59
146,69
173,00
182,48
187.77
191,29
139,43
156.63
114%.86
320,34
153,64
183.61
276.72
144,92
17%9.60
137.99%

252,58

222.9%
138,90
147,34
160,72
178,98
137,13
19%.,20



Table 5.3

1980 Heart Disease and Cancer Death Rate®
in North Carolina by Health Service Region

1980 1980
Region Heart Disease Cancer
Death Rate Death Rate

1 313 193
2 332 163
3 306 164
4 354 163
) 334 169
6 348 173
7 371 221
8 330 . 163

*Per 100,000



Euclidean distance between 2 regions in North Carolina

based on heart disease and cancer death rates

66

Region' 1 2 3 4 5 6 7 8
1 0 1261 890 2581 1017 1625 4148 1189
2 1261 0 677 484 40 356 4885 4
3 890 677 0 2305 809 1845 7474 577
4 2581 484 2305 0 436 136 3653 576
5 1017 40 809 436 0 212 4073 52
6 1625 356 .. 1845 136 212 0 2833 424
7 4148 4885 7474 3653 4073 2833 0 5045
8 1189 4 577 576 52 424 5045 0
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Figure 5.2

Dendrogram from single linkage clustering on Euclidean distance of .
heart disease and cancer death rates in the 8 Health Services Regions
of the State of North Carolina

Region
3

Relative distance, in rank order
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CHAPTER VI

£

SUMMARY, PPACTICAL GUIDE, AND SUGGESTIONS
rOR FURTHER RESEARCH

6.0 Summary

Several tests have Zeen suggested by different authors for testing

g
or modeling the temporal.and/or spatial clustering of disease. These in-
cluded the Pinkel-Nefzger test, the Knox test, the Barton-David test,

the Ederer-Myers-Mantel "ZMdj test, the Grimson model modification of the
EMM test, the Mantel te:sz, the scan test and the Bailar-Eisenberg-Mantel
test. Since these testz zrs sensitive to different types of clustering,
it is important to have z <lear understanding of the various concepts of
temporal and spatial cluswz»s and of "time-space interaction'. In this
research these concepts z-z deliberated when the tests are reviewed with
the discussion of their Ziffzrences and similarities.

Some weaknesses of <Xz zonventional tests are:

- They involve some :izjective steps to determine the criteria.

- They are éensitif% ©o time or space clustering as well as to time-
space interaction.

- The distributions :I the test statistics are so complicated that
the significance = zls cannot be assessed in most practical sit-
uations, even wit: z:sroximation.

- They are a one-t:zi. zast of clusteriang, not sensitive to "'vacuity™,

Due to these weaknesses <2 :iggest two new tests:
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- Number-of-empty-cells test for rare events, and .

- Zero-one matrix test for events with larger frequencies.

The number-of-empty-cells test is recommended for testing clusters of
relatively rare events, i.e., the total number of diseases events is between
one half and twice the total number of time-space units (%m<n<2m)s The
zero-one matrix test is recommended for testing clusters of events with
larger frequencies, i.e., when the number of events is greater than twice
the number of time-space units {(n>2m).

In the next section of this chapter a step-by-step guide for testing
is presented which summarizes the work done in this research on the above

R -

two tests.

6.1 Practical guide

Suppose we have n disease cases in m time-space subunits, and that each
subunit has nij cases, where j indexes the time unit, j = 1,2,..¢c and i
indexes the space unit, i = 1,2 r; JS_on.. =, Zr n.. =n_. ;

p 2 P& 3000l j=l ij i' » i=l ij ej b

c r C r
ZJ‘:lZl:lnlJ = Zj=ln'j = Zi-':lni’ =N .

The following steps are recommended for a test of clustering:

6.1.1 Step 1, specifying the alternative hypothesis: Depending on the cir-

cumstances, one may want to test for time Clustering, for space clustering, or
for time-space "interaction". When time (or space) clustering is being tested
it is also necessary to specify whether the time (or space) clustering is
being tested across all space (or time) units sitmultaneously or whether the
clustering is being tested through individual space (or time) units., The
difference between these two hypotheses is that the former seeks o answer

the question "is there an unusual pattern over time where the pattern is the '

same for all space units?" while the latter seeks to answer the question
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"is there some unusual pattern over time which may not be necessarily the
same across all space units?" To answer the first question we can ignore
the individual time-space frequencies nij and do the test on the marginal

frequency on time n_., conditional on the total n and the number of time

e
L

units ¢, as if we have only one space unit. To answer the second question
¥ J 1

the test should be done on each space unit separately, i.e., nij should be
considered for each value of i separately (i=1,2,...r) conditional on the
number of time units ¢ and neLos then the results are combined as in Step 5.

This test is sensitive to both time clustering and time-space "interaction",

To test for time-space "interaction" nij should be considered, condi-
tional on both marginél frequencies n., and ﬁsj and total number of time-
space subunits m = nxc.

Note that since the procedure to test for space patterns is similar
to that for time patterns with the word "space’ and "time’ interchanged,
and the subscripts i and j interchanged, in the following steps we discuss

only the tests for time clustering and for time-space interaction.

- =

6.1.2 Step 2, choosing s test: After deciding on the alternative hypothesis

a test must be chosen based on the total frequency '"n' and the total number
of units '"m" that the test uses as conditional factors. For example, if
one tests for time clustering across all space units, then 'n" is the above
n and '"m" is the number of time units c;‘n°j are used as our observations.
If the test for time clustering is done for each space unit i Sseparately,
then '"n" is ni° and '"m'" is the number of time units ¢, and nij are used as
our observations. If one tests for time-space "interaction', then "n'" is
the above total n and m is the above m, m = rxc, and nij are again used as
our observaticns.

Following are the recommended tests under different conditions:
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- The number-of-empty-cells test is used when %“m" < 'n"o< g
{Step 3)

- The zero-one matrix test is used when '"n'' > 2''mm' |
(Step 4)

- For "n" < %“m” the Knox test is suggested (Chapter 2, Section 2).

6.1.3 Step 3, the number-of-empty-cells test: In this step the notations

n and m should be understood as the total frequencies and the total number
of units (cells) respectively, which are the conditional factors on which
the test is based. Depending on the hypothesis tested, n and m in this

step correspond to the values specified in Step 2 for "n'" and "m".

a) Test statistic: x = number of cells that contain no cases
b) Exact distribution:

k+j.n

— for m € k £ max(0,m-n).
m

m-k-1 j k] m
P(X=k) = jzo 0l L a-

c¢) Exact moments: The descending factorial moments of X are

Ex My = @Hn ,®

which gives

EC) = méEh",

Var(x) = m(m-1) @5H" + n & _ p?fcly 2

d) P-value of the test statistic x:

m
P = P(X2x) = ) P(X=k).
k=x
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6.1.4 Step 4, the zero-one matrix test:

a) Test statistic

(i) For time clustering across all space units:

[
A = a.
L
P J'"L
where N
0 ifn. <[2-0.5],
oY ifn, 2 (3~ 0.5],

(ii) For time clustering on &n individual space unit:

where n
0if n,, < [==- 0.5] ,
ij C
a. .
ij n.,
1if n,, 2 [—~ - 0.5]
ij c

(iii) For time-space "interaction':

)
C = a, .
1i=1 J=l 1)
where 4nisn?. 1
0 if n.., < |+~ - 0,5
ij =~ | Tm ]
45 7 M0
1 ifn,, 2 |——d. - o,s]
. ij | m ]

{x] = smallest integer larger than x.

b) Exact distribution: Since the distribution of the test statistic C
has not been investigated and since the statistic A and Aj are similar ex-
cept for the differences in notations we only discuss the distribution of

the statistic A. Note that A is equivalent to a special case of the
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statistic € with r = 1, m = ¢. In order to make the notations consistent

with those in the previous chapters we use r as 1 and m as c.

The exact distribution of A is

m-a . .
- - _13y) m-a a+)
P(A=a) (a)j__go( DI GHD IR S CRY

where p = %y 0 = %»and VvV = n,

¢} Exact moments: The descending factorial moment of A is

@) < nl I’;(o,v)

|1

which gives E(A) = m I;Yp,v) and

2 1 1
Var (A) m(m~l)1p(p,v) - m Ip(p,v) {m Ip(p,v)-l}

d) Approximate moments: Due to the complexity of the incomplete dirich-

let integral involved in the exact distribution and moments of A, approxima-

tions are needed in their evaluations,
As discussed in Chapter 3, expected value and variance of A can be

approximated as follows:

E(A) = m(0.6 + 0.3 x Decimal)

where Decimal is the difference between %-and [%—— 0.5] and Var(A)=.155xE(A).

e) P-value: The exact distribution of A can be assessed based on its

exact probability distribution function (2.7). However, due to its complex-

ity we suggest approximating the P-value by first calculating the Z-value
A-E(A)
War (A)

then using the standard normal probability distribution to get the P-value

from the expectation and the variance of the test statistic, Z =

corresponding to this Z.
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6.1.5 Step 5, combining the time clustering rvesults from all the space
units: When the time clustering test is done separately on each individual
space unit like the test statistic Ai in Step 4, the combined P-value of
the test can be assessed using the procedure similar to that used for the

EMM test: the combined statistic is a chi-square statistic with one degree

of freedom:

r T 9
oAy - L B - 0.5]
2 i=1 i=]
X = - - - e
Y Var(a,)
s 1
i=1

Note that since this test is sensitive to both time clustering and time-

s not recommended; instead, the statistic A or C

space "interaction', it

may be more apprupriate, depending on the hypothesis being tested.

6.1.6 Step 6, adjusting for extraneous factors: In this research we dis-

cuss only the adjustment for a single, non-dichotomous variable such as
population size. This adjustment is done by classifying the time-space sub-
unit as zero or one, using the classification procedure recommended by
Symons, Grimson and Yuan (1982). This procedure uses one of the following
three criteria: maximum likelihood, large sample likelihood ratio and
Bayes optimal allocation, based on the Poisson assumption regarding the
distribution of the number of disease cases in a time-space subunit. In
adjusting the population sizes, the regular zero-one matrix test summarized
in Section 6.1.4 (Step 4) can be used with the rotes of events replacing
the frequencies of events; in this case the approximate first moment can

be calculated using equation 63.5) and assuming the Decimal to be equal

to zero. The procedure is only appropriate for situations in which the
variation in the population size is not too large, i.e., the rates a;e cal-

culated with comparable precision.
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6.1.7 Step 7, multivariate procedure: To test for unusual patterns on .

several variables (diseases) simultaneously, the time-space subunits are
classified into two groups based on their relative Euclidean distance from
one to another. The subunits are linked into groups bf using one of three
linkage procedures: single linkage, complete linkage, and average linkage,
until we have only two groups. The statistic is the size of the smaller
'group, namely A, and the P-value conditional on the total m subunits is

b =Ail(m-:2)(_;_)m-2
j=0

6.2 Suggestions for further research

There are several issues related to the zero-one matrix test for time-
space clustering that need investigation before the test can be useful in _ ‘ -
most practical situations. Some of these issues are:

- Extensive tables are needed on the exact distributions and/or on the

exact moments of the test statistic A, the test for time clustering.

- Exact distribution and moments of the test statistic C, the test for

time-space "interaction', are still not known; this problem neads to
be examined further so that an approximation procedure can be inves-
tigated based on the information from the exact distribution and/or
moments.

- The computer program that classifies data into two groups, adjusting

for population sizes, based on the maximum likelihood criteria, is
now only available for use by its authors; This'program needs to be
documented and modified in such a way that it can be used as a sub-
routine by others who need to do the test.

- Test for time-space clustering adjusting for several extraneous fac- .

tors simultaneously, using an approach similar to that of Symecns,
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Grimson and Yuan, can be very useful in many practical situations.
This problem needs to be investigated further, especially the prob-

lem of adjusting for categorical variables such as race and sex.



Appendix 1.1
Program to use the IMSL subroutine for Incomplete Beta function 77

ISy 0002 INTEGER IER
IsnN 0003 REAL%§ X,A,B,Pp _ L e
ISM 0001 DIMENSION X (6),B(16)

ISN 0005 READ (1,100) (B(I),I=1,16) B =n = number of cases

IS¥ 0006 READ (!, 100) (X (K),K=1,6) X = m = number of cells (time unit)
ISN 20¢7 130 FORMAT (235F3.0) =5,6,7,8,9,10

ISN 90¢G8 DO 10 I=1t, 16 '
ISu 0009° Do 8 K=1,6
ISy Coto £X=1,/X(K) XX = p =I—n— n
ISY 00114 J=(B{T)*XX)+0.501 Je [5 - 0.5] = ¢
Isu 0012 BB=B(L) ~J4 1 BB = n-r+l

IS 0013 Ad=T :

ISy 0014 CALY. MD3ETA (XX, AA,DB%,?,IER) > I (r,n-r+l)=0a = I_(r,n)

I5% 0015 8 PRINT 200,XX,AA,BB,P,IER P P
ISN 0016 10 COHTINUE

ISN 00 17 200 FORMAT (F15.4,2F10.0,715.8,15)

IsN 0018 . STOP _ o e
ISN 00 19 END -




X.\':p:%

2, 233)
0, 1667
J¢ 1429
V.,1253
2. 111
Se 1000
3.2000
0.1667
J. 1429
00,1250
0,111
J. 1003
J3.2000
0.1667
0, 1429
2.1250
0, 1111
J. 1009
9.2000
0. 1667
J. 1429
0.125%0
0. 1111

9. 1000

65,2000
0. 1667
d. 1429
0.1250
0. 1111
Je 1000
00,2000
0., 1667
0. 1429
0,12%0
0. 1111
J. 1020
0.2000
0., 1667
0., 1429
0.1250
0, 1111
7. 1000
3.2000
0, 1667
3. 1429
0.1250
0. 111t
Je 1309
J.2000
0.1667
J. 1429
J,1250
0.
J. 1330
3.2000
0, 1667
Je. 1429
00,1250
n. 1t
J. 1300
J.24300
0.1667

. e
a o o

aap kS oy it P o sk S oy e

ok O
4 * & ! & 3 » ® e 4« © = w @

B oo = o e N
- ol' ® » - ®

5.
5.
5‘
5.

-

e
5
6.
60
6.
60

6. |

6.

11,

H,

12, .

12,
13.
13,
The
14,

14,
i4,

15.
16,
16,
17.
'73
17,
17.
12,
14,

18,

13.
13,

21,

22.

- D.6T7221999

F.591027 70
J,D53733542
G,40705105
0.458527162
0,143352938
0.73785001
0.66510193
0.60383355
0.55120406
0.50672982

J.46855889

0, 790284580
0.72031829

0.66008334

0.607304 14
0.56153761

0.52170299

0,49668352
0.76743150
0.73864232
0.65639107
0.61025564

©0.56953268

0.56379239
0,45734112
0.75026528
0.69934223

0.65356056

0.61257939
0.62419031

0.51548312

0.785941790
0. 73692445

- 0.69205384
0.65132145

0.72512208

0.61866723

0.52819799
0.453296 11

0.75668452

3.71757335
0.60197673
0,146777497
0.65336995
0.57592229
0.50869630
3.45395689
0.493974u8
3.58734551
2.48546873
0.67716031
0.,00933407
0,54971592
0,53355i09
0.57135075
3.55%89963
N,86469144
0,66309205
3,63825281
0.57932560
0.61343334

1
AA=r=[£—O.S] n-r+l Ip(r,nar+1)=1ncomplete Beta=Ip(r,n)=a
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(continued)




2

u*f\,)u

f429
1257
tivg
i 20

(‘O.—-rv_‘_

by
6"’7
3.!@29
2.1250
0. 1111
J. 1300
3.2000
0, 1667
0. 1429
0,1250
0. 1111
. 1300
0.2000
0.1667
9, 1429
91250
JRENED
9. 1000
0.2000
N. 1667
G. 1429
0.1259
0.1111

: o.'g

3. 1000

2.2600
0., 1667
S. 1529
0.1250
S0 1did

5 1909

8.

220 l.) ’l ‘; .)(‘\r ?ﬁ
23, L G2239099
273, (),;)1)4:(,~
213, Dot 33575
2%, .58 12427]72
20, 0,5730,6053
27. 0.63827137
27. 0,52661453
Z8. 0.6627990Q
28, 0.58364354 7
29, 0.56715 896
30, 0.53981207
R 0.57314291
32. 0.55237532
32. 0.55507742
" 32, D.456901687 7
33, 0.56285403
34, 0.50898270
s, 0.51665710
36, D.57130526
37, 0.66290723
37,7 7 0.57a069357
37, 0.55328354
38, 0.48195700
49, 0.635651412
40, 0.49943121
41, 0.56370455
TS 0.4728618%
43, 0.55625950
_63.  0.60895070
T4, 3.38433728
45, 0.60651295
_ 45,  6.u86132856
46, 0.56380127"
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st
ISH
ISH
ISN
ISN
ISN
ISN
ISN
ISN
ISN
Isu
IsH
ISN
ISN
ISN
ISN
ISN
ISHN
ISN
ISN
ISN
isi
1SN
ISN
ISH
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISHN
ISN
ISN
ISN
ISN
ISM
ISN

FORTRAN brogram to calculate Sum-2 which is being used for Ig(n,r)

CVEL 21.8 ¢

00¢2
QUy3
00uy
00ys
00ue
V0u7
g0y8
00u9g
Q019

0011 ..

N0i2
0013
0.4
0aL8
0016
007
g0.i8
0019
0020
0021
0022

0023....

0024
0Ces

JUN

74 )
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80

03537360 FQORTRAN H

COUMPILER OPTIONMS -« NAME= MAIN.GFraU2.LINECNT= 883SIZR=0000i€,

100

0026 .

00<7
00z8
0029
0035¢
00431
0032
0033
0035y

003s.

00356
00387
coza
U049
0049

2041 .

0042
0043
G0uy

0043

0046

io
200

CCy7 .

¢
r,n =
D )

nlp

2r

SOURCE+EBCDICY NULIGT°DtCKOuOADG«APOHULDLf!IU<
INTEGER RoeMeK o FL oMKy LIt JdoF3:F9F6 4N
REAL*8 poSUMLSUMZMFEAC, KFAC, IFACIJFACA,B1ANA
DIMENSION XX(6):AA(10).,88(15).
READ(14100) (BB(I)+I=1,16) Read in n_
READ(16100) (XX(K)1K=1:6]) Read in m
FORMAT (20F3,0)
DG 10 11=21,16
DO 8 K¥=1l.6
P=1,/XX(KK) p =
N=B8{1Iy . .. 0. e e e

E]r—ﬂ

.AAAQ(N*P)#O 501 AAA = T = P—~ 0.5]

=AAA T
MaNn(Rta) m = (n-2r)
SUM2=zq
MFAC=1
00 1 FlmloMel o oo .. — S
MFAC=MFACxF]1 m! = (n-2r)!
CONTINUE :
DO 2 K= 0,M,1 i . .
MK=MaK +n - 2r -k
MKFAC=1
DO 3 F3:1 MKl — — _— e
MKEAC=MKFACAF3  (n-2r-k)! .
CONTINUE
SUnl=0
DO 4 I=0.1K,1 . .
J=KwT jo= k-
IFACSY o e e e e e et e o e e
DO S FS5=1,1,1 o 4 ' '
IFAC=IFACRFS il
CONTINUE L
JFAC=1
DO 6 FE=1edel .
JFAC=JFACxfg . K-D) oo oo oo
CONTINUE LT
A=NFAC/(IFACKJFAC*MKFAC*{I+R)Ix{J+R))
SUM2=SUM1+A
CONTINUE
E= (((~1)*rx)*(P**K3)¢5UWl
SUM2=SUM2+B . . o e
CONTINUE
PRINT 200|”yR9MoSUM2
CONTINUE
FORMAT (F15,%42(I10:1X)9F15,1Q)
STOP
END o e e e

[Sum-2]

2

(n-2r)![(r1)!]

._where Sum-2

) !
r-k) ! (r+i) (r+k-1i}

N !\)

- Ck {n-
- Lo L TR



N,2060
0.17a7
0,11ne
0,190
G.4111
0.,1130
gL2andd
U 31367
0.1429
0,12%0
0.1211
0O.1000
- 0.2000
0.1687
0.,1429
0.1230
0.1111
g,1000

D.2030 ..

0.1667
0,1429
0,312950
0.1111
0,1000

0.2020 ..

0,1667
0,1429

6,1250 .

0.:111
0.1¢30

.0,2008

0.1657
0,119
00,1250
0.1111
0.1090
0.2000
0.16587
C.1u29
0.1230
0.31111
0.1000
. 0,2000

0.1507
C.1429
0.31250
0.1111
0.21000

9,2n30.

0.15667
0.1u29
0.1250
Da.2112
0.1000
0.2000
0.1657
0.1429
0.1250
C.1112
Q0,10U0
6.2000
0.1557
Q. 1029

YearT

0.12950

014:301&"\3040506£NNN0104',4:'\)NNN(N(NH’-‘MNNNHHH‘HN“PHPHNNHHHHHNHMMH&*FHHHHNH&—FPF—?‘Q—‘

b Bt b b b b (b p g ) :
ERONO = Yoo DR ROINNLEIJURACTORPROREFNARTORFFTFFFEICECREGHEN

14
14
i2
14
14
1%
16
1€
13
17
A7

19

0,.%28006U0572
C.5250 7785586
0,520 845008
Qobt dbTIMdLED
U,707:0189481
0,7355090d 5873
gL440206580¢8
0.5013949734%Y
0.554795%6529
0,5961608072
0.63405Y9856<

0.6642067658.
0,3622400218

0,4208858310
0,4842030317
0,5304260254%
0,55694294117
0,6026701100

0.07598566726

0,268924462%
0,42414103221
0,4718800933
0,5126590636
0,51 792496332
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(continucd)

0,0576120690 _ . .

G.07T09156368
0,27337795643
0.4211280745
0. 462691011Y
0.493L34%4971

D,0u40pu81372 |

0,0393016242
0,3301810664
0.3770013466
0,4185087544
0,4555745048

0,0253973820

P,038719205%2
0,0508962416
0,052446940%
0,3450949355
0.,3681712551Y

0.0096566610 __

0,0095004484%
0,02974634Q0
0,0387564231
Q.0647684695Y
0.6963131850
0,0016%61641
D.N0%37T4E389
0,0073230401
0,52463731055
0,0316495077
N, 0587585651
D,0003551174
0,CU2R240568
P,00134471449
0.,0072215494
Y.02432710uU0
G.030U404752
OQ’_’r:'LL".:‘.‘t?I
0.0009L0251L
V001005901
H.0030UL8B703

81



ND.111
0,100
Og.209n
‘J.l"_‘~’:7
0\_114:;"3
0.1.50
0,111t
0.1000
0.2000
0.1557
0,1429
0.1250
0,1111
0.1au0
0.2000
0.1667
0.1429
£.1250
0.2:11
0.1000
. B.2ull
D,1657
0.1429
0.1250 .
09,1111
9.1040
0.2000
0.1597
0,1429
0.1250
J.i1tl
0.31000

v - —m—ae . s . wm s e

P

CCONN~NORU NI ETRONGSG EFTRFAONUGLGET SAHNHKRN

o

3¢

34

n-2r

0. 0CHUAEEN5ED
Oa{‘U’):lL: sy
0. DL L EY A
D,0000951820
o000 833870359
0. ‘:‘nn:b?‘jz.’;z.“)
€.,0021056%%00

U.0G30U4N308

3,0000203704
U,50U074%0511
U0.0002%91692
0,00068724494
C.00076045019
0.0100008194
0,00C000%5332
0,000017886%
0,0000612577

0,0002115058

0.,00035635199

0,0063001917,

0,0000010582
0,0000095448
0,0000162568
0,0000330452
0,0001U22458

. 0,0000000296

0,20000U238Y
3.0000013513
0,000005910%
£,0003131109

0,0N00473765

Sum-2

82
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Labels of the variable names in Appendix 2.

M o= ]

N =

R =

I ' Same as labels in Table 3.1  (Page 36)

2=

EEA =

EVA =

Decimal = |

PEA = predicted value of the expected value of A. Using equation 18:
PEA = M({0.6 + 0.3 x Decimal).

PVA = predicted value of the variance of A using PEA and equation 15:
PVA = 0.155 PEA.

REl = (PEA-EEA) x 100/EEA.

RE2Z = (PVA-EVA) x 100/EVA,
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