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Abstract

This report describes an operational research tool for dividing a set of scalar values into cat-
egories or clusters without having to specify the number of clusters in advance. The method
has a theoretical underpinning based on a statistical test for outliers of a uniform distribu-
tion derived by D.A. Darling in 1952. The problem arose in an operational research study
for the Canadian Department of National Defence in which it was necessary to segment a
set of 82 options into categories based on a numerical score. The theoretical background is
described and examples are given to illustrate the methodology.

DRDC CORA TN 2009-052 i



This page intentionally left blank.

DRDC CORA TN 2009-052



Table of contents

Abstract . . . . . L. e e i
Tableof contents . . . . . . . . . ... iii
Tables . . . . . . e iv
Figures . . . . . . . e v
1 Introduction. . . . . . . . .. 1
1.1 AIm . oL e 2

2 Methodology . . . . . . . . . .. 3
2.1 Testing Whether the Largest Observation is an Outlier . . . . . . . . 3

2.2 Testing the Null Hypothesis . . . . . . ... ... ... ... .... 3

2.3 Critical Values for Small Sample Sizes . . . . . ... ... ... .. 4

2.3.1 Iterated Procedure to Find Ordered Categories . . . . . . . . 5

3 Simple Example . . . . . ... .. ... ... 6
3.1 Determining Further Breakpoints Using an Iterated Procedure . . . . 7

4 A More Complicated Example . . . . . . ... .. ... .. ......... 8
5 Discussion . . . . . . ... 12
6 Conclusion . . . . . . . . . L 13
References . . . . . . . . . L . 14
Listof abbreviations . . . . . . . . . . . . L 15
Report Distribution . . . . . . . . ... L 16

DRDC CORA TN 2009-052 iii



Tables

1 Critical Values for Small Valuesofn. . . . . .. ... ... ... ...... 5
2 Program Component Scores for Competitor 12 . . . . . . . .. .. ... .. 6
3 Capability Option Scores . . . . . . . . . . . o o vt it 8
Figures

1 Scores for Competitor 12 . . . . . . . . .. ... oL 7
2 Histogram of Capability Option Scores . . . . . . . . ... .. ... .... 9
3 Score Clusters . . . . . . . . . . ... 11
iv DRDC CORA TN 2009-052



1 Introduction

The Central Operational Research Team (CORT) has a mandate to create new tools and
methodology in support of the Centre for Operational Research and Analysis (CORA). In
a recent operational research study a requirement arose to categorize 82 options into an in-
determinate number of segments based on a score derived from a variety of criteria. CORT
was asked to recommend a methodology for this problem which would avoid arbitrary de-
cisions by the analysts on the number of segments as well as the values of the break points.
In short, the method must be repeatable given minimal stated assumptions.

Some analysts may recognize this problem as a one dimensional version of the classical
clustering problem. However, the fact that there is only one dimension to the data means
that the current problem is more amenable to statistical methods and in fact can be solved
satisfactorily and repeatably with minimal assumptions.

Although it may seem like a backward step to go from measured values to ordered cate-
gories, there are cases where such problems come up. In a multicriteria decision problem
for example, it may happen that there is a mix of variable types from pure measurements
to pure rankings. In order to apply solution techniques that rely on rankings it may be
necessary to create a set of ordered categories from measured data. The idea is to divide
the range of the measured variable into segments within which the value of the variable, in
the context of the decision problem, is considered to be constant, or at least not different
enough to matter. Rather than arbitrarily divide the range of the measured variable into
segments, we require a methodology that is repeatable and does not require any subjective
input from the analyst.

One possible approach to this problem is to specify the number of segments and then find
the optimal break locations by minimizing the overall variance of the dataset. This tech-
nique produces acceptable breakpoints but suffers from the obvious fault that the number
of subgroups is not known, making it difficult to determine how many subgroups should be
used. A related but more devastating problem is that this method will always produce the
specified number of breakpoints in a dataset even when the dataset is distributed uniformly
over its range and therefore should not be subdivided on statistical grounds.

The methodology described in this report avoids the problem of determining the number
of subgroups by relying on an iterative statistical approach that only divides any dataset or
part of a dataset if the hypothesis of uniformity has been rejected. The statistical part of the
methodology is based on work by D.A. Darling in the 1950’s on the problem of determining
whether extreme values in a dataset are outliers. [1] Darling’s results for the general case
are somewhat complex to apply but for the uniform distribution simplify into a practical
and useful test based on the standard Normal distribution.
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1.1 Aim

The aim of this report is to document and illustrate a methodology for subdividing the range
of a dataset into segments based on statistical grounds. The methodology determines the
number of segments and only subdivides the range when the statistical test of hypothesis
indicates that there is sufficient evidence to justify doing so.
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2 Methodology

2.1 Testing Whether the Largest Observation is an Outlier

We start by considering the statistical problem of deciding whether the largest observation
from a set of observations is an outlier. That is, has the largest observation come from a
different distribution from that which generated the rest of the observations. Formally, we
wish to test the hypothesis that all the observations are identically distributed against the
alternative that the largest of them comes from a different distribution. The ultimate aim is
to determine a set of categories within which the observations may be taken as uniformly
distributed. Therefore we specify a uniform distribution for the null hypothesis.

Null Hypothesis: All the observations come from the same Uniform Distribution.
Alternate Hypothesis: The largest observation is an outlier.

Consider a random sample of n observations sorted from lowest to highest and written as
X(1),X(2)s---»X(n) Where the subscript in brackets indicates that the observations have been
ordered. The technical term for the observations written this way is order statistics. We
wish to test the null hypothesis that the observations are the order statistics of a sample of
size n from a uniform distribution. The alternative hypothesis is that the largest observation
is an outlier.

A technical issue is the determination of the endpoints of the Uniform distribution under
the null hypothesis. For the outlier test which will be used in this report it is necessary that
the lower endpoint be zero. In general this will not be the case but an easy remedy is to first
transform the data by subtracting the smallest value from each data point. Note that this
procedure is not performed if the lower endpoint is already zero. The transformation does
not affect the analysis except to effectively reduce the sample size by one.

The outlier test which will be used in this report does not require specification of the upper
endpoint of the Uniform distribution except to ensure that it is finite. We assume that there
exists a finite upper bound for the data, denoted by B.

Given the above technical considerations, we can restate the test of hypothesis in a more
specific manner. We denote the (possibly) transformed data values as y(1y,(2),Y(3)» -+ Y(n)>
where x(1) has been subtracted from every observation in those cases where the lower end-
point is non-zero, and B is an unknown positive value.

H, : The observations (i) are order statistics from a Uniform (0,B) distribution.

Hy : The largest observation y,) does not come from this distribution.

2.2 Testing the Null Hypothesis

In [1] D.A. Darling showed that the distribution of z, defined as the sum of #» random vari-
ables from a uniform distribution on the interval (0, B) divided by the largest observation
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Y(n) 18 the same as the distribution of the sum of a random sample of n — 1 observations
from a uniform distribution on the interval (0, 1) plus the constant 1. Kendall gives a more
accessible derivation of this result in [2]. Note that the result holds whatever the value of
B, so that we only require that the sample has a finite upper bound.

For even fairly small values of n, the sum of 1 plus n — 1 uniform random variables on (0,1)
can be approximated by the Normal distribution with mean value (n+ 1)/2 and variance
(n—1)/12 . The approximation is accurate to three figures for values of n greater than 10.
(In the early days of computing, approximate Normally distributed random variables were
generated by summing 12 uniform random variables.) The statistic z, is thus ideal as a test
statistic for testing the null hypothesis above.

Note that Darling’s result holds for the case where the sample range is the interval (0, B).
As mentioned above, for the more general case where the lower bound is not necessarily
zero, we must subtract the lowest sample value (first order statistic) from each observation.
This has the effect of changing the mean value of the test statistic from (n+1)/2 to n/2
and the variance from (n—1)/12to (n—2)/12.

Using Darling’s statistic z, defined above, we can test the null hypothesis as follows. If the
largest observation y(,) is an outlier then the value of the test statistic z, will be low relative
to its distribution under Hy. We reject the null hypothesis at the 5 percent significance level
when the following inequality holds.

Ya) TY@E) Tt Ym) 0 n—2
— —1.645 —_— 1
Vo =3 V12 M

Note that the value -1.645 is the lower 5th percentile for a standardized Normal distribution.
If a 10 percent significance level is desired, the appropriate value in the statistical test would
be -1.282.

For convenience the equation above may be rearranged to create a more recognizable test
statistic as follows.

Yoo t-Hym
Ye) < —1.645 2)
n=2
12

(NS

2.3 Critical Values for Small Sample Sizes

The Normal approximation discussed above can be used for all cases where N is at least 10.
For smaller values of N, the following table of critical values has been created using Monte
Carlo simulation with 100,000 iterations. Critical values are tabulated for significance lev-
els of 1, 5 and 10 percent. Also given in the table for comparison purposes are the relevant
values for the Normal approximation.
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Table 1: Critical Values for Small Values of n

N | 1 Percent (-2.326) | 5 Percent (-1.645) | 10 Percent (-1.282)
3 -1.699 -1.560 -1.391
4 -2.102 -1.682 -1.364
5 -2.216 -1.656 -1.309
6 -2.250 -1.646 -1.298
7 -2.263 -1.646 -1.296
8 -2.263 -1.650 -1.298
9 -2.271 -1.646 -1.292
10 -2.281 -1.648 -1.295

2.3.1 Iterated Procedure to Find Ordered Categories

If there is insufficient evidence to reject the initial test of hypothesis on the largest obser-
vation, the analysis is complete and we conclude that there is no statistical justification for
further subdividing the observations. If subdivision into more ordered categories is required
despite this finding, the analyst must find other means to determine the category boundaries.
One possibility is to increase the Type I error level in the test of hypothesis described above.
However, this should be done with caution because it increases the chance of dividing up
datasets which are uniformly distributed.

If the null hypothesis is rejected and we find sufficient evidence to conclude that the largest
observation is an outlier, then we continue the analysis in an iterative manner. The idea is to
remove the largest observation and repeat the test of hypothesis on the reduced dataset. We
continue in this way until we reach a point where the null hypothesis is accepted. At this
point the remaining reduced set of observations is considered to be uniformly distributed
and is therefore declared to be the first segment or category.

For example, suppose there are 100 observations and we apply the outlier test starting at
the largest observation. Suppose further that this observation is declared an outlier based on
the test of hypothesis. This observation is now temporarily set aside and we next apply the
test to the reduced set of 99 observations to determine if the largest of these observations
is also an outlier. We continue in this manner until we reach a point at which the largest
observation of the reduced set of values is not declared an outlier. Suppose this point is
reached at the 25th largest value. In that case the reduced set consisting of the first 75
ordered values is declared to be the initial segment. The other 25 values would then be
analyzed to determine if further segmenting is warranted.

Before describing the procedure further, a simple example will help to illustrate the method-
ology.
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3 Simple Example

The following example is taken from an analysis of judging performance at a recent world
level sporting event. In this example, nine judges rated competitors on five criteria. The
sum of the five criteria scores is called the Program Component score. Although some
variability is expected between judges, it is hypothesized that the nine Program Component
Scores should be approximately uniformly distributed for each competitor and in particular
there should not be any extreme scores or outliers.

The nine Program Component scores for competitor 12 are given in the table below. The
scores have been ordered from lowest to highest, ranging from 15.25 to 21. A graphical
representation is given in Figure 1. Noting the relatively large gap between the highest
value and the second highest, the question is whether or not this set of scores is compatible
with an assumption of uniformity across the nine judges.

Table 2: Program Component Scores for Competitor 12

Judge Number | Program Component Scores
3 15.25

15.50

16.00

16.75

17.00

17.50

17.75

18.50

21.00

— 00 J Lt O\ O B~

The question to be analyzed in this example is whether there is sufficient evidence to decide
that the cumulative score of 21.0 for Judge 1 is an outlier, under the uniform distribution
assumption.

The first step is to create the dataset y(1),y(2),¥(3),---,¥(9) by subtracting the smallest total
score, 15.25, from each of the 9 scores. We then test whether the largest remaining value
can be considered an outlier using Darling’s procedure. In this case the largest remaining
value is 5.75, associated with Judge 1. We divide each of the 9 remaining values by 5.75
and sum them using equation (2) to find a test value of -1.793. Since this value is less than
the critical value of -1.646 associated with a false alarm rate of 5 percent (from Table 1),
we decide that the cumulative score associated with Judge 1 is an outlier. (The p-value is
0.0375.)

By applying the above procedure again to the remaining 8 scores, we verify that there is
insufficient evidence to declare any other outliers. In other words, the remaining 8 scores
are compatible with the assumption that they are a sample from a uniform distribution.

The conclusion for this example is that the cumulative scores for competitor 12 are not
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Program Component Scores

Figure 1: Scores for Competitor 12

consistent (at the 5 percent significance level) with the assumption of a uniform distribution
of judges scores. In particular, the cumulative score for Judge 1 appears to be an outlier at
a p-value of 0.0375.

Note that because of the Bonferroni Effect!, this example by itself may not be conclusive
evidence of bias or judging error on the part of Judge 1, but it may indicate the possibility
of a problem. The result may indicate a requirement for further analysis of the scoring for
other competitors to see if there is any additional evidence of problems with this judge.

3.1 Determining Further Breakpoints Using an lterated
Procedure

Suppose that the procedure based on identification of outliers has been applied and an
initial segment has been identified. The set of values which are not in the first segment
is considered next to determine if further segmentation is justified. In the simple example
above there was only one value in the initial set of outliers so that no further segmentation
was possible. In the case where there is more than one value outside of the initial segment
we may apply the procedure again on this reduced set of values.

This iterated procedure will eventually end and will determine a number of segments. The
following example will illustrate a case in which three segments are found.

I"The Bonferroni Effect refers to the problem of maintaining a given overall false alarm rate when making
multiple tests of hypotheses.
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4 A More Complicated Example

The following example is from an actual analysis problem encountered during a study of ca-
pability assessment for the Canadian Department of National Defence. A set of 82 options
was scored using various criteria. The 82 scores are listed in the table below.

Table 3: Capability Option Scores

0.000
0.000
0.047
0.080
0.100
0.140
0.210
0.286
0.360
0.397
0.515
0.757
1.283
1.497
1.882
2.082
2.288
2410
2772
3.664
3.897

0.000
0.000
0.047
0.080
0.113
0.149
0.261
0.322
0.363
0.415
0.533
0.800
1.455
1.627
1.933
2.082
2.323
2.461
2.920
3.664
3.970

0.000
0.000
0.059
0.093
0.120
0.200
0.269
0.330
0.364
0.433
0.545
0.830
1.461
1.851
1.950
2.190
2.337
2.611
3.126
3.772

0.000
0.023
0.064
0.098
0.135
0.203
0.285
0.340
0.379
0.437
0.550
1.057
1.461
1.872
2.082
2.207
2.345
2.730
3.598
3.897

The question of interest in the analysis was to determine if there were any 'natural’ break
points within this dataset and if so, how many. A histogram of the data is given in the Figure

below.
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Figure 2: Histogram of Capability Option Scores
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The method based on the work of Darling with the modifications discussed above was
applied to this dataset to determine the number of subsets and possible break points. A p
value (false alarm rate) of 0.05 was specified.

From Table 2 it can be seen that the first seven values in the dataset are zero. The initial
pass over the other 75 values indicated as expected that all 75 were outliers with respect to
the seven zeros. This result was expected since seven identical values at zero appears to be
contrary to the assumption of uniformity. We therefore take the seven zero values as the
first cluster and go on to consider whether the remaining 75 values are consistent with a
uniform distribution.

The remaining 75 values ranged from 0.023 to 3.970. This set of values was analyzed
separately. Every value from the largest to the 38th largest failed Darling’s outlier test at the
5 percent significance level. The remaining 37 values however passed the test indicating
that these values are consistent with the uniformity hypothesis. Therefore the set of 37
values ranging from 0.023 to 0.550 was identified as the next cluster.

After removing the first two clusters there were 38 values remaining, ranging from 0.757
to 3.970. Darling’s procedure applied to the last value, 3.970, indicated that there was
insufficient evidence to reject the uniformity hypothesis. Therefore the entire set of 38
values was taken to be the third and final cluster. (See Figure 3.)

In summary, the uniform outlier analysis indicated that the set of 82 capability scores could
be divided into three clusters in a repeatable and non-arbitrary fashion. The three clus-
ters had 7, 37 and 38 values respectively and each of the clusters represented a uniform
distribution of values.

Again it should be noted that while this analysis gives an indication of a way to divide the
scores into three clusters, each having a uniform distribution, the analyst is free to take
this information and decide whether the particular problem requires further breakdown or
not. The value of the method is that it gives a starting point without requiring arbitrary
assumptions; in particular the number of clusters does not need to be specified in advance.
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Figure 3: Score Clusters
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5 Discussion

The methodology and examples outlined in this report provide the operational research
analyst with a useful tool in situations where a dataset must be divided into ordered subsets
but the number of subsets is not specified. The method based on Darling’s work subdivides a
dataset into uniformly distributed subsets, but only if a null hypothesis of overall uniformity
is rejected. This allows for a repeatable method to subdivide datasets with the property that
the subdividing is only done if indicated by a statistical test of hypothesis.

Those who are interested in applying or learning more about the software are encouraged
to contact the author.
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6 Conclusion

The purpose of this report was to provide the theory and some examples outlining the
process of determining the number of subsets into which a given dataset may be reasonably
subdivided in a way which avoids an arbitrary predetermination of and is therefore repeat-
able. This tool has been useful in operational research studies within the Department of
National Defence. It is simple to use and understand and as such may be a useful addition
to the toolbox of quantitative analysts in CORA.
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