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CHAPTER 1 

INTRODUCTION

1.1 — Overview

This study examined the power properties of six nonparametric and/or 

distribution-free inferential statistical tests using computer-based Monte Carlo 

techniques. The primary focus of this study was to investigate the effect of nine 

different methods of resolving tied ranks prior to the computation of a test statistic 

and comparison to a critical value. Although the terms ‘nonparametric’ and 

‘distribution-free’ are not synonymous, the term ‘distribution-free’ is generally 

used throughout this paper to refer to both types of tests.

This study was an outgrowth of Fahoome (1999), who studied the Type I 

error properties of large-sample approximation formulas for twenty nonparametric 

and/or distribution-free statistics, including the six studied here. Ties, however, 

were either ignored or resolved in one specific way on a test-by-test basis. 

Fahoome (1999) studied these statistics using the normal distribution and four of 

the Micceri (1986) distributions. The same pseudo-population models were used 

for this research.

Micceri (1986, 1989) showed that the predominant populations being 

studied in the social and behavioral sciences clearly did not meet the 

distributional assumptions of parametric tests. Bradley (1968) pointed out that 

distribution-free tests only fail to use sample information, relative to parametric
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tests, if the population assumptions are, in fact, true. Blair & Higgins (1980) 

restated this issue when they indicated that there was no mathematical basis for 

the power superiority of the Student’s M est (Student, 1908) without guaranteed 

knowledge of the form of the population.

Cliff (1996a, 1996b) argued that much of the data, and many of the 

research questions, of interest in the social and behavioral sciences are 

fundamentally ordinal in nature and that distribution-free tests produced results 

that were more inferentially valid. Wilcox (1998a, 1998b) contended that while 

significant results obtained by traditional parametric procedures probably 

represented the correct detection of actual effects, many non-significant results 

were probably Type II errors, resulting in lost insights and missed opportunities to 

advance understandings in social and behavioral science.

Distribution-free tests are important in the context of social and behavioral 

science research because they generally make less stringent population 

assumptions, such as normality or equality of variance, than tests based on 

parametric statistics. Many distribution-free tests are based on methods 

involving ranks and thus apply more directly to ordinal data and are inherently 

more appropriate than parametric tests for ordinal research questions.

Distribution-free tests are a subset of techniques referred to as ‘modern 

methods.’ Despite the fact that many of these tests have been around for some 

time, they do not receive the widespread, even dominant use that they deserve 

(Wilcox, 1998a, 1998b). Harwell (1990) outlines many of the reasons for this 

lack of use, but one need only look at the history of social and behavioral science
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since 1800 to gain some insight into the myth of the normal distribution and the 

resulting edifice of statistical practice built thereon (Porter, 1986).

When the assumptions of parametric tests (e.g., Student’s f-Test) are met, 

they perform in mathematically predictable ways and are the uniformly most 

powerful tests available. They are mathematically tractable, based on elegant 

and powerful mathematical theory. The merits of these tests, however, do not 

necessarily extend to situations where their assumptions are not met. Student’s 

f-Test, for example, has robust Type I error properties under departures from 

normality, but is less powerful than the Wilcoxon Rank-sum (Mann-Whitney U) 

Test under these conditions (Blair & Higgins, 1980; Sawilowsky & Blair, 1992). 

The apparent robustness of Type I error to the violation of the normality 

assumption was established for both Student’s f-Test and Fisher’s F-Test prior to 

a full understanding of the importance of Type II error and power. Thus, textbook 

authors and research practitioners came to believe that parametric procedures 

could be applied with impunity under any conditions.

Tradition carries its own weight, and researchers are still not routinely 

trained in the use of modern methods, including distribution-free techniques. 

Instead, Student’s f-Test, analysis of variance (ANOVA) and linear regression are 

still presented as the foundation of data analysis for experimental and quasi- 

experimental research in many fields (Wilcox, 1998a, 1998b; Emmons, Stallings 

& Layne 1990; Elmore & Woehlke, 1998). Modern methods, if they are dealt with 

at all, are given cursory treatment in many survey courses and textbooks with 

limited availability of extensive tables of critical values.
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Another issue that works against the wider use of distribution-free tests is 

that many of them involve extensive and tedious calculations. For moderate to 

large samples these calculations are often only practical via computer. This 

tends to offset the fact that they are conceptually and computationally simpler 

than parametric tests and robust methods (a different subset of modern 

methods). Although the availability of sufficiently powerful computer hardware 

should no longer be an issue, many of these tests are still not included in the 

most popular commercial statistics packages. When they are included, their 

implementations are often questionable as they give inconsistent results 

(Bergmann, Ludbrook, & Spooren, 2000). Specialized software packages are 

becoming available that perform much better, but tend to be expensive.

Finally, even though the less stringent underlying assumptions of these 

tests are rarely met in practice, the effects of violation of assumptions on 

robustness of Type I error rates and power have still not been studied as 

extensively as they need to be using modern (empirical) investigational methods. 

This is especially true given the subtle nature of robustness (Bradley, 1978; 

Wilcox, 1998a).

Under conditions that violate their assumptions the sampling distributions 

of many of these tests become conditional and mathematically intractable. It is 

also understood that they become approximate tests, may not maintain Type I 

error rates as specified by nominal a, and may lose power to detect effects when 

those effects exist. As a result, actual performance under real-world conditions
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may not be well understood. Under such circumstances it is understandable that 

a researcher might be reluctant to use these tests.

Often overlooked is the fact that parametric tests fare no better under 

corresponding circumstances, and often perform worse (see for example, Blair & 

Higgins, 1980; van den Brink & van den Brink, 1989; Sawilowsky, 1990; 

Sawilowsky & Blair, 1992; Kelley, Sawilowsky, & Blair, 1994; MacDonald, 1999) 

Contrary or mixed results have also been reported in the literature (see for 

example, Srisukho & Marascuilo, 1974; Killian & Hoover, 1974; Zimmerman,

1987, 1998, 1999; Zimmerman &Zumbo, 1989, 1990a, 1990b, 1992b). Indeed, 

inconsistency of results is common in the literature, and problematic for 

researchers in this field. It is due, in part, to the manner in which empirical 

studies are carried out (Bradley, 1978) and to the lack of a well-defined meta- 

analytic approach to summarizing Monte Carlo studies (Harwell, 1992).

Of particular interest in this study was that most of the distribution-free 

statistics investigated utilize rank-based procedures that rely on an underlying 

assumption of population continuity such that samples are assumed to have no 

equal data values (no zero difference-scores, no tied ranks), either within groups 

or between groups. This assumption is almost never met in practice, however, 

especially with data in the social and behavioral sciences (Micceri, 1986, 1989). 

Sparks (1967) conducted one of the few empirical studies to have specifically 

examined violation of continuity and methods of resolving ties, using the 

Wilcoxon Rank-sum (Mann-Whitney U) Test and discrete approximations to the 

normal curve.
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The practical consequence of violating the assumption of population 

continuity is that samples will contain equal data values resulting in zero 

difference-scores or tied ranks. A useful distinction can be made, however, 

between consequential (critical, meaningful) and inconsequential (non-critical) 

ties. It is possible for ties to occur in such a way that they have no effect on the 

calculation of the test statistic or the resulting inference, and such ties are clearly 

inconsequential. Ties that occur only within a group, when looking for between 

group effects, are often of this type. Inconsequential ties can and should be 

resolved by some simple procedure that maintains the integrity of the ranks, such 

as arbitrary assignment in sequence of the set of ranks for which the group of 

scores is tied.

Other ties occur in such a way that different resolutions of the tie(s) result 

in different values of the statistic and may result in different inferential decisions. 

Such ties are clearly consequential and it was the purpose of this study to 

examine the effect on Type I error rate and power of different methods for 

resolving them. This is important, in part, because these distribution-free 

methods are becoming more widely used as they become increasingly available 

in commercial software packages.

A number of methods for resolving consequential ties have been 

suggested in the literature, but there have been few empirical studies to 

determine their effect on the behavior of specific statistics. The methods fall into 

two basic types: A) those that calculate the test statistic in two or more ways and 

then combine the resulting statistics into a single statistic for testing, and B) those
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that alter the data (ranks) prior to calculating a single test statistic so that the data 

appear to meet the assumptions of the test.

This study looked at nine methods for dealing with consequential ties 

(zero difference-scores or tied ranks), including some of each type. The 

methods studied were:

3a) Resolve consequential ties in the manner least favorable to rejection 

of the null hypothesis (method 1) and in the manner most favorable to 

rejection of the null hypothesis (method 2), calculate the statistic for 

each of these resolutions and then calculate the mid-range (mean) 

value of these two statistics and use it to conduct the test.

3b) Count ties as 1/4 (Rosenbaum’s Test and Tukey’s Quick Test only).

4) Alternately resolve each set of tied-for ranks.

5) Randomly resolve each set of tied-for ranks.

6a) Assign the mid-rank of a set of tied ranks to each score without further 

correction.

6b) Delayed increment (Kolmogorov-Smirnov Test of General Differences 

only).

6c) Weighted average of all possible resolutions (Rosenbaum’s Test only).

7) Drop matching tied-for ranks and reduce N accordingly.

8) Drop all tied-for ranks (if possible) and reduce N accordingly.

Methods 4), 5), 6a) and 8) were described by Bradley (1968), Gibbons & 

Chakraborti (1992), and others. Methods 3a) and 3b) were described by Neave 

& Worthington (1988). Method 3a) is related to a method described by Bradley
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(1968). Method 7 was not encountered in the literature. Methods 1) and 2) were 

only used to investigate method 3a).

Bradley (1968) also described methods involving calculation of statistics 

for all possible resolutions of consequential ties, the results being used to 

establish probability bounds for the test or to calculate a mean probability. 

Although theoretically attractive, these methods are often computationally 

impractical and were not be part of this study other than with Rosenbaum’s Test. 

For many tests, however, the calculation of an average statistic based on all 

possible resolutions of ties turns out to be equivalent to resolving each set of 

tied-for ranks using the mid-rank (Neave & Worthington, 1988). Bradley (1968) 

warned, however, that under some circumstances the use of mid-ranks might 

give a statistic something closer to its minimum or maximum value rather a 

median or mean value.

Although some of the methods for resolving ties result in a modified 

sample in which ties have been eliminated, others, such as mid-ranks, result in 

modified samples that still contain duplicate and/or non-integer ranks. These can 

result in values of the test statistic that are non-integral, even though this cannot 

happen when all assumptions of the test are met. The resulting statistics were 

still referred to the standard table of critical values, as the performance when 

used in this manner was a major point of this research.

The manner in which these methods were applied to two-independent- 

samples tests was fairly clear. Extension to /c-independent-samples is discussed 

in Chapter 3.
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Both theoretical and empirical data distributions were used as sources of 

samples. The normal distribution was used for reference. This distribution did 

not produce samples with significant numbers of duplicate data values (tied 

ranks) and thus served as a base line for the performance of these tests under 

conditions meeting their underlying continuity assumption (and those of 

parametric tests to which they might be compared). Of more interest, however, 

were the empirical distributions due to Micceri (1986) that are typical of the data 

found in social and behavioral science. These distributions were also discussed 

in Micceri (1989), Sawilowsky, Blair & Micceri (1990), and Sawilowsky & Blair 

(1992). They are inherently discrete, decidedly non-normal, and are referred to 

in the remainder of this paper as the Micceri (1986) distributions, since that is 

where they originally appeared.

The method used to simulate effects of known size by shifting one (or 

more) samples, when applied to the Micceri (1986) distributions, yielded samples 

with duplicate values leading to zero-difference scores or tied ranks. It was the 

performance of these tests with respect to the various methods of resolving ties, 

when used with such data, which was of primary interest in this research.

Fahoome (1999) used four of the eight Micceri (1986) distributions. 

However, with regard to the extreme bimodal distribution Fahoome (1999) 

concluded:

...because of the small number (6) of data points, there were an extremely 
large number of ties, even for relatively small sample sizes. This data is 
Likert-type data. The performance by most tests was extremely poor.
Most of the tests had inflated Type I error rates, some as high as 0.99999. 
A few had very low Type I error rates, (p. 462)
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In spite of this finding, the extreme bimodal distribution was retained for this 

study because of the widespread existence of such data.

All Type 1 error simulations were limited to equal initial per-group sample 

sizes in the range 3-30 to the extent that critical values were available. Power 

and Type III error studies were run for equal initial per-group sample sizes of 

3(3)30 if critical values were available. The method of dropping ties and reducing 

N often lead to tests on unequal sample sizes for which the test statistic could not 

be computed. As such, it was not completely consistent with the other methods.

It is so widely recommended and used, however, that it was retained in the study. 

This necessitated a modified approach to the Monte Carlo simulations in which 

untestable samples were tallied and then discarded. Samples were drawn until 

10,000 testable samples were obtained, or the program reached its 10,000,000th 

cycle, whichever came first. A more systematic and thorough investigation of the 

performance of these tests under a wide range of unequal sample sizes was 

beyond the scope of this research.

Type I error studies and power studies were conducted for both one-sided 

(directional) and two-sided (omnibus) alternatives for the Kolmogorov-Smirnov 

Test of General Differences, Rosenbaum’s Test, Tukey’s Quick Test and the 

Wilcoxon-Mann-Whitney Test. For power studies, the one-sided test was made 

in the direction of the simulated effect, while significant results in the “wrong” tail 

constituted Type III errors. The Kruskal-Wallis Test is an inherently non- 

directional omnibus test, while the Terpstra-Jonckheere Test is an inherently 

directional test against an ordered alternative hypothesis.
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1.2 — Definitions

Definitions of technical terms are included as a glossary in Appendix D.

1.3 — Research Questions

Question 1: For samples drawn from the same population, is the Type I 

error rate maintained between ,5a and 1.1a for each combination of test, 

method, and number of groups, directionality, sample size, and distribution?

Bradley (1978) recommended conservative bounds for robust Type I error 

of nominal alpha + 10% and liberal bounds of nominal alpha ± 50%. Many 

nonparametric and/or distribution-free tests, however, cannot achieve nominal 

alpha at small sample sizes. Thus, the entries in critical value tables are ‘best 

conservative’ values that may fall below the recommended 10% lower bound. As 

such, the main interest in the Type I error studies was the ability of each test to 

resist inflation of Type I error rate. Type I error rates were considered acceptable 

if they fell in the range of .5a to 1.1a.

The remaining research questions were only studied for those 

combinations of test, method, number of groups, directionality, sample size and 

distribution for which Question 1 was answered in the affirmative. The power of 

a test was of no interest if the Type I error rate was not robust to violations of 

assumptions. A priori, it was expected that those combinations of test conditions 

that produced Type I error rates well below nominal alpha would also have 

attenuated power.
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Question 2: For samples drawn from populations differing only in location, 

what is the power for each combination of test, method, number of groups, 

directionality, sample size and distribution?

Question 3: For samples drawn from populations differing only in location, 

is there a preferred method of resolving tied ranks for each combination of test 

and distribution, irrespective of the number of groups, directionality, and sample 

size?

Question 4: For samples drawn from populations differing only in location, 

is there a preferred method of resolving tied ranks for each test, irrespective of 

the number of groups, directionality, sample size and distribution?

1.4 — Subjects

No living subjects, human, animal, or plant were used in this study. The 

Behavioral Protocol Summary Form was submitted to the Wayne State University 

Behavioral Investigation Committee on February 13, 2001, requesting exempt 

status. The Protocol was approved following expedited review (Category 5*) by 

the chairman for the Wayne State University Institutional Review Board (B03) for 

the period of March 9, 2001, through March 8, 2002. A continuation was 

submitted and approved for February 18, 2002 through February 17, 2003 and 

again for the period January 14, 2003 through January 13, 2004. Copies of the 

Notices of Expedited Approval are included in Appendix A.
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1.5 — Assumptions and Limitations

Of the twenty statistics studied by Fahoome (1999), this research focused 

on six of them. These statistics are all tests of location or general difference for 

two or more independent-samples. Dependent-samples (repeated-measures) 

tests were not studied because the problem of generating correlated samples for 

Monte Carlo power studies is not yet fully solved (Headrick & Sawilowsky, 1999a, 

1999b). Tests of pure spread are also not included here because such effects 

are not believed to occur widely in practice (Sawilowsky & Blair, 1992; 

Sawilowsky, 2002).

To the extent that the tests being studied assumed that the populations 

from which the samples were drawn differed only in location, that assumption 

was met by the method used to generate the data for the power studies.

However, tests for single effects, such as pure shift, that are based on the 

assumption of all else equal, may not match reality very well. Bradley (1978) 

pointed out that a test can be robust (in some particular way) to violations of each 

of its assumptions, taken one at a time, and yet not be robust to violations of 

combinations of those assumptions, the various violations interacting to produce 

combinations with very particularistic consequences. While Zimmerman (1998) 

also addressed this issue, no attempt was made in this study to investigate the 

effect of distributions that differ in more than one way.

The lack of availability of extensive tables of critical values for many of the 

distribution-free tests continues to be a problem, especially at larger sample 

sizes. Although Fahoome (1999) used formulas for calculating approximate 

critical values for many of these tests, this study was limited to sample sizes for
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which tables of exact critical values were available or could be generated (Fay, 

2002). This study was also limited to equal initial sample sizes. Since the 

method of dropping ties and reducing N often resulted in unequal sample sizes, 

this method was only studied for tests where tables of critical values for unequal 

sample sizes were available or could be generated.

One of the most widely suggested methods for dealing with 

(consequential) ties is to resolve them in all possible ways, obtaining a value of 

the statistic (or its associated probability) for each resolution. A mean value of 

the statistic (or a mean value of the probability) is then obtained and tested or 

probability bounds established. This method was not included in this study 

because of the practical difficulties involved in implementing it for even moderate 

sample sizes when there are numerous ties at several different values. Also, 

comprehensive tables of exact probabilities are even more difficult to obtain than 

critical value tables. This method was implemented, however, for Rosenbaum’s 

Test as there was a practical method for doing so.
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CHAPTER 2 

REVIEW OF LITERATURE

2.1 — Overview

Historically, nonparametric and/or distribution-free tests predate 

parametric ones. Arbuthnot (1710) described the first statistical test, known 

today as the Sign test (as cited in Everitt, 1998; Lehmann, 1998; and others). 

Spurred by an interest in understanding the odds in various games of chance, 

mathematicians such as Fermat and Pascal laid the foundation for probability 

theory in the preceding century (Smith, 1959, Section IV). A fundamental 

principle that emerged from this period was that an event with N different (equally 

likely) outcomes, n (<N) of which were regarded as successes (and N-n as 

failures), had a probability of success given by the ratio n/N (Bradley, 1968).

Jacques Bernoulli (1654-1705) extended this finding into the binomial 

theorem, which forms the basis for the Sign test, among others (Bradley, 1968). 

He also contributed to the development of the law of large numbers (Boyer,

1985) and the first mathematical approach to the measurement of uncertainty 

(Stigler, 1986). De Moivre (1733, 1738) discovered the normal distribution as the 

limiting form of the binomial distribution as the number of trials became infinite 

(as cited in Smith, 1959, Section IV). Laplace rediscovered the normal 

distribution in the late 18th century followed by Gauss in the early 19th century 

(Smith, 1959, Section IV).
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Laplace and Gauss both worked on the derivation of the normal 

distribution as the result of summing small, independent, elementary errors as 

the number of errors became infinite, in the limit (Smith, 1959, Section IV). Their 

derivations were special forms of the Central Limit Theorem (Bradley, 1968), the 

major contribution of Laplace to probability theory (Stigler, 1986). The derivation 

of Gauss, in particular, was based on the recognition that observational errors of 

measurement in astronomy should be just as likely to be in one direction 

(positive) as in the other (negative) and that the larger the errors were in absolute 

magnitude, the less common they should be. Gauss had access to empirical 

distributions of observational errors that appeared to be unimodal, symmetric and 

monotonically decreasing on either side, for which a simple equation with those

properties is —  = -Cxy (Bradley, 1968). When solved fory, this yields 
dx

jC x 2 '

y = ke , the basic equation for a normal curve.

Thus normality originated as an idealized mathematical model for a certain 

type of experimental data. Although this theoretical error distribution fit 

astronomical observation errors quite well, no one ever claimed the fit was 

perfect, least of all Gauss, who, preceded by Legendre (1805), developed the 

theory of least squares as a way to deal with the fact that observations never 

exactly fit mathematical models (Smith, 1959, Section IV; Bradley, 1968). The 

work of Legendre, however, lacked any reference to probabilities. Between 1805 

and 1812 there was a synthesis of the work of Gauss and Laplace that put the
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method of least squares on a solid probabilistic footing and set the stage for the

development of social science statistics (Stigler, 1986).

Porter (1986) and Stigler (1986) both traced the rise of statistical thinking

from 1820 to 1900. No attempt is made to recount this fascinating and

complicated story here. A key figure, however, in the first two thirds of this period

was Quetelet. Trained in mathematics and astronomy, he was well acquainted

with the fact that errors in astronomical measurements appeared to have a

Gaussian (normal) distribution, with the interpretation that the mean of the

distribution corresponded to the best estimate of the true value of the observation

while the variance of the distribution give some indication of the degree to which

that estimate was to be trusted or accepted as true. Everitt (1998) stated that:

...Quetelet also built an international reputation for his work on censuses 
and population such as birth rates, death rates, etc. Introduced the 
concept of the ‘average man’ (Thomme moyen) as a simple way of 
summarizing some characteristic of a population and devised a scheme 
for fitting normal distributions to grouped data that was essentially 
equivalent to the use of normal probability plot. ... (p. 271)

The fact that values of variates, such as height and weight in large

populations, appeared to be normally distributed lead to a widespread belief that

their was something fundamental about the normal distribution analogous to the

relatively simple mathematical equations, such as F =  ma, that described

profound understandings in physics (Porter, 1986). Sampling distributions and

inferential tests based on assum ptions o f norm ality would com e later, but the

Normal Mystique was already being established.

As scientists examined more and more anthropological, agricultural and

even social data they increasingly saw the (Gaussian) error distribution. It
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“...began to fit, and explain, almost everything and soon it was regarded as a

population archetype; that which was Gaussian was considered normal and that

which was non-Gaussian was regarded as abnormal” (Bradley, 1968, p. 4). The

terms ‘normal’ and ‘Gaussian’ became interchangeable and it was probably

unfortunate that ‘normal’ ultimately prevailed in common usage because of the

extended connotations it eventually took on.

With wide acceptance of the belief in at least quasi-universal normality,

and the mean as the ‘true’ value, the now classical parametric tests began to

emerge by the early 20th century. From the beginning, however, there was plenty

of evidence of non-Gaussian population distributions as well as scientists who

were skeptical of the wide spread claims of almost universal normality.

Pearson (1895) remarked on the existence of asymmetrical frequency

curves arising from both heterogeneous and homogeneous materials. With

regard to asymmetry in homogeneous materials, Pearson (1895) noted that such

curves arose in “many physical, economic and biological investigations" (p. 344)

such as “the height of the barometer, in those for prices and for rates of interest

of securities of the same class, in mortality curves, especially the percentage of

deaths to cases in all kinds of fevers, in income tax and house duty returns, and

in various types of anthropological measurements” (p. 344-345).

Bradley (1968) (citing Hogben, 1957, p 159-181) stated:

... it is a long step from astronomy to anthropology, and intuitions which 
prove excellent in one field may be entirely inappropriate to the other [5].
It was their less sophisticated followers, not Laplace and Gauss, who took 
such steps, but their prestige accompanied the misapplication of their 
methods, (p. 6)
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Geary (1947) stated that “normality is a myth; there never was, and never will be, 

a normal distribution” (p. 241).

While no data, even astronomical, exactly fit a Gaussian model, data from 

areas such as agriculture and anthropometry often showed a good fit over the 

central 80-90 percent of the distribution. In light of this evidence the belief in 

quasi-universal normality was eventually replaced by a belief in quasi-universal 

quasi-normality (Bradley, 1968). One of the consequences of this historical 

development was that practitioners became increasingly unaware that the 

‘assumptions’ of most statistical tests were, in fact, restrictive preconditions on 

their applicability, or that such restrictions existed only for reasons of theoretical 

(mathematical) convenience, having no necessary empirical basis.

Even with the Normal Mystique firmly in place, alternative approaches to 

data analysis and inferential testing were developed along with the parametric 

ones. Skepticism regarding the true nature of social and behavioral science data 

was certainly one of the reasons. Another was the complexity of the 

mathematical foundations of parametric tests, based as they were on asymptotic 

or infinite population distributions and involving calculus in their derivations. A 

third reason was sound scientific rationalism. “Among professional statisticians, 

however, there remained a lingering doubt. It does not follow logically that 

approximate normality and homogeneity insure approximate validity of a test 

which assumes exact normality and exact homogeneity” (Bradley, 1968, p. 9).

Savage (1953) placed the true beginning of distribution-free statistics in 

1936 when interest developed in the “quantities and characteristics of the sample
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whose distributions were sensitive to the tested hypothesis and could be 

expressed by exact combinatorial formulas” (Bradley, 1968, p. 11). Lehmann 

(1998) placed the beginnings of the modern development of these tests in the 

papers of Hotelling & Pabst (1936), Friedman (1937), Kendall (1938), Smirnov 

(1939), and Wald & Wolfowitz (1940, 1943, 1944) and indicated that Scheffe 

(1943) contained an interesting survey of work to date.

Distribution-free tests were initially perceived as having certain 

weaknesses and did not gain immediate or widespread use. The new statistics 

tended to use medians and interquartile ranges as measures of location and 

spread. Although these had some obvious advantages under nonnormal (and 

sometimes even normal) conditions, they seemed less sophisticated and second- 

rate by comparison to the well-established mean and variance. The new tests 

were often based on ranks rather than original observations, and in that regard 

they seemed to discard information. Yet another drawback was that many of the 

tests were limited to simple situations, analogous to the comparison of two group 

means using the f-test. Meanwhile, Fisher (1935) had developed the F-test and 

firmly established the ANOVA procedure as the method of choice for the analysis 

of data resulting from more complex experiments.

A lack of distribution-free alternatives for more complex analyses is no 

longer the reality, yet these tests remain limited in the breadth of their application. 

Puri & Sen (1993) presented a theoretical base for nonparametric multivariate 

analyses. Zwick (1985) described a specific nonparametric one-way multivariate 

ANOVA based on the Pillai-Bartlett trace. Sawilowsky (1990) provided an
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extensive review of 10 nonparametric techniques that could be used to test for 

interactions in experimental designs, describing them as “robust, powerful, 

versatile, and easy to compute” (p. 91).

Harwell (1988) remarked on the use of statistical and substantive criteria 

for selecting between parametric and nonparametric tests. Statistical criteria 

relate to the ability of a test to control Type I error and power. When all 

underlying assumptions are met, parametric tests are the uniformly most 

powerful because they can utilize the additional metric information available in 

the data. However, a large body of literature exists consisting of both theoretical 

and empirical studies on the statistical robustness of a small set of parametric 

tests to violation of assumptions. This literature is contradictory and inconclusive 

in many ways, as discussed later.

Harwell (1988) asserted that the substantive (non-statistical) criteria for 

selecting between parametric (PAR) and nonparametric (NPAR) tests had 

become linked to the level of measurement, attributed to Stevens (1946), as a 

result of Siegel (1956). He observed that Siegel (1956) “did not attach the 

measurement requirement to the PAR statistical model but rather to the use of 

the model” (p. 37) but acknowledged that Siegel (1956) had emphasized the use 

of parametric tests with interval or ratio level data and nonparametric tests with 

nominal (categorical) or ordinal level data. Harwell (1988) observed, however, 

“...how religiously this prescription has been followed by researchers” (p. 37).

He remarked that this practice was, unfortunately, often incorrect, the sole
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statistical criterion for selecting a test being the degree to which the assumptions 

of the test were tenable in the population.

Harwell (1988) anticipated Cliff (1989, 1993, 1996a, 1996b) when he 

noted that the substantive criteria for selecting a test should match the level of 

the data with the research question and subsequent interpretation. He remarked 

that “An obvious consequence of using data that convey only rank-order 

information in a PAR test is an increased chance of substantive 

misinterpretation” (p. 37). Further review of the weak measurement versus 

strong statistic debate is not warranted here. Stevens (1968) offered his 

perspective on the debate that had occurred subsequent to Stevens (1946). 

Sawilowsky (1993) cited Zumbo & Zimmerman (1991) as being a particularly 

thorough and up-to-date review of this issue. Zimmerman (1993) reiterated that 

the main statistical consideration when choosing a test of significance is how 

tenable the underlying population assumptions are.

Attempts were eventually made to investigate the performance of 

parametric tests under violations of their assumptions. Early studies used 

something like what we now know as Monte Carlo methods, but had significant 

limitations and shortcomings. The more mathematical studies used population 

distributions that were mathematically convenient, such as rectangular, 

triangular, or Pearson curves of various types. They also made additional 

assumptions to obtain an approximation to the true sampling distribution of the 

test statistic under assumption-violating conditions. When discrepancies from 

the normal-theory distribution of the statistic appeared, they were often attributed
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largely to chance or to the mathematical approximations that had been used.

The empirical studies frequently used data from relatively normal populations.

The earliest studies predated computers, or at least easy and widespread 

access to them, so samples were drawn by hand using tables of random 

numbers or other (presumably) random selection processes. The number of 

repetitions was generally insufficient to attain a reasonable estimate of precision 

and samples were typically limited to smaller sizes. Results, as often as not, 

were due to chance effects (Bradley, 1968) and were less than convincing by 

modern standards. These studies also underestimated the complexity of 

robustness (Bradley, 1978).

Modern studies have tended to show the limitations of classical tests 

under violation of assumptions. Algina, Oshima, & Lin (1994), for instance, 

demonstrated that while Welch’s (1938) Approximate Degrees of Freedom 

(ADPF) Test, and James’s (1951, 1954) Second-order Test, control Type I error 

rate as well as or better than the independent samples f-test (when data are 

sampled from skewed distributions with unequal variances) none of them control 

it very well. They recommended that robust alternatives be considered.

Empirical studies prior to Blair & Higgins (1980) also suffered from being 

limited primarily to investigations of Type I error, i.e., the ability of a test to 

maintain the rate at which a true null hypothesis was (incorrectly) rejected at 

something close to nominal alpha. There is more to a statistical test, however, 

than robustness with respect to Type I error. To be useful, a test should also 

have high power to detect effects when they exist (Cohen, 1988), i.e., it should
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be robust with respect to Type II errors under violation of assumptions when the

null hypothesis is false. It should also demonstrate relative power superiority

with respect to alternative procedures. The two-independent-samples f-test, for

example, has been shown to be quite robust with respect to both Type I and

Type II error under certain violations of the normality assumption. However, Blair

& Higgins (1980) stated that:

Generally unrecognized, or at least not made apparent to the reader, is 
the fact that the t-test’s claim to power superiority rest on certain optimal 
power properties that are obtained under normal theory. Thus, when the 
shape of the sampled population(s) is unspecified, there are no 
mathematical or statistical imperatives to ensure the power superiority of 
this statistic, (p. 157)

Another difficulty with many studies is the concept of robustness itself. 

Bradley (1978) made three major points concerning this topic. The first point was 

that there was no generally accepted (standard) quantitative definition of 

robustness and that studies rarely provided their own definition. (He provided 

several definitions that are discussed in Chapter 3.) The second point was that 

the Type I error properties of a test, under violation of assumptions, were very 

complex and determined by the particular way in which numerous factors 

interacted, yet studies rarely provided sufficient qualification of the exact nature 

and degree of violation or carefully examined all of the possible interactions. 

Finally, he addressed the issue of bias in the literature, particularly the 

mathematical treatments of Box (1954a, 1954b), Box & Anderson (1955), and 

Scheffe (1959) and the empirical studies of Lindquist (1953) and Boneau (1960). 

Box (1953) and Feir-Walsh & Toothaker (1974) also illustrated some of these 

biases. Bradley (1978) stated that:
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None of these authors uses a quantitative definition of robustness. 
Furthermore, in every case some sort of selective bias appears to be 
operating and that bias always seems to favour robustness. The bias then 
tends to be overlooked or depreciated in summarizing the actual findings 
and drawing generalized conclusions. And the author’s 
overgeneralization, underqualification or use of overly exuberant language 
in proclaiming robustness further tends to convey the impression that 
robustness is a highly general phenomenon, (p. 147)

Ironically, the second point, above, was made earlier by Box & Andersen

(1955). By way of more recent example, Penfield (1994) reported the results of a

Monte Carlo study on the relative performance of the f-test, Wilcoxon-Mann-

Whitney Test, van der Waerden Normal Scores Test, and the Welch-Aspin-

Satterhwaite Test using two independent random samples drawn from a variety

of nonnormal distributions using combinations of both equal and unequal

samples sizes as well as equal and unequal variances. The Wilcoxon-Mann-

Whitney test dominated when variances were equal, regardless of sample size.

The f-test performed best for equal sample sizes with unequal variances. The

Welch-Aspin-Satterthwaite test was the most powerful for unequal sample sizes

combined with unequal variances.

More recently, Wilcox (1998a) offered another view of robustness as it

related to “finding population parameters, estimators, and hypothesis-testing

methods that are not drastically affected by small changes in a distribution, P  (p.

5). He observed that neither p, a, or p, nor their estimators, x , s2 or r,

possessed qualitative, infinitesimal, or quantitative robustness. This accounts, in

part, for the poor performance of parametric tests under violations of their

assumptions as “arbitrarily small changes in a distribution can make a arbitrarily
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large” (Wilcox, 1998a, p. 7). This results in extremely poor power for testing 

hypotheses using means.

It is a common recommendation and practice, when using parametric 

tests, to test the sample data for assumption violations prior to subjecting it to an 

inferential hypothesis test. Wilcox (1998a) claimed that such attempts to try and 

salvage methods based on means were pointless as departures from population 

normality small enough to be undetectable by the Kolmogorov-Smirnov Test (of 

general differences) cause serious problems, especially with population 

distributions that are near normal but heavy-tailed.

With the tendency for research designs to become ever more complex, 

requiring multivariate hypotheses and tests, the lack of availability of distribution- 

free alternatives continued to be an issue (Emmons, et al, 1990). However, if the 

assumptions of parametric tests are rarely met in practice, the requirements for 

multivariate normality, multivariate homogeneity of variance, and lack of 

multicollinearity, required by many of the multivariate parametric tests, must be 

regarded as even less tenable.

When distribution-free statistics were finally examined in comparative 

studies with their parametric counterparts it was usually under conditions that 

met all of the assumptions of the later, a practice that continues to the present in 

studies such as Gibbons & Chakraborti (1991). Such studies often optimized the 

performance of the parametric tests relative to the distribution-free ones and the 

distribution-free alternatives were usually found to be relatively less ‘efficient’,
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even though the difference in efficiency was often small. There were exceptions,

however, such as Blair & Higgins (1980, 1985).

Bradley (1968) addressed the false perception that distribution-free tests

failed to use information relative to their parametric counterparts:

...the utilization of the additional sample information is made possible by 
the additional population “information” embodied in the parametric test’s 
assumptions. Therefore, the distribution-free test is discarding information 
only if the parametric test’s assumptions are known to be true. (p. 12-13)

This is the more general statement of the point cited earlier from Blair & Higgins

(1980) in connection with the power properties of the f-test.

Bradley (1968) claimed that professionals had overcome their earlier

biases against distribution-free tests, yet recent reviews of statistical methods

used in education, psychology, and sociology suggest otherwise (Emmons,

Stallings & Layne, 1990; Elmore & Woehlke, 1998). Emmons, et al, (1990)

surveyed 2,674 articles from three journals, for the years 1972 to 1987, and

found that out of 41 statistical analysis techniques, ANOVA was used 37% of the

time, followed by regression 13% of the time. A decrease in use was noted over

that period for numerous techniques, including nonparametric ones. Elmore &

Woehlke (1998) surveyed three journals from the American Educational

Research Association from 1978 to 1997 and found that the seven preferred

methods of data analysis, in rank order, were: ANOVA / ANCOVA (analysis of

covariance), multiple regression, bivariate correlation, descriptive statistics,

multivariate tests, nonparametric tests, and the f-test.

Cliff (1993, 1996a, 1996b) recently advanced the argument that ordinal

statistics may be the most appropriate for the vast majority of social and
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behavioral science research and should, therefore, be more widely used. 

Although his argument was specifically aimed at dominance statistics (which 

were not part of the present study) they apply generally to modern methods, 

including distribution-free procedures. Wilcox (1995, 1998a, 1998b), although a 

proponent of robust parametric methods, advanced the argument that, while 

most significant research results appearing in the literature probably represent 

the correct detection of a true effect, many research efforts have resulted in Type 

II errors, with an attendant loss of knowledge.

As presented in Cliff (1993, 1996a, 1996b) the argument was in several 

parts. First, data in social and behavioral research, or the latent constructs that 

the data represent, have only ordinal justification. Second, conclusions based on 

ordinal data are invariant under ordinal transformations, which is not true of 

metric transformations. When data are not invariant under transformation, 

inferential conclusions may be altered. Third, the research questions of interest 

are themselves ordinal, such that ordinal methods answer them more directly. 

Fourth, ordinal methods are typically more statistically robust, when applied to 

real data, in the sense that results are more inferentially valid and generalizable. 

Fifth, ordinal methods have greater statistical resistance in the sense that they 

are less sensitive to being influenced by a relatively small number of observed 

data points, such as outliers. Collectively, these arguments speak to the issues 

of justification of method and the rhetoric of statistics as principled argument 

(Abelson, 1995).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29

Interestingly, Cliff (1996a) expressed reservations about some robust 

alternatives to his proposed procedures, specifically resampling procedures, 

such as randomization and bootstrap methods, as well as differential data- 

weighting methods, such as trimmed means or variances (as cited in Wilcox, 

1996). One of his concerns with randomization approaches, such as the 

Wilcoxon-Mann-Whitney Test, was that they assumed populations were identical 

except for location, which he regarded as unrealistically narrow. In regards to 

bootstrap procedures, he suggested that they had not lived up to their promise, 

citing Wilcox (1991) with respect to inferences about Pearson rand citing 

Westfall & Young (1993) with respect to location comparisons.

Cliff (1996a) also took exception to Wilcox (1996), however, on the basis 

that differential data-weighting methods effectively altered the sampled 

population with nontrivial consequences, especially for asymmetric populations. 

He indicated that these alterations were unjustified because researchers had 

become sophisticated enough in their data collection and screening procedures 

that obtained data should be regarded as valid. Finally, he took exception to the 

complexity of the methods.

Hettmansperger (1998) echoed many of these concerns in his reply to 

Wilcox (1998a). Hettmansperger, McKean & Sheather (2000), however, argued 

in favor of robust nonparametric methods, noting in particular the need for better 

techniques to deal with uncontrolled quasi-experimental research designs and 

observational studies as well as data mining of large, unclean datasets. 

Zimmerman (1995) also advocated the use of robust nonparametric statistics,
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based on applying outlier detection and down-weighting procedures with 

nonparametric tests, as a way to increase their power. He noted that while the 

Wicoxon-Mann-Whitney Test enjoyed substantial power superiority over the t- 

test, when applied to samples from outlier-prone distributions, both tests suffered 

a loss of power.

Another issue of central importance to empirical studies is the 

methodology used to generate distributions and draw samples from them. 

Fleishman (1978) described four methods found in the literature for generating 

nonnormal distributions for Monte Carlo studies: 1) outliers, 2) extreme inverse 

probability functions on uniform deviates, 3) transformation of a random normal 

deviate by a skewing function, and 4) tabular. Fleishman (1978) developed a 

specific form of method 3), in the tradition of mathematical convenience, although 

he noted that Pearson and his students did the earliest work on nonnormality 

using tabular distributions. Penfield (1994) is typical of the subsequent use of the 

Fleishman (1978) power method. Tadikamalla (1980) offered five alternatives to 

Fleishman (1978) and compared their performance. Headrick & Sawilowsky 

(1999a, 1999b, 2000) extended the Fleishman (1978) power method to generate 

multivariate nonnormal data. Sawilowsky, Blair, & Micceri (1990), however, used 

the table method to implement the Micceri (1986) distributions.

Blair (1981) observed that “Ceiling effects, floor effects, presence of large 

minority groups, special scoring conventions as well as interactions between 

these phenomena are only some of the factors that give rise to bizarre shapes in 

educational data” (p. 504). Bradley (1975, 1977) reported on situations that lead
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to ‘bizarre’ distribution shapes such as ‘time-to-completion’ data viewed as a 

performance measure, noting that times tended to be somewhat normally 

distributed for highly error prone situations (difficult task, inept operator) but 

became “violently nonnormal” (Bradley, 1975, p. 321) for relatively easy tasks 

and/or competent operators. Pearson (1895) wrote on the problem of restriction 

of range for physical and biological measurements, noting that “...it theoretically 

excludes the use of the normal curve in many classes of statistics...” (p. 359) 

(emphasis in the original).

Micceri (1986, 1989) took on the Normal Mystique through a meta

analysis of 440 large-sample data sets from published research in social and 

behavioral sciences from 1982 through 1984. The picture that emerged strongly 

suggested that the populations under study were discrete and distinctly 

nonnormal. Micceri (1989) submitted that “This research was limited to 

measures generally avoided in the past, that is, those based on human 

responses to questions either testing knowledge (ability/achievement) or 

inventorying perceptions and opinions (psychometric)” (p. 157).

The Micceri (1986) data sets fall into four categories: 1) achievement 

[n=231], 2) psychometric [n=125], 3) criterion mastery [n=35], and 4) gain scores 

[n=49]. The sources of the data sets included: a) journal articles and researchers 

[265], b) national tests [30], c) statewide tests [64], d) district-wide tests [65], and 

e) college entrance and GRE tests [17]. None of the data passed tests of 

normality and very few were even reasonable approximations, with only 28.4% 

relatively symmetric while 30.7% were extremely asymmetric (Micceri, 1989).
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Cliff (1989) asserted that the “ ...simplest view of testing is that it takes

primary ordinal information in the form of test responses and converts it to

summary ordinal information about the examinees" (p. 75). Nunnally & Bernstein

(1994) remarked that “Real test scores based upon item sums are rarely

normally distributed, even if the number of items is large, because items on a real

test are positively correlated and not uncorrelated (independent)” (p. 168).

Micceri (1989) offered his own account of factors that might contribute to a non-

Gaussian distribution:

(a) the existence of undefined subpopulations within a target population 
having different abilities or attitudes, (b) ceiling or floor effects, (c) 
variability in the difficulty of items within a measure, and (d) treatment 
effects that change not only the location parameter and variability but also 
the shape of a distribution, (p. 157)

The eight empirical distributions of Micceri (1986) included three 

psychometric measures and five achievement measures. The psychometric 

measures were: 1) discrete mass at zero with gap, 2) extreme asymmetry, and 3) 

extreme bimodality. The achievement measures included: 1) mass at zero, 2) 

extreme asymmetry, 3) multimodal and lumpy, 4) digit preference, and 5) smooth 

symmetric.

The assumption of normality was clearly violated in all of the Micceri 

(1986) distributions, which were made available as a PC Fortran subroutine 

module described in Sawilowsky, Blair & Micceri (1990). The distributions have 

subsequently been used to perform Monte Carlo studies (see for example, 

Sawilowsky & Markman, 1989; Sawilowsky & Brown, 1991; Sawilowsky & Blair, 

1992; Sawilowsky & Hillman, 1991, 1992; Bridge & Sawilowsky, 1997; Fahoome,
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1999). Using these distributions, Sawilowsky and Blair (1992) concluded that 

Student’s M est was robust with respect to Type I error when the test was two- 

tailed with large samples of equal size. However, for extremely asymmetric 

distributions the f-test was non-robust with respect to Type I error.

The assumptions required for most parametric tests do not appear to be 

justified in the context of social and behavioral science research. Given that 

distribution-free tests hold out the promise of inferences that lead to conclusions 

that are more valid, defensible, and generalizable than those that can be arrived 

at using parametric tests, researchers in these fields should have a natural 

interest in distribution-free methods and a working knowledge of their properties 

and correct application. Even so, distribution-free tests are not without their 

mathematical assumptions (necessary and sufficient preconditions). To properly 

apply these tests a researcher must have knowledge of their assumptions as well 

as the robustness and resistance of the tests to violations of those assumptions.

The terms ‘nonparametric’ and ‘distribution-free’ are not synonymous, nor 

are they mutually exclusive. They stand together in contrast to the term 

‘parametric’, which refers to tests/statistics used to make an inference about a 

parameter in a population (probability density function) with specific distributional 

requirements using data that is at least on an interval scale (Gibbons, 1985). 

Note, however, that the last part of this statement is a vestige of the weak- 

measurement versus strong-statistics debate, and is not strictly correct.

The term ‘nonparametric’ describes a test that does not involve a 

hypothesis about a parameter in a statistical density function whereas the term
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‘distribution-free’ describes a test that makes no assumptions about the precise 

form of the sampled population (Gibbons, 1985). “Of the two terms, distribution- 

free comes closer to describing the qualities that make the tests desirable" 

(Bradley, 1968, p. 15).

The Sign test, for example, is a distribution-free test of the hypothesis that 

the parameter p of a binomial distribution is 0.5 whereas the Wilcoxon Signed- 

rank Test is a nonparametric test based on the distributional assumption of 

population symmetry. The Wilcoxon-Mann-Whitney Test (rank-sum) is both 

nonparametric and distribution-free, but presumes that the populations, under the 

alternative hypothesis, are identical except for location.

Although most distribution-free tests make very few assumptions, they do 

make some. Distribution-free tests generally share with parametric tests the 

fundamental assumptions that sampling and assignment are random, 

independent, and free of any systematic bias, as well as the distributional 

assumption that samples are drawn from continuous populations.

Zimmerman & Zumbo (1992a) reported that violation of random sampling 

produced “nonindependence of successive sample values within groups” (p. 377) 

resulting in higher Type I error rates, lower Type II error rates, and a spurious 

increase in the probability of rejecting the null hypothesis. Likewise, violation of 

random assignment manifested itself as “nonindependence of sample values 

between groups” (Zimmerman & Zumbo, 1992a, p. 378), resulting in lower Type I 

error rates, higher Type II error rates and a spurious decrease in the probability 

of rejecting the null hypothesis. Although these results were obtained with the F-
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test across the normal and four theoretical nonnormal distributions, they suggest 

the difficulties that violation of such basic assumptions invites.

Other assumptions, such as symmetry or identical shapes, may also exist 

for specific tests. The assumptions, however, generally stop far short of a 

completely specified distribution, such as the requirement for normality. Further, 

the assumptions are often sufficient conditions for complete validity of the test 

rather than necessary ones, such that the test may remain valid even if the 

assumptions are relaxed slightly (Gibbons, 1985). Bradley (1978) should be kept 

in mind, however, when contemplating the meaning o f ‘slightly’.

The reason that only limited population assumptions are needed with 

distribution-free tests is that the focus of these tests is on the samples 

themselves. They tend to use sample-related characteristics of the observations, 

such as ranks, rather than population-related characteristics, such as magnitudes 

(Bradley, 1968).

A possible point of confusion when working with distribution-free tests is 

that any statistical test involves at least three different distributions: a) the 

population, b) the observation-characteristic actually used by the test; and c) the 

test statistic itself. “The distribution from which the tests are ‘free’ is ... the 

sampled population. And the freedom that they enjoy is usually relative”

(Bradley, 1968, p. 15). Distribution-free tests use ordinal or categorical 

characteristics of the sample data rather than magnitudes, so they do not need to 

make assumptions about the distribution of these magnitudes (probability density 

function) in the population.
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Distribution-free tests require knowledge of the distributions of the sample 

characteristic of interest and of the test statistic, but these are both generally 

available. When the limited assumptions are met, the distribution of the sample 

characteristic is both discrete and completely specifiable based on a priori 

considerations. When the sample is also finite (as it always is in practice) the 

distribution of the sample characteristic becomes finite as well. Under these 

circumstances, the distribution of the test statistic can be calculated exactly using 

combinatorial formulas (Bradley, 1968). Thus, the difference between parametric 

and distribution-free tests is not one of total dependence on, versus total 

independence from, distributional requirements. Rather, it is a matter of which 

distributions one must have information about and whether that information can 

reasonably be obtained or assumed.

The assumption that sampled populations are continuously distributed 

leads immediately to the consequence that the theoretical probability of any 

specific score is zero and that the probability, therefore, of equal observations is 

also zero, such that zero difference-scores or tied ranks are presumed not to 

occur (Bradley, 1968). The test statistic, however, only has its null, or tabled, 

distribution when: 1) the assumptions on which it is based, and 2) the null 

hypothesis that it tests, are both true.

Continuity is a fundamental assumption that is routinely violated in the 

application of almost all statistical tests to almost all real (measured) data. For 

tests based on ranks, continuity leads to the requirement that a total of N 

observations can be uniquely assigned ranks using consecutive, non-repeating
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integers from 1 to N. In practice this requirement can be relaxed by making a 

distinction between ties that are of consequence and those that are not (critical 

vs. non-critical).

Consequential (critical) ties are those for which differing resolutions could 

produce differing values of the test statistic that in turn could result in differing 

inferential conclusions. By contrast, ties for which all possible assignments of 

ranks result in the same value of the test statistic are non-consequential (non- 

critical) and can be arbitrarily assigned the set of consecutive ranks for which the 

observations are collectively tied without any adverse effect on the performance 

of the test (Bradley, 1968).

In practice, equal observations (zero difference-scores, tied ranks) occur 

regularly so that most populations, based on the samples, appear to be discrete. 

“Sometimes, of course, the necessary assumptions are simply violated, the test 

being used as an approximate test, as is almost always the case with parametric 

statistics” (Bradley, 1968, p. 48). More often, an attempt is made to compensate 

for the consequences of violating the continuity assumption by resolving zero 

difference-scores or tied ranks in some manner.

Gibbons & Chakraborti (1992) described two basic approaches for dealing 

with ties. The first involved resolving (removing) the ties in some manner prior to 

conducting the test. These methods effectively alter the sampled data so that the 

data to which the test statistic is actually applied appears to meet the underlying 

assumptions of the test. The second class of methods involved computing the 

test statistic in two or more ways, up to and including all possible resolutions of
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ties, and then combining the resultant values in some manner to form a single

value of the statistic for testing. A third approach, available for some tests,

involves a formulaic correction of the test statistic for the presence of ties.

In all three approaches the aim is to utilize existing tables of critical values

and/or critical value approximation formulas, as is often the case with larger

sample sizes. These techniques stand in contrast to exact (permutation)

methods, methods based on bootstrap procedures, or the use of Monte Carlo

simulations to compute or estimate the actual probability of the result.

Equal observations (zero difference-scores, tied ranks) arise in practice

from imprecision in measurement or an inherently discrete population. The

difference turns out to be immaterial in one sense, but not in another. It is

immaterial in the sense that the distribution of measurements is indistinguishable

regardless of the cause. Bradley (1968) wrote:

... if one of the methods ... is used upon the zero differences or equal 
observations, the numerical test outcome will be exactly the same for a 
given set of sample observations, irrespective of which one of the three 
situations obtained. And irrespective of whether H0 is true or false, and of 
whether assumptions are met or failed, the distribution of the test statistic 
will be the same under all three situations. ... All of these considerations 
point to the conclusion that the discrete case can be treated in the same 
way as the continuous case, (p.48)

The distinction is not immaterial, however, in another sense. If the 

assumption of population continuity is tenable then the existence of zero 

difference-scores or tied ranks is an artifact resulting from a lack of precision in 

measurement that obscures real differences that actually exist in the population. 

As such, there is a ‘true’ value of the test statistic corresponding to one of the
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possible resolutions of the ambiguous scores, although it is not possible to know 

which resolution is the correct one (Bradley, 1968).

There is only one method that deals with this situation directly: Probability 

Bounds (Bradley, 1968; Gibbons & Chakraborti, 1992). Bradley (1968) refers to 

this as Method A, in which the test statistic is calculated twice, once resolving all 

consequential ties in the direction most likely to reject the null hypothesis and 

once in the direction least likely to do so. The probability levels associated with 

the test statistic T for these two resolutions are am and al respectively. The test 

outcome is then simply reported as am ^ P(T) < al- For nominal probability level 

a ,  if a  < a m , the null hypothesis is not rejected as both bounds lie above nominal 

alpha. Likewise, if al ^ a, then the null hypothesis is rejected as both bounds lie 

below nominal alpha. However, if aw  < a  < o l l , the test is inconclusive. The only 

resolution at this point would be to collect more data until both bounds fall on the 

same side of nominal alpha. The fact that this is not possible in many research 

situations is seen as a limitation of this method.

If a discrete population is the more tenable assumption, then equal 

observations do not necessarily require resolution as they actually occur in the 

population and naturally lead to zero difference-scores or tied ranks. However, 

for small to moderate sample sizes the observed pattern of zero difference- 

scores or tied ranks may not represent, even roughly, the actual pattern that 

exists in the population (Bradley, 1968).

Although method A is the most theoretically sound method for dealing with 

ties (when the continuity assumption holds) it is rarely used in practice. One
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reason is that it does not always result in a decision and inconclusiveness is 

inconvenient. Another reason may be that critical value tables are designed to 

allow comparison of an obtained test statistic to best conservative critical values 

(or estimates) at pre-specified probability (nominal alpha) levels, while method A, 

and several others discussed below, require the actual probability level of the 

obtained test statistic. This probability level is not, in general, available from 

tables or easily computed. Finally, without the continuity assumption, method A 

becomes more vague and less appropriate. Rather than am and at representing 

absolute bounds on P(T), they provide, at best, an estimate of an interval that 

contains P(T) (Bradley, 1968).

Many other methods have been suggested for dealing with tied 

observations, or rather, the problem of tied ranks in order based statistics 

resulting from working with real (measured) data. Ties within a group are often 

non-critical whereas ties between groups are often critical, although this depends 

on the specific test. For some tests, formulaic corrections are available in 

conjunction with a particular method of resolving the tied ranks. In textbooks, 

each test is often accompanied by recommended and/or preferred methods of 

dealing with ties as detailed later. These methods include, but are not limited to, 

the following:

B -  Drop tied observations prior to ranking and reducing n accordingly 

(Bradley, 1968; Gibbons & Chakraborti, 1992; Hajek, Sidak & Sen, 1999). 

C -  Resolve ties through random assignment (Bradley, 1968; Gibbons & 

Chakraborti, 1992; Hajek, Sidak&Sen, 1999).
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D -  Resolve ties to obtain some sort of average probability, using the 

mean, median, mid-range value or other weighted computation (Bradley, 

1968; Gibbons & Chakraborti, 1992).

E -  Alternately assign tied scores to the groups (Bradley, 1968).

F -  Assign the mid-rank to all members of a set of tied values (Bradley, 

1968; Gibbons & Chakraborti, 1992; Lehmann, 1998; Hajek, Sidak & Sen, 

1999).

G -  Resolve consequential ties in all possible ways, obtain the test 

statistic for each resolution, and then calculate the ‘average’ value of the 

statistic to use for the test (Neave and Worthington, 1988; Gibbons & 

Chakraborti, 1992; Hajek, Sidak & Sen, 1999).

H -  Resolve ties in the manner least favorable to rejection of the null 

hypothesis (most conservative test, lowest probability of making a Type I 

error) (Gibbons & Chakraborti, 1992; Hajek, Sidak & Sen, 1999).

I -  Resolve ties using average scores (Hajek, Sidak & Sen, 1999).

J -  Resolve ties using a conditional approach in which the ties are treated 

as fixed (Hajek, Sidak & Sen, 1999).

Hajek, Sidak & Sen (1999) indicated that numerous papers had been 

published on tied observations subsequent to Hajek & Sidak (1967). Their 

review of that literature indicated that the methods most often presented were “a) 

the method of randomization, b) the method of average scores, c) the method of 

conditional fixing of ties” (Hajek, Sidak & Sen, 1999, p. 136). The literature they 

referred to, however, was mathematical statistics. Other than mid-ranks, which
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are a special form of the average score method, these three methods are not the 

ones most commonly mentioned in the applied literature.

Methods B, C, E, F, H and I are the type that alter the data prior to testing. 

Methods A, D, and G are the type that calculate more than one value of the test 

statistic. Methods D and G combine the resulting test statistics in order to arrive 

at a single, definitive inferential decision. Only method A leaves open the 

possibility that a definitive decision (reject, fail to reject) is not supported by the 

data and thus is inappropriate.

A selective survey of nonparametric (distribution-free) textbooks revealed 

that theoretically oriented mathematical statistics texts, such as Bradley (1968), 

Gibbons & Chakraborti (1992), and Hajek, Sidak & Sen (1999) included general 

treatments of the origins and consequences of ties, accompanied by a review of 

methods for dealing them. By contrast, applied nonparametric textbooks aimed 

at social and behavioral researchers, such as, Conover (1999), Deshpande,

Gore & Shanubhogue (1995), Hollander & Wolfe (1999), Neave & Worthington 

(1988), Siegel & Castellan (1988), and Sprent & Smeeton (2001) lacked such 

general treatments.

Theoretical texts quickly adopted the continuity assumption and dispensed 

with the need for any further treatment of ties, whereas the applied texts dealt 

with ties on a test-by-test basis, usually by means of a single, ‘preferred’ method. 

Methods B (drop and reduce n) and F (mid-ranks) were the most frequently 

suggested, although Neave & Worthington (1988) often suggested method G, the 

use of a mean value of the statistic.
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Each of these methods has potential problems. Method B, for example, 

results in reduced sample sizes and possible loss of power, and can result in 

unequal sample sizes, rendering it potentially unsuitable for repeated measures 

tests. It also introduces bias toward rejection of the null hypothesis (Gibbons & 

Chakraborti, 1992). However, when populations are assumed to be discrete, this 

method makes more sense as the zero difference-scores or tied ranks are real 

(Bradley, 1968). Also, the loss of power and bias may be minimal if the number 

of dropped scores is ‘small’ relative to the sample size, although ‘small’ is rarely 

quantified. Methods B, C, D, E, and G, however, are based on the assumption of 

equiprobability, which is only meaningfully under the assumption of continuity.

Method D suffers from the same basic difficulties as method A, the lack of 

easily available probability levels for obtained statistics. It also suffers, along with 

method G, from potential computational complexity depending on how the 

average probability is found. If a mid-range value is used, one need only 

calculate (aM +aL)/2, with am and al as described previously. If a mean or

median value is desired, then the tied ranks must be resolved in all possible 

ways. This can become computationally daunting if multiple ties occur at multiple 

values. In general, if there are n, ties at k different values, the maximum number

k

of arrangements is Although only consequential ties need to be
/=1

resolved, this could still become impractical for moderate to larger samples even 

with modern computers.
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Method F often results in ranks that are not integers and still results in

multiple data values that are assigned the same ‘rank’. This may lead to values

of a test statistic that are not integral, even though the values should be integers

when the assumptions are met.

Bradley (1968) asserted that the application of methods B through E was

only valid under the specific additional assumption of equiprobability. This

assumption requires that when the null hypothesis is true, all possible resolutions

of ambiguous scores (consequential ties) are equally likely, a priori, to represent

the true situation. Thus zero difference-scores must be as likely to represent true

positives as true negatives. The same logic applies to method G.

Given the assumption of continuity, all of the additional assumptions of

methods B through E and G, including equiprobability, are met when two

sufficient conditions are met. Bradley (1968) gave these as:

(1) in the case of tests based on signs of difference-scores, the difference- 
score population is symmetric about zero when Ho is true, or, in the case 
of tests based on ranks, all of the sampled populations are identical (and 
unchanging) when Ho is true; (2) although perhaps imprecise, 
measurements are unbiased, i.e., there may be variable error but there is 
no constant error in measurements, (p. 50)

Method F (mid-ranks) is widely recommended and much used in practice 

(Gibbons & Chakraborti, 1992). It implicitly invokes the assumption of 

equiprobability, and, for most tests, violates other necessary assumptions as well 

(Bradley, 1968). Mid-ranks, by definition, occur more than once and thus do not 

represent a unique ordering. They are also often non-integral.

An unstated assumption with mid-ranks is that their use will yield a value 

of the test statistic that is approximately the average (mean or median) value of
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the statistic under all possible resolutions of consequential ties. In practice the 

resulting value of the test statistic can be much closer to the minimum or 

maximum value than to a middle value (Bradley, 1968). The consequence of 

violating these assumptions is that the distribution of the test statistic is altered to 

a degree that depends on the number and sizes of groups of equal observations 

and is conditional upon an idiosyncrasy of the sample (Bradley, 1968). Under 

such conditions, modern computer-based Monte Carlo methods offer one of the 

only practical means of studying the behavior of a test statistic.

Method G closely resembles method D, but averaging test statistics is not 

necessarily the same thing as averaging their probabilities. Neave &

Worthington (1988) employed the arithmetic mean when finding averages, 

although medians and mid-range values could also be used. The mean may be 

justifiable if the distribution of the statistic is known to be somewhat normal, or at 

least symmetrical, but the median becomes equivalent under these 

circumstances and is generally easier to determine. Under symmetry, the mid

range value would also tend to correspond to the mean and median and is 

computationally much more efficient.

Equiprobability depends on population continuity and cannot be directly 

reconciled with population discreteness. Bradley (1968) suggested that to avoid 

this apparent dilemma:

... simply omit continuity from the sufficient assumptions that guarantee 
equiprobability, thereby, in a sense, removing a “pure continuity” factor 
from the conditions which justify the use of the methods, (p. 55)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



46

Thus, when it comes to the treatment of ties in distribution-free tests, it matters 

little whether discreteness is due to imprecision in measurement or is 

characteristic of the population, as long as all sufficient conditions are met, other 

than continuity (Bradley, 1968).

Bradley (1968) critiqued each of the methods (A -  F). All of them suffer 

from the fact that the data is ambiguous as to the true situation, resulting in a loss 

of power. Method A makes an probability statement that is true of the entire 

sample, but loses power because it fails to reject the null hypothesis when 

a m < P(T) < a< oll, even though rejection is appropriate. Methods B through F 

only estimate the exact probability level for the entire sample without providing 

information on the precision of estimate. Method B makes a probability 

statement that is true for the unambiguous portion of the sample, but loses power 

though reduction in sample size. Methods C through F assume that H0 is true 

which tends to force the test statistic to have its null distribution, reducing power 

without accounting for that reduction. Bradley (1968) concluded that method A 

(probability bounds) was the most justifiable, followed by method B (drop and 

reduce n) and then C (random assignment), with C being used only in the case of 

discrete populations.

In spite of the apparent theoretical advantage for methods A, B, and C, 

method E (alternating assignment) has the attraction of being easy to implement 

(especially on a computer). Method F (use of mid-ranks) is one of the most 

widely suggested methods for dealing with tied ranks, along with method B.
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Method G, which is similar to method D, has support in the literature and is much 

more practical to implement.

The effect on statistical tests under any of these methods is the same; 

they become approximate tests. Tables of critical values do not then apply 

exactly as they would when all assumptions are met and must, therefore, be 

applied in a conservative fashion, resulting in an additional loss of power.

Although distribution-free tests enjoy relative simplicity of derivation and 

ease of calculation in use, they tend to suffer from an ongoing lack of availability 

of extensive tables of critical values. Even when textbooks have such tables they 

are often abbreviated, with tables for unequal sample sizes, large sample sizes, 

and larger numbers of comparison groups being especially scarce. Also, the 

actual probability levels are rarely given.

Fay (2002) provided a review of the literature on the generation of critical 

values and their associated probabilities for the Kolmogorov-Smirnov Test of 

General Differences, Tukey’s Quick Test of Location, Rosenbaum’s Test, and the 

Wilcoxon-Mann-Whitney (rank-sum) Test. Fortran 90 programs for generating 

critical value tables with associated probabilities were also provided. These 

programs were developed as part of the present study and used to generate the 

corresponding critical values and associated probabilities.

The author also attempted to develop Fortran programs to generate 

critical values and associated probabilities for the Kruskal-Wallis Test and the 

Terpstra-Jonckheere Test, but without complete success. Useful references
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were Iman, Quade and Alexander (1975) for the Kruskal-Wallis Test and Odeh 

(1971) for the Terpstra-Jonckheere Test.

Many authors provide large-sample approximation formulas for use with 

these tests. Fahoome (1999) studied this extensively for equal sample sizes, 

and the reader is well advised to consult this work before relying on these 

formulas. Fahoome (1999) dealt with the issue of ties, however, by resolving 

them on a test-by-test basis using the single method that was most 

recommended (preferred) or most practical to implement. These results were 

also reported in Fahoome (2002).

The six tests investigated in this study are distribution-free and/or 

nonparametric tests of location or general difference. For each test the following 

are described: background; assumptions and hypotheses; procedure and test 

statistic; null distribution (absent ties); critical values, rejection region and sample 

size; consequences of ties and recommended methods of resolution; an 

example; and comments (if needed).

2.2 — Two-independent-samples Omnibus Tests (Tests of General
Differences)

2.2.1 — Kolmogorov-Smirnov Test of General Differences

Background

Neave & Worthington (1988) and Conover (1999) identified this as 

Smirnov’s (1939) application of Kolmogorov’s (1933) goodness-of-fit-test. Vogt 

(1999) described it as a “Nonparametric test of whether two distributions differ
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and whether two samples may reasonably be assumed to come from the same 

distribution” (p. 151). Everitt (1998) described it as “A distribution free method 

that tests for any difference between two population probability distributions. The 

test is based on the absolute maximum difference between the cumulative 

distribution functions of the samples from each population” (p. 179). The 

maximum distance referred to is the vertical distance between the (graphs of the) 

cumulative probability distributions.

Assumptions and Hypotheses

Random and independent sampling of continuous populations is assumed 

with sufficient precision of measurement to avoid tied observations (Bradley,

1968; Conover, 1999). Independence of sample observations is assumed to 

exist both within and between groups (Hollander & Wolfe, 1999). The test can be 

used successfully with discrete populations, but the test becomes approximate 

with the tabled critical values providing best conservative estimates.

The null hypothesis for the two-sided test is that the two sampled 

populations have identical distributions, or Ho: [FA (x) = FB (x) for all x from -  oo

to oo ] (Conover, 1999). The two-sided alternative hypothesis is simply that the 

two sampled populations are different in some way, or Hi: [FA (x) ^  FB (x) for at

least one value of x ] (Conover, 1999).

In the case of a one-sided test the alternative hypothesis is that one 

population is stochastically greater than the other. For the case where the A 

population is suspected of having smaller values than the B population, Conover

(1999) gave the null and alternative hypotheses as Ho: [FA (x) < Fe (x) for all x
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from -  oo to oo ] versus H i: [FA (x) > Fs (x) for at least one value of x ]. For the

case where the B population is suspected of having smaller values than the A 

population, Conover (1999) gave the null and alternative hypotheses as 

Ho:[F,(x) > Fb ( x )  for all x from -  oo to oo ] versus H i:[FA (x) < Fs (x) for at least

one value of x ]. These hypotheses capture the idea that one of the populations 

is stochastically greater than the other. Neave (1981) suggested that the test 

only be used in the two-sided situation, the Wilcoxon-Mann-Whitney test being 

more powerful for the directional hypothesis.

Procedure and Test Statistic

This test can be used with unequal sample sizes. In general, assume two 

samples, A and B, with nA and nB observations respectively. Observations are 

combined and then ranked, keeping track of original sample membership. 

Conover (1999) defined the test statistic, T, in terms of two empirical distribution 

functions, SA and Se, using the supremum.

For the two-sided test, T = sup|SA (x) -  SB (x )|. For the pne-sided test that
X

A < B (stochastically), T+ = sup[S„ (x) -  SB ( x ) ] . Finally, for the two-sided test
X

that A > B (stochastically), T~ = sup[Ss (x) -  SA ( x ) ] .
x

The following procedure, described in Neave & Worthington (1988), is 

consistent with Conover (1999) above. Let there be N = nA + nB ranked 

observations, each designated as an A or B. For the ‘A’s, maintain a count 

above the letter sequence, starting from zero and incremented by nB each time 

an A is encountered. For the ‘B’s, maintain a count below the letter sequence,
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starting from zero and incremented by ha each time a B is encountered. The 

final count for both ‘A’s and ‘B’s should be M = nAxnB. Now compute the 

differences, d, = B, -  A/, by subtracting the A counts from the B counts for each 

letter position. Finally, find the absolute value of these differences.

For the two-sided test, take D* = max|cf/|. For a one-sided test take 

D'+ =  max|pos(d,)| or D* =  max|negf(d/)| depending on what is expected under

H-i. Specifically, if sample A is believed to come from a population that is 

stochastically greater than population B, the sample A cdf should reflect this and 

lie to the right of the sample B cdf, such that the sample B cdf will rise more 

quickly than the sample A cdf. Thus, the sample B cdf would be expected to lie 

above (vertically) the sample A cdf and D* would be the appropriate statistic.

Note that D* = nAnBD , where D is the statistic derived from a direct comparison 

of the sample cdf s, but is generally more convenient to use (Neave & 

Worthington, 1988).

A normal approximation formula is available for large sample sizes 

(Hollander & Wolfe, 1999). Fahoome (1999) provided an extensive study of the 

issue of adequate (equal) sample sizes for the use of normal approximations 

either in the absence of ties or with the use of mid-ranks to resolve them.

Null Distribution (absent ties)

The one-sided null distribution results from determining all possible letter 

sequences for a given N = na + hb, determining the value of Dab = max(FA -  Fb) 

(or D*) for each arrangement, constructing a frequency table of the resulting
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values, and dividing by the total number of arrangements, which is given by
(N)

n A)

(Neave & Worthington, 1988). The two-sided distribution is found by taking 

D = max[DAB, Oba]- The one-sided null distribution is not symmetric and is not 

easily related to the two-sided null distribution, although this tends to be more of 

a concern with large sample sizes since the non-symmetry does not diminish and 

the asymptotic distribution is not normal (Neave & Worthington, 1988). This is 

consistent with the presentations in Bradley (1968) and Conover (1999).

Critical Values. Rejection Region and Sample Size 

Critical regions are usually tabulated asD* > critical value, since D* takes 

only integer values and is more convenient than working with D (Neave & 

Worthington, 1988). When the test is used with discrete populations, the tabled 

critical values become best conservative estimates. The smallest sample size 

that can be tested is 3 per group, one-sided, at a = .05.

Siegel & Castellan (1988) contained tables for one-sided and two-sided 

tests of per-group sample sizes from 1 to 25 suitable for testing with unequal 

sample sizes. For samples exceeding 25, they provided a formula, adapted from 

Smirnov (1948), for determining the critical value. Fahoome (1999) studied the 

use of this approximation formula and it is not considered further here.

Wilcox (1997) noted that the Kolmogorov-Smirnov test has all but 

disappeared from applied research and introductory textbooks in social and 

behavioral science. He argued that it should be retained because it can have 

relatively high power even for shift effects and even in comparison to robust

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



53

measures of location. It does suffer, however, from exact Type I error 

probabilities that can be unacceptably different from nominal alpha at small 

sample sizes. At n=m=14 the best conservative critical value for a=.05 has 

probability .019, the next available value having probability .12.

Consequences of Ties and Recommended Methods of Resolution

Tied observations are only of consequence if they occur in the region of 

maximum relevant difference. Neave & Worthington (1988) suggested two 

methods for dealing with consequential ties, non-consequential ties being 

ignored. The first method was to defer incrementing either the A or B array until 

the end of a sequence of ties, both arrays being incremented by the appropriate 

amounts at that point, and appeared to be unique to this test. The second 

method was to resolve consequential ties in all possible ways, calculating the 

statistic for each resolution, and then calculating the average (mean) value of the 

statistic for use in the test.

Example

Consider samples A: {1, 2, 3, 4} and B: {2, 4, 6, 8, 10} such that nA = 4 

and nB = 5 with N = nA+nB = 4 + 5 = 9 and n x nB = 4 x 5 = 20. To test

Hi: Fa ( x )  > Fb ( x )  (stochastically), combine and rank the samples to get

{1, 2, 2, 3, 4, 4, 6, 8, 10}. Using the first method described above to resolve ties 

yields:

Count A 5 10 15 20 20 20 20
Scores 1 2 2 3 4 4 6 8 10
Group A B A A B A 8 8 8
Count B 0 4 4 8 12 16 20
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with difference scores df.{-5, -5, -6, -11,-11,-12, -8, -4, 0}. The alternative 

hypothesis requires D* =  max|neg(cf,)| =  max|-12| =  12. The critical value is 16

from Neave (1981, p.31). Since 12 <16 the test fails to reject the null 

hypothesis.

2.2.2 — Rosenbaum’s Test 

Background

This test first appeared in its current form in Rosenbaum (1954), which

was based on Rosenbaum (1953). In both articles, Rosenbaum cites Wilks

(1942) as the original source of the formulas for deriving the critical value tables.

Rosenbaum (1965) reiterated this earlier work. The test is classified as a runs

test. It is a quick and easy test, but is not routinely included in textbooks on

nonparametric statistics. Bradley (1968) only mentioned Rosenbaum’s test as a

special case of a test for excludances and includances based on the multivariate

hypergeometric distribution. Everitt (1998) described the test as:

A distribution free method for the equality of the scale parameters of two 
populations known to have the same median. The test statistic is the total 
number of values in the sample from the first population that are either 
smaller than the smallest or larger than the largest values in the sample 
from the second population, (p. 289)

Everitt’s (1998) description is more appropriate for Rosenbaum’s (1953) test of

dispersion. Neave & Worthington (1988) included this test in their chapter on

tests for general differences of two independent samples, but presented the test

somewhat differently as a test for general differences between two sampled

populations where spread tends to increase with an increase in the mean. They
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noted that while Rosenbaum (1965) originally presented this as a test for 

differences in spread, it was more appropriate for the use that they described. It 

is this later use of the test that is considered here. Thus, their suggested usage 

is consistent with Rosenbaum (1954).

Neave & Worthington (1988) claimed that under the conditions of an 

increase in spread with an increase in the median, tests such as the Wilcoxon- 

Mann-Whitney and Tukey’s quick (both described later) have almost no power 

because of the change in spread. Likewise, tests for spread, such as the Siegel- 

Tukey test (not described in this paper), have little or no power because of the 

change in location.

If more general differences were suspected, or needed to be protected 

against, the Kolvmogorov-Smirnov test (described previously) was suggested as 

a better choice (Neave & Worthington, 1988). Processes that are known to be 

exponential or Poisson in nature, where the standard deviation is related to the 

mean, would be excellent candidates for analysis by Rosenbaum’s test. Thus, 

Rosenbaum’s test appears to occupy a somewhat unique place among its better- 

known peers.

Assumptions and Hypotheses

Random and independent sampling of continuous populations is assumed 

with sufficiently precise measurement to avoid tied observations (Bradley, 1968). 

The null hypothesis is that there is no difference in the two sampled populations, 

or Ho: [FA (x) =  FB (x) ]. The alternative hypothesis can be two-sided or one

sided. The two-sided alternative hypothesis is simply that the two sampled
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populations are different in some way, or Hy.[FA (x) ^  Fe (x)]. In the case of a 

one-sided test the alternative hypothesis is that one population is stochastically 

greater than the other, or H i\[FA (x) > Fe (x) (stochastically)].

Procedure and Test Statistic

The following procedure was described in Neave & Worthington (1988). 

For the two-sided test, determine which sample has the overall greatest value 

and then count the number of observations in that sample that are greater than 

the greatest value in the other sample and let this be R, the test statistic. For the 

one-sided test, determine if the greatest overall value comes from the sample 

whose population is hypothesized under Hi to have the greater mean. If it does, 

proceed as for the two-sided test. If not, set R = 0.

Null Distribution (absent ties)

Rosenbaum’s test does not require equal sample sizes. For samples A 

and B of size ha and nB with N = /7a + nB, the probability that R is formed from ‘A’s 

and takes a value of at least h is the probability of their being at least h ‘A’s at the 

right-hand end of the sequence (Neave & Worthington, 1988). This probability is

given by pR = ^  . Asymptotically, as (nA, nB) oo with ^  -► p ,

pR —> ph, and this can be generally be used to produce best conservative critical 

values for sample sizes not found in tables.

Critical Values, Rejection Region and Sample Size 

Critical regions are of the form R > critical value (Neave & Worthington, 

1988). The table of critical values must be entered with rii as the size of the
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sample from which R is calculated and r?2 as the size of the other sample. The 

smallest-testable sample is 3 per group for a one-sided test at a  = .05. 

Consequences of Ties and Recommended Methods of Resolution 

Ties that occur at the maximum value are problematic but generally 

support a decision not to reject H0. Ties are only consequential if they occur at 

the lower end of the upper extreme run used to calculate R. Consequential ties 

render the situation ambiguous and the test becomes approximate. Neave & 

Worthington (1988) recommended dealing with consequential ties by resolving 

them in all possible ways and calculating a mean value of R from the resulting 

statistics to use for the test.

Example

Consider samples A: {1, 2, 3, 4, 5} and B: {2, 4, 6, 8, 10} such that 

nA=nB= 5 with N = nA+nB = 5 + 5 = 10. To test Hi: [FA(x) > Fs (x)

(stochastically)], check that the largest overall value comes from sample B.

Since 10 > 5 continue with the procedure. Arrange the combined observations in

rank order, keeping track of the original group membership.

Scores 1 2 2 3 4 4 5 6 8  10
Ranks 1 2.5 2.5 4 5.5 5.5 7 8 9 10
Group A A B A A B A B B B

Since the maximum value from sample A (5) is not tied with any values from 

sample B, none of the ties are of consequence and R = 3, the length of the 

extreme right-hand run of ‘B’s. The critical value at alpha = .05 is 4. Since R < 4, 

the test fails to reject H0.
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Comments

Eleven books were checked for this test (eight practical and three 

theoretical). It was referenced in only three of them (one practical and two 

theoretical). The practical text was Neave & Worthington (1988).

2.3 — Two-independent-samples Location Tests

2.3.1 — Tukey’s Quick Test

Background

This test first appeared in Tukey (1959) as the Two-sample Test to 

Duckworth’s Specifications. It is a quick test because it only requires a few of the 

sample observations to be ordered. It is also compact in the sense that tables of 

critical values are not generally needed for most applications, there being only a 

limited number of critical values that occur in practice. These two characteristics 

combine to make the test portable. Like Rosenbaum’s Test, Tukey’s Quick Test 

is based on extreme runs and is not routinely included in applied textbooks.

Assumptions and Hypotheses

Random and independent sampling of continuous populations is assumed 

with sufficiently precise measurement to avoid tied observations. The test is 

primarily a test for differences in location of the medians of the two sampled 

populations and is most appropriate when there is reason to believe that the 

sampled populations have the same spread, or better, the same shape (Neave & 

Worthington, 1988).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



59

The null hypothesis is that there is no difference in the two sampled 

populations, Ho: [FA (x) =  FB (x)] or no difference in the medians of the

populations, H0: [fa =  fa]. The alternative hypothesis can be two-sided or one

sided. The two-sided alternative hypothesis is simply that the two sampled 

populations are different in some way, H-i: [FA(x) =* FB(x)] or have different

medians, Hi: [fa^ fa]. In the case of a one-sided test the alternative hypothesis 

is that one population is stochastically greater than the other,

Hi :[Fa{x) > Fb ( x )  (stochastically)], or that there is a directional difference in the

medians, either Hi: [fa < fa] or H i: [fa> fa].

Procedure and Test Statistic

The following procedure was described in Neave & Worthington (1988). It 

begins by arranging the sample observations in a single combined array from 

least to greatest, keeping track of original sample membership, say A and B, and 

then ranking them.

For a two-sided test, if the minimum and maximum observed values come 

from the same sample then the test statistic is Ty = 0. If the minimum and 

maximum observed values come from different samples, then the test statistic is 

the sum of the extreme runs. For example, if the minimum value comes from 

sample A and the maximum from sample B then count the number of ‘A’s from 

the beginning of the array until the first B is reached, say Cl, and count the 

number of ‘B’s from the end of the array back until the first A is reached, say Cu, 

and set Ty = C l + Cu.
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For a one-sided test, if the minimum and maximum observed values come 

from the same sample, set Ty = 0. If the minimum and maximum observed 

values come from different samples, determine if the maximum observation 

comes from the sample that is expected to have the greater median. If not, set 

Ty = 0. If so, calculate Ty just as for the two-sided.

Null Distribution (absent ties)

For N = nA + nB, as (/?., nR) -> oo, —  —> p and —  -> q =  1 -  p such that the null 
v ' N N

pq(qh- p h)
distribution for a one-sided test is given as Pr T. > h) = — -̂---------L for any

v ' Q-P

h>2, where p ^ q  (unequal sample sizes) (Neave & Worthington, 1988). When 

sample sizes are equal, p = q = V2 and the probability of each of the h types of

letter sequences is 2"(h+1), giving h2~{h+i) in total. This arises from considering 

the h types of letter sequences that can give rise to Ty > h and the sum of their

resulting probabilities as illustrated in Table 2-1. In the case of the two-sided 

test, all of these sequences may be reversed so that all of the probabilities are 

doubled.
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Table 2-1
Null Distribution Letter Sequences for Tukey’s Quick Test

Type Letter Sequence
Asymptotic
Probability

1 A B . . . (at least /7-1 ‘B’s) pqh
2 A A B . . . (at least h-2 ‘B’s) p2qh-1

3 A A A B . . . (at least h-3 ‘B’s) pzqh~2

h-2 (h-2 ‘A’s) B . . . . (at least 2 ‘B’s) ph~2q3

h- 1 (h-2 ‘A’s) B . . . . (at least 1 ‘B’) ph~Y

h (at least h ‘A’s) . . . . (at least 1 ‘B’) phq

Adapted from Neave & Worthington (1988) p. 124

Critical Values. Rejection Region and Sample Size 

Critical regions are of the form Ty > critical value and tables are available 

(Neave & Worthington, 1988). However, for one-sided tests with samples sizes 

that are ‘not too small’ and ‘not too dissimilar’, the .05 and .01 critical values are 

generally 6 and 9, respectively. For a two-sided test under the same conditions, 

the .05 and .01 critical values are generally 7 and 10, respectively. These critical 

values are reported to work well for ratios of sample sizes from 1 to 1.5 (Neave & 

Worthington, 1988).

Equal sample sizes are not required, although tables of critical values 

should be employed when the ratio of larger to smaller sample exceeds 1.5. The 

smallest sample size that can be tested is 3 per group, one-sided at a  = .05.

Tukey’s Quick Test is not as powerful as the Wilcoxon-Mann-Whitney 

Test, so the latter is preferred for smaller samples where the ease of application
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of the former is not needed (Neave & Worthington, 1988). It is a valid 

distribution-free test, however, and can be easily applied to larger samples when 

many other tests cannot.

Consequences of Ties and Recommended Methods of Resolution 

Equal observations are only of consequence if a) they occur between 

samples and b) they involve the extreme runs. Neave & Worthington (1988) 

suggested resolving consequential ties in all possible ways and computing the 

average value of the test statistic, Ty. Ties at the global maximum or global 

minimum usually result in a non-significant finding with this method since at least 

one, and perhaps more, of the orderings of tied values will result in Ty = 0 and

this will tend to pull down the value of Ty.

In their example for the situation involving ties at both ends, Neave & 

Worthington (1988, p. 125) resolved and averaged the ties at each end 

independently and then formed Ty by adding the two average values together. 

Their example gave a left-hand tie of (AAB) that resulted in runs of ‘A’s of 4, 5, or 

6 and a right-hand tie of (AB) that resulted in runs of ‘B’s of 2 or 3. These were 

based on combinations rather than permutations, but the result turned out to be 

the same. The average ‘A’ run was 5 and the average ‘B’ run was 2.5, which 

yielded Ty = 7.5. Interpreted literally, however, for each of the three ‘resolutions’ 

of the left-hand ties there are two resolutions of the right-hand tie, or 2x3=6 

possible resolutions. If (L,R) represents the combinations of left and right end 

runs, the possible resolutions are (4,2), (4,3), (5,2), (5,3), (6,2), (6,3) with

corresponding values for Ty of 6, 7, 7, 8, 8, 9. This yields Ty = = 7.5, the
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same as before. This result appears to hold in general, making this procedure 

slightly more efficient that it would be if all combinations had to be considered.

Example

Consider samples A: {1, 2, 3, 4, 5} and B: {2, 4, 6, 8, 10} such that 

nA=nB=5 with N = nA+nB = 5 + 5 = 10. To test Hi: > 0A check that the

largest overall value comes from sample B and the least overall value comes 

from sample A. Since 10 > 5 and 1 < 2 continue with the procedure. Arrange the 

combined observations in rank order, keeping track of the original group 

membership.

Scores 1 2 2 3 4 4 5 6 8 10
Ranks 1 2.5 2.5 4 5.5 5.5 7 8 9 10
Groups A A B A A B A B B B

The tie at the score of ‘4’ is of no consequence since it is not involved in the runs 

at either end.

The maximum value from sample A (5) is not tied with any values from 

sample B, so Cy = 3, the length of the extreme right-hand run of ‘B’s. There is,

however, a tie between samples at the value ‘2’ (mid-ranks are shown). If the 

order of observations is left as shown above, then the left-hand run of ‘A’s 

smaller than the smallest B is 2, thus CL = 2 and Ty -  Cy + CL = 3 + 2 = 5 . If we

reverse the observations at 2, then the left-hand run of ‘A’s is 1, such that CL = 1

and Ty = 3 +1 = 4. Finally, Ty = (5 + 4)/2 = 9/2 = 4.5. The critical value at alpha

= .05 is 6. Since Ty < 6, the test fails to reject H0.
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2.3.2 — Wilcoxon-Mann-Whitney Test

Background

Wilcoxon (1945) introduced the rank-sum version of this test for equal 

sample sizes in the same article as the signed-rank test while Mann & Whitney 

(1947) independently developed the Mann-Whitney Utest The two versions are 

procedurally different but mathematically equivalent. It is often referred to in the 

literature as the Wilcoxon-Mann-Whitney Test (Sprent & Smeeton, 2001). The 

test is applied to ordinal (rank-ordered) data. Tables of critical values are more 

commonly available, however, for the Mann-Whitney version of the test.

In either form this is one of the better-known distribution-free tests, and is 

the one that corresponds most directly to Student’s f-Test for two independent 

samples. It is also a powerful test, with an asymptotic relative efficiency that 

never falls below 0.864 with respect to the f-test (Lehmann, 1998, p. 80) while it 

is often much more powerful under conditions that violate the assumptions of the 

f-test yet respect its own assumptions (Blair & Higgins, 1980).

The Wilcoxon-Mann-Whitney Test is generally regarded as a test of 

whether two independent samples represent the same population versus 

populations that differ in location, either of their medians or with respect to the 

rank-ordering of their scores (Sheskin, 1997). Bergmann, Ludbrook, & Spooren

(2 0 0 0 ) described it as a test of group mean ranks or, equivalently, rank sums, for 

testing two different hypotheses: a) a shift in otherwise identical populations, and 

b) a difference in mean ranks between randomized groups. A detailed 

theoretical treatment of the test was given in Lehmann (1998). Kruskal (1957) 

detailed the history of the test from 1914 to that time.
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Assumptions and Hypotheses

Under the population model, samples are assumed to be randomly and 

independently drawn from continuous populations with identical probability 

distributions other than a constant shift under Hi (Sheskin, 1997). This is known 

as a translation, or location-shift model. Measurement is assumed to be 

sufficiently precise to avoid tied observations (Bradley, 1968). Independence is 

assumed both within and between samples (Conover, 1999; Hollander & Wolfe, 

1999).

If F and G are the population distribution functions, the null hypothesis is 

H0: [F (x ) = G (x),V x] (Hollander & Wolfe, 1999; Conover, 1999). Siegel &

Castellan (1988) gave the null hypothesis as H0: [P[X > Y] = ^ ] .  The location-

shift model requires G(x) = F (x -A ) ,  Vx. The null hypothesis is then H0: [A = 0]

(Hollander & Wolfe, 1999).

Neave & Worthington (1988) gave the null hypothesis as no difference in 

the medians of the populations, or Ho: [fa =  fa]. With equal sample sizes this is 

equivalent to the hypothesis that the sum of ranks for each group is the same, or 

Ho: [ ^ ^ 1  = ]• For unequal sample sizes this generalizes as the mean rank

of the groups being equal, or H0: [F i = Ri ] (Sheskin, 1997). The parallel to the t- 

test is most evident in this form.

The test can be one-sided or two-sided. The two-sided alternative 

hypothesis for shift is Hi: [A *  0] (Hollander & Wolfe, 1999), H-i: [F (x ) *  G (x) for

som ex] (Conover, 1999), orH i: [P[X > Y ]*  (Siegel & Castellan, 1988).
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The alternative hypothesis for medians is Hi: [<f>, ^  </>2] (Neave & Worthington, 

1988). The alternative hypotheses for ranks are H-i: [ ^ R ,  *  ^ R 2 ], or

H-i: [Ri * R 2] (Sheskin, 1997).

For a one-sided test, the alternative hypotheses for shift are either

Hi: [A < 0], H i: [A > 0 ] (Hollander & Wolfe, 1999) or Hi: [P[X > Y] > ^ ] ,

H-i: [P[X > Y] < y^ \ (Siegel & Castellan, 1988). The alternative hypotheses for

medians are H-i: < 4>2] or > </>2] (Neave & Worthington, 1988). The

alternative hypotheses for ranks are Hi: < ^ R 2 ], Hi: [ ^ R 1 > ^ R 2 ],

H-i: [Ri < R2], or H i: [R 1 > R2] (Sheskin, 1997). Conover (1999) also gave 

alternative hypotheses in terms of expected values and probabilities.

Procedure and Test Statistic

Siegel & Castellan (1988) and Neave & Worthington (1988) described the 

Wilcoxon version of the test. Given two samples, A and B, with N = nA + ne, 

combine the observations in a single array, keeping track of original sample 

membership, and then rank them from 1 to N. Algebraic size is considered in 

ranking, with the lowest ranks assigned to negative values (if any) with the 

largest magnitudes. Compute Ra as the sum of the ranks of the observations 

from sample ‘A’ and Rb as the sum of the ranks of the observations from sample 

‘B’. The test statistic, W, is the rank sum that would be expected to be smaller if 

Hi were true.

Tables of critical values are usually given for the Mann-Whitney U test. 

Since they are mathematically equivalent, the results of the Wilcoxon procedure
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can be converted to values of U. Neave & Worthington (1988) gave the 

conversion for a two-sided test as: U = m\n[UA, UB], with UA=RA- —nA (nA +1)

and UB =  nAnB - U A — RB- —nB (nB +1). For a one-sided test, use either L/A or

Ub according to which one is expected to have the smaller value under to Hi. 

Converting to values of U also accounts for the effect of unequal sample sizes. 

Null Distribution (absent ties)

The assumptions of the test imply that when Ho is true, all possible 

sequences of observations from samples A and B are equally likely (Neave & 

Worthington, 1988). In any two-sample distribution-free test statistic the number

N\of possible sequences is:
N N '

P a. P b. nA\nB\
. To get the exact null distribution,

construct the statistic for each of these ways, construct the frequency distribution 

of the resulting values, and divide the frequencies by the number of possible 

sequences (Hollander & Wolfe, 1999).

The exact null distribution is generally used up to group size 10 

(Bergmann, Ludbrook, & Spooren, 2000) and depends on the number and 

pattern of tied values within and between groups (Lehmann, 1998). The 

distribution of W is symmetric about its mean value (Hollander & Wolfe, 1999) 

and quickly approaches the normal with increasing sample size (Neave & 

Worthington, 1988). A normal approximation formula is available for large 

samples sizes.
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Hollander & Wolfe (1999) considered the exact conditional (permutation) 

distribution of W in the presence of ties when ties were resolved using mid-ranks. 

The program StatXact (Mehta & Patel, 1999) can generate this distribution but it 

is not considered further here.

Critical Values. Rejection Region and Sample Size

Critical regions are of the form Umm ^ critical value and represent best 

conservative values (Neave & Worthington, 1988; Sheskin, 1997). The test can 

be applied to unequal sample sizes with appropriate critical value tables. The 

null distribution is symmetric and rapidly approaches normality with increasing 

sample size (Neave & Worthington, 1988). The method described above for 

generating the null distribution requires a computer for other than small sample 

sizes. Indeed, methods other than direct calculation may be needed as sample 

size increases.

Neave (1981) included critical values for all sample size combinations up 

to 25 per group and critical values for equal sample sizes of 26 to 50. Siegel & 

Castellan (1988) only provided critical value tables for all sample size 

combinations up to 1 0 .

Many authors (see for example Siegel & Castellan, 1988; Hollander & 

Wolfe, 1999; Neave & Worthington, 1988; Spent & Smeeton, 2001), have 

described a large sample approximation formula, including corrections for lack of 

continuity and the presence of ties, but differ greatly in their recommendations as 

to when it is appropriate to use. Fahoome (1999) studied the issue of adequate 

sample sizes for use of large-sample approximation formulas and the use of such
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formulas is not considered further here. The smallest sample that can be tested 

is three per group, one-sided, at a = .05.

Consequences of Ties and Recommended Methods of Resolution 

After the combined samples have been ranked, tied ranks that come from 

the same group are of no consequence and are resolved by arbitrarily assigning 

the set of tied-for ranks in sequence. Ties between groups, however, render the 

situation ambiguous and the test becomes approximate.

Neave & Worthington (1988) recommended resolving consequential ties in

all possible ways and calculating U as the average of all of the resulting ‘l / ’s.

This method is based on an equiprobability assumption that regards all 

resolutions of the tied values as equally likely (Bradley, 1968). In the case of the 

Wilcoxon procedure the same result can be accomplished by assigning mid

ranks. When using the Mann-Whitney procedure, the equivalent method is to 

assign a value of 14 to observations involved in consequential ties.

Conover (1999) described a modified form of the statistic that was 

approximately normally distributed and included a correction for ties. He 

recommended the use of this modified statistic “if there are many ties” (Conover, 

1999, p. 273) without regard to sample size and without quantification of ‘many’. 

He also devoted considerable text to formulas for calculating p-values.

Example

Consider samples A: {1, 2, 3, 4, 5} and B: {2, 4, 6 , 8 , 10} such that 

nA = nB = 5 with N = nA + nB = 5 + 5 = 10. To test Hi: ^  > </>A arrange the
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combined observations in rank order, keeping track of the original group

membership, and using mid-ranks to resolve consequential ties. Thus,

Value 1 2 2 3 4 4 5 6 8  10
Rank 1 2. 5 2.5 4 5.5 5.5 7 8  9 10
Group A A B A A B A B B B

Two values are tied at ‘2’ and two more at ‘4’. Both pairs of ties are

consequential as they are between groups, thus mid-ranks have been used.

Calculate the rank sum RA= 1 + 2.5 + 4 + 5.5 + 7 = 20 as this is expected to be

smaller under H-i. Compute the Mann-Whitney U equivalent of RA as

UA = Ra ~7jnA{nA +1) =  20 — 5(5 +  1)/2 =  20 — 30/2 =  20 —15 =  5.

The critical value at a = .05 is 4. Since UA> 4, the test fails to reject H0. 

Comments

Bergmann, Ludbrook, & Spooren (2000) compared the results of the 

Wilcoxon-Mann-Whitney Test for 11 PC-based statistics packages using a real 

data set. Results across packages were not consistent at the a = .05 level, with 

probabilities ranging from 0.01473 to 0.08873. The only implementations that 

gave accurate results constructed the exact permutation null distribution from the 

actual data, although some of these failed to compensate for ties. The 

performance of implementations that used a large-sample approximation 

depended on whether corrections were used for continuity and/or ties. Most of 

the packages failed to document the manner in which the procedure was 

implemented and the authors recommended that most of them be avoided.
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Fligner & Policello (1981) introduced a robust rank test for the ‘Behrens- 

Fisher’ problem. Zimmerman (1992) asserted that the Wilcoxon-Mann-Whitney 

Test is appropriate under violation of normality, but not violation of homogeneity 

of variance, consistent with the assumption of the shift-effect model investigated 

here. He asserted that the Fligner-Policello Test might be a more appropriate 

test when both assumptions were not considered tenable. Hollander & Wolfe 

(1999), described the Fligner-Policello Test as an extension of the Wilcoxon- 

Mann-Whitney Test based on the additional assumption that the two population 

distributions were symmetric about their respective medians, while relaxing the 

assumption that they have the same distributional form and, in particular, that 

they have the same variance. Because of the symmetry requirement, the 

Fligner-Policello Test is no longer strictly distribution-free. It is not considered 

further in this study.

Zimmerman (1995) advocated the use of robust nonparametric statistics 

to increase power. He applied a two-stage procedure to the f-test and Wilcoxon- 

Mann-Whitney Test that involved detection and down-weighting of outliers prior 

to testing.

2.4 — /r-independent-samples Omnibus Tests — The Kruskal-Wallis Test

Background

This test was introduced in Kruskal (1952) and Kruskal & Wallis (1952). 

Vogt (1999) described it as “A nonparametric test of statistical significance used 

when testing more than two independent samples. It is an extension of the 

Mann-Whitney U test, and of the Wilcoxon [rank-sum test], to three or more
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independent samples. It is a nonparametric one-way ANOVA for rank order 

data...” (p. 151). Everitt (1998) described the test as a “ ...distribution free 

method that is the analogue of the analysis of variance of a one-way design. It 

tests whether the groups to be compared have the same population median...”

(p. 180). The test is applied to ordinal (rank-ordered) data (Sheskin, 1997).

Power comparisons with the F-test are very favorable. Conover (1999) 

gave the following asymptotic relative efficiencies for the Kruskal-Wallis test 

relative to the F-test: 1) for distributions that differ only in their means, never less 

than 0.864 but as high as infinity, b) for normal populations, 0.955, c) for uniform 

distributions, 1.0, and d) for exponential distributions, 1.5.

Assumptions and Hypotheses

Random and independent sampling of continuous populations is assumed 

with sufficient precision of measurement to avoid tied observations (Bradley, 

1968). Sample values are independent both with and between groups (Conover, 

1999). The null hypothesis assumes further that the populations are identical. 

The alternative hypothesis assumes that the populations differ only in location, 

known as an additive or location-shift effect (Sprent & Smeeton, 2001). For k 

groups, the population distribution functions, Fi,...,Fk are assumed to have the 

relationship F; (x) = F ( x - r ; ), - o o  < j  < <x> over all j ( j=  1 to k) where F is a

continuous distribution function with unknown median and ij is the unknown 

treatment effect for the /th population (Hollander & Wolfe, 1999).

Vargha & Delaney (1998) took exception to the use of the Kruskal-Wallis 

Test with the foregoing assumptions on the grounds that the attendant

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



hypotheses, while mathematically correct, were too narrow to be of practical 

value to researchers. They claimed that the Kruskal-Wallis Test “cannot detect 

with consistently increasing power any alternative other than exceptions to 

stochastic homogeneity” (Vargha & Delaney, 1998, p. 170). This, in turn, is 

mathematically equivalent to the “equality of expected values of the rank sample 

means” (Vargha & Delaney, 1998, p. 170). They argued that the requirement for 

identical distributions under H0 is too strict, and that only variance homogeneity is 

needed. Further, they asserted that the Hi to which the test is actually sensitive 

is “the tendency for observations in at least one of the populations to be larger (or 

smaller) than all the remaining populations together” (Vargha & Delaney, 1998,.p 

186).

Hollander & Wolfe (1999) gave the null hypothesis as 

Ho: [^  = r2 = ••• = r j .  Neave & Worthington (1988) and Siegal & Castellan 

(1988) stated the null hypothesis as no difference in the medians of the 

populations, or H0: [fa = fa = — = 0J- Conover (1999) presented the null 

hypothesis as Ho: [All of the k population distribution functions are identical].

The test is two-sided with an omnibus alternative hypothesis for shift of 

Hi: [^ ,..., 7̂ not all equal] (Hollander & Wolfe, 1999) or, for medians, of 

H-i: [not all of fa, fa, ..., fa are equal] (Neave & Worthington, 1988; Siegal & 

Castellan, 1988). Conover (1999) gave the alternative hypothesis as Hi: [At least 

one of the populations tends to yield larger observations than at least one of the 

other populations].
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As given in Sheskin (1997), all of these hypotheses can be formulated in 

terms of rank-sums (for the equal sample size case) or mean ranks (for the 

general case) as follows: H0: []£R , = = ••• = ]’ Ho: = ^ 2  = ... = Rk],

with the alternative hypothesis of Hi: [not Ho ]. The alternative hypothesis is 

stated in this way because it only requires that some pair of groups be different, 

not that all groups are different, consistent with Conover (1999).

Procedure and Test Statistic

The general procedure, which does not assume equal sample sizes, is to 

combine the samples and rank the observations, keeping track of original group 

membership. For each of the k groups, let the number of observations be n,

k
(/'= 1,2,...,/c) such that the total number of observations is /V = ]T/7,. Calculate

/=1

the rank-sum for each group as s, ='£r ij, where is the rank assigned to the yth
;=1

observation in the /th group. The sum of the mean squared ranks is calculated

k f  s2 \̂ 12as Sk = Y  -i- . The statistic is then calculated as H = —  rSk ~3(N + i ) .k t f U J  /V(A/ +  1)
This is the common computational formulation, consistent with Sprent & Smeeton

(2001), Neave & Worthington (1988), Feir-Walsh & Toothaker (1974), Siegal & 

Castellan (1988) and Conover (1999).
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1 A/(A/ + 1)
Conover (1999) defined the test statistic as T = Sk-----^ —- where

v J

/

Sk and /V are as defined above and S2 = — Y  ft (X, f  -  N ̂  + ̂
N-'\ iif v "  4all 

K ranks

. He

/

noted that S2 simplified to N(N + '\)/'\2 in the absence of ties such that T = H as 

defined above.

The definition of H was also given by Neave & Worthington (1988) and

Ri is the mean rank of group /, and R is the overall mean rank of the N total 

observations. In this form it can be most clearly seen that the statistic is a 

weighted sum of squared deviations. Conover (1999), Sheskin (1997), and 

Siegal & Castellan (1988) discussed post-hoc procedures using pairwise 

comparisons, but they are not considered further here.

A normal approximation formula is available for large sample sizes 

(Hollander & Wolfe, 1999). Fahoome (1999) provided an extensive study of the 

issue of adequate (equal) sample sizes for the use of normal approximations, 

either in the absence of ties or with the use of mid-ranks to resolve them.

Null Distribution (absent ties)

Under the null hypothesis the k samples can all be regarded as coming

from the same population. As such, all arrangements of the N =  +  n2 h \-nk

observations are equally likely. Also, all of the arrangements of the N ranks into

Siegal & Castellan (1988) as H where /?, is as above
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NI
groups of sizes n-i, n2, ..., nk are equally likely, and there are —-—  ------   such

n,\n2\ -nk\

arrangements (Hollander & Wolfe, 1999; Berry & Mielke, 2000; Neave & 

Worthington, 1988). In theory, the null distribution is found by calculating the 

value of H for all of these arrangements, constructing the cumulative frequency 

distribution and then dividing by the total to get the required probabilities for 

constructing the cdf.

In practice, some other approach to generating the null distribution 

becomes necessary at around 1,000,000 permutations on a PC or 100,000,000 

permutations on a workstation (Berry & Mielke, 2000). When the null hypothesis 

is true, and N is moderate to large, the test statistic has a chi-squared distribution 

with k -  1 degrees-of-freedom (Sprent & Smeeton, 2001). Siegal & Castellan 

(1988) and Conover (1999) recommended the use of the chi-squared 

approximation when k> 4 and rij> 5 for all groups.

Hollander & Wolfe (1999) addressed the exact conditional (permutation) 

distribution of H using ‘average’ (mid) ranks to break ties. This procedure is 

available in StatXact (Mehta & Patel, 1999) but is not considered further here. 

Critical Values. Rejection Region and Sample Size 

Critical regions are of the form H > critical value (Neave & Worthington, 

1988). Approximate critical values can be obtained from a chi-squared 

distribution with k -  1 degrees-of-freedom. The test will work with unequal 

sample sizes since the calculation of the statistic involves a weighted sum of 

squares of differences between group mean ranks and the overall mean rank,
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although critical value tables tend to be limited (Neave, 1981). The smallest 

testable sample is 3 per group at either a = .01 or a = .05.

Consequences of Ties and Recommended Methods of Resolution 

The presence of ties violates the assumptions of the test and alters the 

null distribution of H. Neave & Worthington (1988) recommended the use of 

‘average’ (mid) ranks to resolve ties. Siegal & Castellan (1988) recommended 

the use of mean ranks for resolving all ties, regardless of whether they were 

within a single group or occurred between groups.

For a ‘small’ (unspecified) number of ties, Neave & Worthington (1988) 

recommended that H be used without further correction. For a ‘large’ (also 

unspecified) number of ties they gave a correction factor as

V ( f 3- f )  y t3-y t  
C =  1 -   - =  1 -  — -(=sL- where t is the number of ties for a given tied

value and the summation is taken over all sets of tied values. This is consistent 

with Sheskin (1997) and Siegal & Castellan (1988). The adjusted statistic is 

Hcalculated as H* =  — , which is approximately chi-squared distributed with /c-1 
C

degrees-of-freedom.

Sprent & Smeeton (2001) gave a version of the statistic, corrected for ties

using mid-ranks, based on the total sum of squared ranks, Sr = X Z i ' f  ’ ancl a

previously. Analogous to ANOVA, Sk and Sr are the “uncorrected treatment and

i=1 y=1

correction factor, C = with Sk as defined
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total sums of squares for ranks” (Sprent & Smeeton, 2001, p. 201) (emphasis in 

the original). They indicated that this corrected statistic continues to be 

approximately chi-squared distributed with k-1 degrees-of-freedom.

Example

Consider k = 3 groups with N = nA+nB+nc = 5 + 5 + 5 = 15 observations:

A: {2, 5, 8, 14, 17}, B: {6, 6, 9, 12, 15}, and C: {4, 7, 13, 16, 19}. To test the null

hypothesis of no difference in the population medians versus the two-sided

(omnibus) alternative that not all of the population medians are equal, arrange all

of the observations in a single array and rank them, keeping track of the original

group membership.

Scores 2 4 5 6 6 7 8 9 12 13 14 15 16 17 19
Ranks 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Group A C A B B C A B B C A B C A C

The two observations tied at value ‘6’ are from the same group, thus they are not 

consequential for this test and have been arbitrarily assigned consecutive ranks.

From the ranked data calculate: sA =1 + 3 + 7 + 11 + 14 = 36, 

sB = 4 + 5 + 8 + 9 + 12 = 38, and sc = 2 + 6 + 10 + 13 + 15 = 46, such that

_ 362 382 462 4 856 0 . . . .
Si. = ----- + ----- + ------= ---------= 971.2. This yields

5 5 5 5

H = 12(971-j )  -  3(15 +1) = 11654'4 -  3(16) = 48.56 -  48 = 0.56. The critical 
15(15 + 1) v ’ 240 v ’

value for this test at alpha = .05 is 5.780. Since H < 5.780 the test fails to reject

the null hypothesis.
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Comments

Berry & Mielke (2000) studied exact and resampling Monte Carlo 

approaches to both the Wilcoxon-Mann-Whitney Test and the Kruskal-Wallis 

Test. For the resampling procedures, p values from .001 to .10 required from

4,000 to 400,000 resamplings to obtain three places of accuracy while 

40,000,000 to 4,000,000,000 resamplings were needed to obtain 5 places of 

accuracy.

Rust & Fligner (1984) described a modification of the Kruskal-Wallis 

statistic to deal with the Behrens-Fisher situation under less restrictive null and 

alternative hypotheses. The test remains exactly distribution-free under the 

original null hypothesis and is asymptotically distribution-free under the less 

restrictive hypothesis given that the requirement for symmetry is met (Hollander 

& Wolfe, 1999). Wilcox (1994) provided simulation results for the Rust-Fligner 

modification of the Kruskal-Wallis Test that showed very favorable performance 

relative to the F-test with population distributions that were near normal, but 

slightly heavy-tailed, nonnormal, and both.

Siegal & Castellan (1988) considered post-hoc multiple comparisons and 

comparisons of treatments versus a control. Hollander & Wolfe (1999) also 

discussed procedures for post-hoc multiple comparisons at length. These 

procedures are not considered in any further detail here.

Extensive consideration was given to the null and alternative hypotheses 

for which the Kruskal-Wallis test is consistent in Vargha & Delaney (1998), these 

being stochastic homogeneity and stochastic heterogeneity, respectively. They
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remarked that almost all of the prior literature on the Kruskal-Wallis Test, except 

for those that explicitly adopted a shift model, was inadequate and did not 

correctly represent the assumptions and hypotheses of the test. They also noted 

that the shift model, while mathematically defensible, was unrealistically 

restrictive.

2.5 — fc-independent-samples Tests of Ordered Alternative Hypotheses —
The Terpstra-Jonckheere Test

Background

The Terpstra-Jonckheere Test was developed independently by Terpstra 

(1952) and Jonckheere (1954). Like the Kruskal-Wallis Test, it is an extension of 

the Wilcoxon-Mann-Whitney Test on ranks for the one-way design. It differs from 

the Kruskal-Wallis Test in that it postulates a specific ordering of the groups 

under the alternative hypothesis based on prior knowledge (Hollander & Wolfe, 

1999; Siegal & Castellan, 1988).

Assumptions and Hypotheses

Random and independent sampling of continuous populations is assumed 

with sufficient precision of measurement to avoid tied observations (Bradley, 

1968). Independence of sample observations, both within and between groups, 

is also assumed (Hollander & Wolfe, 1999). The more general assumption is 

that all of the possible assignments of joint ranks are equally possible (Hollander 

& Wolfe, 1999). It is also assumed that the situation being tested supports an a 

priori expectation of a specific, identifiable order of the population medians. This
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ordering must be based on the experimental design, not on the observed data 

(Hollander & Wolfe, 1999; Siegal & Castellan, 1988).

The null hypothesis assumes that the populations are identical. The 

alternative hypothesis assumes that the populations differ only in location, known 

as an additive or location-shift effect. For k groups, the population distribution 

functions, Fi,...,Fk are assumed to have the relationship 

Fj (x) = F (x  -  tj:), - oo < x < oo over all j, (/' = 1 to k), where F is a continuous

distribution function with unknown median and ij is the unknown treatment effect 

for the /th population (Hollander & Wolfe, 1999).

Hollander & Wolfe (1999) gave the null hypothesis as Ho: = t2 = ■■■ = r k]

while Neave & Worthington (1988) and Siegal & Castellan (1988) stated it in 

terms of medians as H0: [<A =  02 =  ••• -  4>k ]■ Sprent & Smeeton (2001) gave the 

null hypothesis of identical populations as H0: [F1(x) = F2(x) = --- = F,( (x), Vx], If

the k groups are numbered to correspond to the expected order, the alternative 

hypothesis is one-sided and given by Hi: < r2 < ••• <  rk , with at least one strict

inequality] (Hollander & Wolfe, 1999), H-i: [F1(x )< F 2(x )< ---< F ^(x ), at least

one inequality strict for some x ] (Sprent & Smeeton, 2001), or

Hi: [0! <(j>2< ■ < A . at least one of the inequalities is strict ] (Neave &

Worthington, 1988; Siegal & Castellan, 1988).

Procedure and Test Statistic

The procedure calculates the Mann-Whitney U statistic for all pairs of 

samples and then combines the results. If the Wilcoxon rank-sum procedure is
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used the resulting statistics must be converted to Mann-Whitney U statistics 

before being combined. For the alternative hypothesis, as stated above, the test 

statistic was given by Neave & Worthington (1988) as

k - 1 k

J =  U21 +  C/31 + ...  +  +  U32 + ... + Ujj + ... + Uk̂  =  ^2 U,j . where Ujj
7=1 i = j+ 1

represents the Mann-Whitney U statistic for each pair of samples, computed in 

the order dictated by Hi to give the least value of each Ujj. This is consistent with 

Siegel & Castellan (1988) and others. To the extent that Hi tends to be true 

each of the Ujj will tend to be small and thus their sum will tend to be small.

For k groups there will be /c(/c—1 )/2 values of U. Hollander & Wolfe (1999) 

gave the Mann-Whitney procedure for calculating the values of U directly, 

including an adjustment for ties (equivalent to using mid-ranks in the Wilcoxon 

version of the procedure) as

1 if a < b

Uuv = X X ^ ( X /u,X jV) ,1 < u < v < /c , where <f>'(a,b) = U  ifa  = b.
/=1 7=1 ^

0 if a> b

This is consistent with Siegal & Castellan (1988). The test is approximate when 

ties are present.

A normal approximation formula is available for large sample sizes 

(Hollander & Wolfe, 1999). Fahoome (1999) provided an extensive study of the 

issue of adequate (equal) sample sizes for the use of normal approximations 

either in the absence of ties or with the use of mid-ranks to resolve them. The 

use of such formulas is not considered further here.
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Null Distribution (absent ties)

The null hypothesis implies that all samples come from identical, 

continuous distributions such that all possible sequences of observations are 

equally likely (Neave & Worthington, 1988). In theory, one obtains the null 

distribution by calculating Jfor all possible sequences for a given choice of k and 

tii, constructing a frequency distribution and dividing by the total frequency 

(Hollander & Wolfe, 1999). This is not very practical, however, as for 

N = n̂ +n2... + nk total observations in k groups, the total number of sequences

A/i ( 5 > / ) !is given a s  :------=  >=-.—'T which gets large very quickly as the number of
n,\n2\...nk\

groups and total sample size increase. Jonckheere (1954) gave a recursion 

formula that is the basis for the actual critical value tables (as cited in Neave & 

Worthington, 1988).

Critical Values. Rejection Region and Sample Size 

Critical regions are of the form J < critical value (Neave & Worthington, 

1988). The test supports unequal samples sizes and more extensive critical 

value tables are available as Table R in Neave & Worthington (1988). As the 

sample size increases the null distribution of J becomes asymptotically normal. 

Neave & Worthington (1988) and Siegal & Castellan (1988) gave formulas for 

obtaining approximate critical values.

Consequences of Ties and Recommended Methods of Resolution 

The issue with regards to ties is identical to the Wilcoxon-Mann-Whitney 

Test and Kruskal-Wallis Test described previously and the recommendations
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made there apply here as well. In particular, when ties are present the test 

becomes approximate when referred to a standard table of critical values. 

Example

Consider k = 3 groups with N = nA+nB + nc = 5 + 5 + 5 = 15 observations:

A: {2, 5, 8, 14, 17}, B: {6, 6, 9, 12, 15}, and C: {4, 7, 13, 16, 19}. To test the null 

hypothesis of no difference in the population medians versus the alternative 

hypothesis Hi: <i>A<<j>B< 4>c calculate the Wilcoxon rank-sum statistic for the

three pairs of samples Rba, R ca, Rcb- 

For Rba, the data is

Scores 2 5 6 6 8 9 12 14 15 17
Ranks 1 2 3 4 5 6 7  8 9 10
Group A A B B A B B A B A

with R ba =1 + 2 + 5 + 8 + 10 = 26 and UBA = 26 -5 (5  + 1)/2 = 26 -1 5  = 11. The tie 

at ‘6’ is within group B and so consecutive ranks were assigned. For R ca, the 

data is

Scores 2 4 5 7 8 13 14 16 17 19
Ranks 1 2 3 4 5 6  7 8 9 10
Group A C A C A C A C A C

with Rca= 1 + 3 + 5 + 7 + 9 = 25 and UCA = 2 5 -5 (5  + 1)/2 = 25 -15  = 10. Finally,

for Rcb, the data is

Scores 4 6 6 7 9 12 13 15 16 17
Ranks 1 2 3 4 5 6  7 8 9 10
Group C B B C B B C B C C

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



85

with Rcb =2 + 3 + 5 + 6 + 8 = 24 and UCB = 24 -5 (5  + 1)/2 = 24 -15  = 9. It follows

that W = UBA + UCA + UCB =11 + 10 + 9 = 30. The critical value for this situation at

a = .05 is 21. Since 30 > 21, the test fails to reject the null hypothesis.

Comments

Mielke & Berry (2000) described Fortran program RTERP for computing 

probabilities associated with the Terpstra-Jonckheere test. RTERP provided a 

probability for the value of the statistic based on a randomization routine, fully 

accounting for ties. They reported that for small samples the results were 

comparable to the exact test while for large samples the solutions were nearly 

exact, and that the results were uniformly better than the normal approximation. 

RTERP was intended to replace TJTEST (Berry & Mielke, 1997), which required 

that the data contain no tied values, provided an exact probability for a realized 

value of the statistic, and an approximate probability for a normal approximation 

value of the statistic.

May & Konkin (1970) proposed a modified version of the Jonckheere test. 

Their statistic was based on the rapid approach of the sampling distribution to the 

normal with increasing sample size, a t approximation from Jonckheere (1954), 

an adjustment for continuity, and the number of comparisons supporting the 

alternative hypothesis.

2.6 — Remarks

There are many other tests for differences among k independent samples 

(Siegal & Castellan, 1988). Some, like the median test, are known to be less
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powerful than tests included in this study. Others, such as a /c-sample test of 

slippage (Mosteller, 1948; Mosteller & Tukey, 1950), the generalization of the 

Jonckheere test (Chacko, 1963; Puri, 1965), or the umbrella test (Mack & Wolfe, 

1981) apply to alternative hypotheses other than a shift in location. Hollander 

(1963), for example, described a modification of a test proposed by Moses 

(1952) that was sensitive to a treatment that manifested itself as an extreme 

reaction in either direction. Arnold & Briley (1973) also described such a 

distribution-free test, which they claimed “was equivalent to a two-sample test for 

dispersions considered in various forms by Ansari and Bradley (1960), Siegal 

and Tukey (1960) and others” (p. 302). Keselman, Cribbie & Zumbo (1997) 

studied specialized tests for detecting location differences with skewed 

distributions. These specialized tests have not been reviewed here.

Monte Carlo studies form a subset of experimental mathematics (Zumbo & 

Zimmerman, 1993), which refers to the use of computer simulations to mimic the 

rules of a model via (pseudo-) random processes. They take their place between 

the theoretical models of mathematical statistics and the practical concerns of 

applied research. Their relevance lies in the attempt to bridge that gap and allow 

practitioners to “see statistics for what it is, a straightforward discipline designed 

to amplify the power of common sense in the discernment of order amid 

complexity” (Stevens, 1968, p. 854).

Stevens (1968) spoke eloquently to both the legitimate differences in 

these sometimes polar perspectives as well as the need for them to be cognizant 

of, and respectful towards, the concerns of the other in the name of advancing
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human knowledge of the real world. In describing the association between

schematics (models) and empirics (data) Stevens (1968) wrote that:

...it is precisely by way of the proper and judicious joining of the schematic 
with the empirical that we achieve our beneficial and effective mappings of 
the universe—the schemapiric mappings known as science. The chronic 
danger lies in our failure to note the distinction between the map and the 
terrain, between the simulation and the simulated, (p. 850)

The failure to note and understand this distinction is precisely what led to, and

continues to maintain, the Normal Mystique.
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CHAPTER 3 

METHOD

3.1 — Overview

The Type I error and power properties of six distribution-free inferential 

statistical tests were studied using Monte Carlo techniques implemented as 

Fortran computer programs. The main focus of this study was the behavior of 

these statistics in response to various methods of resolving tied ranks, especially 

when sampling from discrete, non-normal data distributions representative of the 

populations typically encountered in the social and behavioral sciences (Micceri, 

1986).

This study was limited to /c-independent-samples tests of location or 

general difference. Because of the method used to generate shifts in location, 

samples for power studies were guaranteed to represent populations that differed 

only in location. For samples derived from the discrete distributions, the method 

used to generate shifts in location also guaranteed that the shifts were by integral 

amounts. Thus it was expected that a large percentage of trials would contain at 

least some tied values.

A separate study was conducted to collect data on the occurrence of 

ties—the number of trials involving ties, the number of distinct data values 

involved in ties, and the number of tied observations at those data values—in 

order to characterize the nature and degree of ‘tiedness’ that occurs with these
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distributions across the sample sizes investigated. This is more fully discussed 

in section 3.7.

In the power studies the shift in location was always towards higher values 

such that the appropriate 1-sided test was typically in the upper-tail of the null 

distribution of the statistic. For 2-sided tests, a lower-tail rejection represented a 

Type III error (MacDonald, 1999) in which the test determined a significant 

difference in the ‘wrong’ direction. Type I errors, power and Type III errors were 

counted and reported, as appropriate, for each simulation run. Power, however, 

was determined by the appropriate rejection rate only.

3.2 — Data Distributions

The normal distribution was generated mathematically and used as a 

baseline for the performance of each test under conditions meeting all of its 

assumptions. Fortran variables of type Real (single-, double-, or quad-precision) 

were used with sufficient precision that most samples from the normal distribution 

did not contain tied values. The rare ties that did occur were resolved by 

whatever methods were under investigation.

The non-normal distributions due to Micceri (1986) were generated by 

table look up using Fortran subroutine modules based on Sawilowsky, Blair, & 

Micceri (1990) and Fahoome (1999). Of the eight distributions characterized in 

Micceri (1986), four were used in this study, following Fahoome (1999), 

specifically: Extreme Asymmetric (achievement) (EA); Extreme Bimodal 

(psychometric) (EB); Multi-modal Lumpy (achievement) (ML), and; Smooth 

Symmetric (SS). These data sets are included in Appendix B as the Micceri
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(1986, 1989) distributions. Properties of the Micceri (1986, 1989) data sets, as 

reported in Sawilowsky & Blair (1992), are given in table 3.2-1. By comparison, 

the normal distribution has p. = <|> = 0, and a = 1.

Table 3.2-1
Properties of Selected Micceri (1986, 1989) Distributions

Name P <l> a Skew Kurtosis

EA 24.50 27.00 5.79 -1.33 4.11
EB 2.97 4.00 1.69 -0.08 1.30
ML 21.15 18.00 11.90 0.19 1.80
SS 13.19 13.00 4.91 0.01 2.66

Adapted from Sawilowsky & Blair (1992) p. 353 Table 1

3.3 — Monte Carlo Technique and Sampling

The essential method of this study was random sampling with 

replacement from theoretical and empirical data sets representing both 

continuous normal and discrete non-normal pseudo-population distributions. For 

Type I error studies, all samples were drawn from the same distribution and used 

without modification prior to resolving ties. Thus, any test producing a significant 

result indicated an incorrect rejection of the null hypothesis, or Type I error, 

whereas a failure to reject the null hypothesis was a correct decision. For those 

tests that could be treated as either 1-sided or 2-sided, 1-sided tests were made 

in both the lower and upper tails of the null distribution of the statistic at nominal 

a and >2 nominal a. Two-sided tests used the combined results for both tails at 

V2 nominal a. All tests were conducted at nominal alphas of .05 and .01.
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For power studies, samples were again drawn from the same distribution. 

For two-sample tests, one of the samples was shifted towards higher values to 

simulate the effect of a difference in location, i.e., of having been drawn from an 

identical population with a higher median. A significant result in this case 

indicated a correct rejection of the null hypothesis whereas failure to reject the 

null hypothesis was a Type II error. In the case of tests on three or more groups, 

each group was shifted relative to the preceding one such that the effect size 

between any two adjacent samples was the same. For tests on six groups at 

nominal effect size multiplier 1.2, this resulted in very large differences in the 

medians of the populations of groups 1 and 6. For 2-sided tests, a rejection in 

the wrong tail represented a Type III error (MacDonald, 1999) in which the test 

determined a significant difference in the wrong direction.

Type I error behavior was studied first for each statistic because further 

investigation of the power of the test was only relevant if it maintained Type I 

error at something close to nominal a. Bradley (1978) suggested .9a < p < 1 .1a

as a conservative range of allowed values for highly robust Type I error rates, 

where p is the actual probability of the resulting test statistic. These limits are

nominal a ± 10%, arrived at by solving Ip -  a\ < — . For a = .01, this gives
' ' 10

.009 < p < .011 or 1.0%± 0.1%, and for a  = .05, .045 < p < .055 or 5% + .5%. 

Bradley (1978) also suggested liberal bounds of ,5a < p < 1.5a , arrived at by

solving |p -  a\ < ̂ . Finally, he noted that allowing |p - a\ < a would lead to 

0 < p < 2a . Thus, a willingness to accept, as robust, actual p values up to twice
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nominal-alpha, implies a willingness to also accept any p value less than nominal 

alpha. This was not deemed to be a sufficiently strong criterion.

Bradley’s (1978) robustness criteria presume that the tolerance around 

nominal alpha must be plus or minus the same percentage. Many distribution- 

free tests have statistics with discrete distributions that do not have critical values 

corresponding exactly to standard nominal alphas of .005, .01, .025, and .05, 

especially at small sample sizes. The standard practice in such cases is to use 

best conservative critical values, i.e., the value of the statistic with the largest 

possible p value less than or equal to nominal a. In some cases, however, this 

meant that the best conservative critical value for a = .05 might, in fact, have a 

size of .0219 even though the next available higher value of the statistic had a 

size of .0536. This practice intentionally errors in a conservative direction and 

accepts a resultant loss of power for the test.

In general, combinations of simulation parameters for each test were 

eliminated from further study if they demonstrated Type I error rates outside of 

,5a < p < 1.1a , especially on the higher side, when that could be determined. As 

long as the results were not too conservative further study seemed warranted.

For a = .01 this was .005 < p < .011 while for a = .05 it was .025 < p < .055.

These bounds were in the spirit of Bradley (1978), in that they were precise and 

explicit a priori statements, even though they did not correspond exactly to any of 

his recommendations.

The discrete nature of the distributions of the statistics for these tests 

meant that best-conservative critical values sometimes resulted in Type I error
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performance that fell outside the acceptable range on the low end, even with the 

Normal distribution (no ties). In other cases, the associated probabilities were 

not available for the critical values, so a comparison could not be made on that 

basis. Thus, the Type I error performance against the Normal distribution was 

also used as a comparative benchmark for acceptable Type I error performance 

with the Micceri (1986, 1989) distributions.

Power was studied for each combination of simulation parameters that 

demonstrated acceptable Type I error properties as just described. For each 

combination of test, number of groups, distribution and initial sample size, a 

series of progressively larger effect sizes was introduced by a shift in location. 

The shift in location was accomplished by adding an effect size determined as a 

percentage of the standard deviation of the distribution. The nominal effect sizes 

studied were of the form ca, where c, the nominal effect size multiplier, equaled 

0.2 (small), 0.5 (medium), 0.8 (large), and 1.2, (very large) and a represented the 

standard deviation of the distribution (Cohen, 1988; Sawilowsky & Blair, 1992). 

The shift was accomplished by adding the quantity ca to each observation in the 

sample to be shifted. Significance tests were then performed at both nominal 

alpha .01 and .05, both 1-sided and 2-sided if appropriate.

In addition to being discrete, the Micceri (1986, 1989) distributions are 

also based on integer values. In order to generate integral shifts, the nominal 

effect size, ca, was rounded to the nearest integer. The resulting actual effect 

size, RND(ca), was reported along with the actual effect size multiplier, c’., where
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c’ = [RND(cc)]/a. The actual shift and actual effect size for each nominal effect 

size are listed in Table 3.3-1 for each distribution.

Table 3.3-1
Actual Shifts and Effect Sizes for Nominal Effect Sizes

Name a S (,2a) M (.5a) L(.8a) VL (1.2a)

Nominal Shift 
Actual Shift
Actual Effect Size (rounded)

EA-A 5.79 1.158
1.
0.173a

2.895
3.
0.518a

4.632
5.
0.864a

6.948
7.
1,209a

EB-P 1.69 0.338
n/a
n/a

0.845
1.
0.592a

1.352
n/a
n/a

2.028
2.
1.183a

ML-A 11.90 2.380
2.
0.168a

5.950
6.
0.504a

9.520
10.
0.840a

14.280
14.

1.176a

SS 4.91 0.982
1.
0.204a

2.455
2.
0.407a

3.982
4.
0.815a

5.892
6.
1,222a

Normal 1.00 0.200
0.200
0.200a

0.500
0.500
0.500a

0.800
0.800
0.800a

1.200
1.200
1.200a

Based on Cohen (1988) and Sawilowsky & Blair (1992)

In the case of tests on three or more groups, each group was shifted 

relative to the preceding one by RND(cc) such that the effect size between any 

two adjacent groups was the same, i.e., group one received no shift, group two 

was shifted by RND(cg), group three was shifted by 2xRND(cct), and so on until 

all groups had been treated. Generating integral shifts ensured that the scores in
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all samples were integers such that equal observations between samples were 

possible.

3.4 — Methods for Resolving Ties

Only certain types of ties are critical in terms of having a consequence on 

the calculated value of the test statistic and, therefore, possibly on the resulting 

inference. In tests of location, ties between groups are usually critical whereas 

ties within groups are not. Exactly what constitutes a critical tie, however, had to 

be determined for each test.

Non-consequential ties were resolved in a manner that did not distort the 

test statistic by arbitrarily assigning the set of sequential ranks for which the 

group of scores was tied, just as if the original values had differed slightly. This 

did not alter the pattern of A’s, B’s, C’s, etc. in a combined, ranked sample, and 

thus could not alter the value of the statistic or resulting inference.

Resolving consequential ties is always somewhat more speculative as the 

original data is potentially ambiguous in some sense. The efficacy of different 

methods for resolving consequential ties was the main focus of this research.

The following methods for resolving consequential ties were investigated:

1) Resolve all ties in the manner least favorable to rejection of Ho, with 

resulting statistic S i_ e ast-

2) Resolve all ties in the manner most favorable to the rejection of Ho, with 

resulting statistic SMost,

3a) Calculate and test the mid-range value S M id  = (S i_ e a s t  +  ^ M o s t  )/2.

3b) Count ties as Vs- (Rosenbaum’s Test and Tukey’s Quick Test only).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



96

4) Resolve ties through alternating or rotating assignment to groups, 

calculate SAitematingi and test.

5) Randomly resolve the ties, calculate SRandom, and test.

6a) Replace tied ranks with the mid-rank, calculate Sjied, and test.

6b) Delayed increment (Kolmogorov-Smirnov Test only).

6c) Calculate the weighted average of the statistics that result from all 

possible resolutions of the consequential ties (Rosenbaum’s Test only).

7) Drop matching ties, reduce n, calculate SMatch, and test.

8) Drop all tied observations, reduce n, calculate Sorop, and test (may 

result in unequal sample sizes).

Although 11 methods are listed, methods 1 and 2 were only implemented to 

calculate method 3a. Discussion of each of these procedures and some 

examples follow.

Method 3a was used in lieu of resolving ties in all possible ways because, 

under the assumption of equiprobability, the number of statistics calculated is 

always even and precisely symmetric with the consequence that the mid-range, 

mean and median values are always the same. The mid-range value required 

only two values of the statistic and was, therefore, the most computationally 

efficient. All three values suffer equally from the fact that they may not be 

integral or match one of the actually obtained values of the statistic. Thus, none 

of them was preferred on that basis. They also lose validity if the equiprobability 

assumption does not hold. This method was investigated with all tests.
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Method 3b was investigated with Rosenbaum’s Test and Tukey’s Quick 

Test only. These tests are based on runs rather than ranks and normally assign 

a value of T  to observations that contribute unambiguously to the value of the 

test statistic, ‘0’ otherwise. As such, they admit assignment of some value other 

than ‘1’ to observations involved in consequential ties.

Method 4 was investigated with all tests. It began by drawing a random 

number to decide which group got the first available rank. In the case of two 

groups, a value less than .5000 assigned the first available rank to group A, 

otherwise to group B. In general, the assignment interval was 1//c where k was 

the number of groups with values involved in the tie. Whichever group got the 

first available rank, the assignment of ranks then alternated (rotated) between 

groups until all members of one group had been assigned. The remaining ranks, 

if any, went to the other group (which must have had more data points involved in 

the tie). One of the negative consequences of this method is that groups with 

larger numbers of observations involved in a tie typically ended up with the 

largest ranks in the tied-for set of ranks, perhaps resulting in inflated Type I error 

rates.

As an illustration of the last point, assume the situation where 

observations A-i, A2 , B are tied for ranks 6, 7, and 8 in a 2-independent-samples 

test. Now suppose the initial random number is 0.6715. Since 0.6715 > 0.5000, 

the first available rank (6) would go to the first available observation from group 

B. Since there is only one observation from group B, ranks 7 and 8 would be 

assigned to observations A1 and A2 and the procedure would terminate.
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For three or more groups the procedure was similar. When resolving ties 

across three groups, if the initial random number was between 0.0000 and 

0.3333 the first available rank went to the first available observation from group 

A, greater than 0.3333 up to 0.6666, to group B and greater than 0.6666, to 

group C. After that, the available ranks went in order to the available 

observations. If the first available rank went to group C, the remaining ranks 

went in turn to the next available observations from groups A, B, C, A, B, C, etc.

If the observations from one group were exhausted prior to the others, then an 

alternating assignment continued with the two remaining groups until only 

observations from one group remained, at which time that group received the 

remaining ranks.

As an example, suppose observations from three groups are tied for ranks 

1 to 9 as follows: Ai, A2, A3, Bi, B2, B3, Ci, C2, C3. Suppose also that the initial 

random number is .4999. Since .3333 < .4999 < .6666 the first available rank (1) 

goes to the first available observation in the second group (Bi). Going in 

sequence, the observations are now ordered as Bi, C-i, A-i, B2, C2, A2, B3, C3, A3. 

Thus, the three data points from group A now have ranks 3, 6, 9, the three data 

points from group B have ranks 1, 4, 7, and the three data points from group C 

have ranks 2, 5, and 8.

As before, when the number of observations involved in a tie are not the 

same for each group, the group with the largest number of observations tends to 

get the highest rank(s). Other schemes are possible, such as an up and down
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pattern (A, B, C, C, B, A, etc.), but were not investigated in this study. Method 4 

corresponds to method E described in Chapter 2.

Method 5 was also investigated with all tests. For each data point at 

which a tie occurred (for each set of tied-for ranks) the procedure drew n random 

numbers, where n was the number of data points involved in the tie. The n 

random numbers were then rank ordered from 1 to n. The set of tied-for ranks 

was then assigned to the equal observations in this randomly determined order.

Suppose that in a 2-independent-samples test two values from group A 

and one value from group B are tied for ranks 6, 7, and 8. When combining the 

values from both samples into a single array these values are placed into the 

array in group order, A’s first then B’s, such that the data points are in the order 

A-i, A2 , B. Thus, whenever there are ties between the two groups the values from 

group A will precede those from group B in the combined sample array. Now 

suppose the drawing of three random numbers produces values of 0.6025, 

0.2136, and 0.5947. The rank order of these three random numbers is 3, 1, 2 

and these are used to reorder the three tied values as A2, B, A1. Thus the two 

scores from group A receive ranks 6 and 8 while the score from group B receives 

rank 7. The method was simple to implement for two groups, and was easily 

extended to three or more groups. Method 5 corresponds to method C from 

Chapter 2.

Method 6a was the simplest to implement when it applied, which included 

the Wilcoxon-Mann-Whitney Test, the Kruskal-Wallis Test and the Terpstra- 

Jonckheere Test. Suppose that two data points from group A are tied with a data
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point from group B for ranks 6, 7, and 8. In the combined and ranked sample 

they are initially arranged as A2 , B and all three data points are assigned the 

mid-rank value of 7. Method 6a corresponds to method F from Chapter 2.

Method 6b was unique to the Kolmogorov-Smirnov Test as described in 

Chapter 2, section 2.2.1. Method 6c was implemented only for Rosenbaum’s 

Test because it was practical to do so given that the test only looks at one end of 

the combined sample and some mathematical simplifications were possible.

None of the methods {6a, 6b, 6c} was investigated with Tukey’s Quick Test as 

methods 6a and 6b did not apply and method 6c proved to be too difficult to 

implement.

Method 7 attempted to address the problem of possible unequal sample 

sizes when dropping equal data values. This was accomplished by only dropping 

tied observations if/when they occurred in all groups. Further, only the least 

number of observations was dropped, i.e., if three observations in group A were 

tied with one observation in group B and two observations in group C, then one 

of the observations would be dropped from each group, since the least number of 

instances in any group was the one that occurred in group B. This had the 

obvious drawback of leaving consequential ties unresolved and thus distorting 

the obtained value of the statistic. Method 7 does not correspond with any of the 

methods described in Chapter 2.

With method 8 it was not possible to compute the statistic when too many 

scores were dropped or if the size of the samples became too unequal due to 

insufficient critical values. Thus, the number of trials in which a test could not be
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completed was tabulated and reported. Method 8 corresponds to method B from 

Chapter 2.

Methods 7 and 8 were investigated with all tests, and were run in parallel 

with the other methods, but often resulted in only a few testable samples out of

1,000,000 repetitions. Although this indicated that the method could not be 

successfully applied much of the time, it did not yield much insight into the 

behavior of these tests when the samples were testable. Thus, an alternative 

simulation design was also used in which the program cycled until it obtained 

10,000 testable samples or reached 10,000,000 repetitions. Since the number of 

repetitions was captured, this data was also useful in establishing the relative 

applicability of these methods while at the same time providing more useful data 

than the original simulation runs relative to Type I error rates. It is the results of 

these alternate simulations that are reported in Chapter 4 and used as the basis 

for conclusions in Chapter 5.

Referring back to Chapter 2, method 3a can be seen as a combination of 

methods A, D and G while not exactly any of them. Method A suggested 

arranging ties in the manner both least and most favorable to rejection of the null 

hypothesis, which method 3a adopts. Method D suggested an ‘average’ 

probability calculation, whereas method G suggested an ‘average’ statistic, both 

based on all possible resolutions of ties. Method D, however, also suggested a 

mid-range probability calculation, which requires only the least and most 

favorable resolution of ties, as in method A. Method 3a adopts the mid-range 

calculation based on values of the statistic rather than probabilities. Method 3a
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also involves a single test that avoids the ambiguity of ‘no decision’ that can 

occur in method A (even though that is appropriate) and avoids the 

computational burden of methods A, D, or G.

Methods A and D require actual probabilities and were not proposed for 

this research because it appeared during the initial research phase that such 

probabilities would be difficult to obtain. A procedure analogous to a combination 

of methods A and G would be to arrange all consequential ties in the manner 

both most and least favorable to rejection of the null hypothesis, calculate the 

statistic for each case, say Sm and Sl, and then test both statistics using the 

standard table of critical values. If both tests failed to support H0, it would be 

rejected in favor of H i; if both tests supported H0, it would be retained. If one test 

supported H0 and the other one rejected it, no decision would be appropriate in 

an actual test. Although the ‘no decision’ situation might be worthwhile to 

investigate, in a Monte Carlo study one always knows the truth about the 

populations involved. As such, the result of any procedure was always 

unambiguous, both in Type I error studies and in power studies. As a practical 

matter, ‘no decision’ amounts to a failure to reject the null hypothesis. Viewed 

that way, the test really becomes method 1 (method H), a test of Si_eastthat is 

unnecessarily conservative, and was not, therefore, investigated in this study.

3.5 — Ranking Analysis of Power Results

In order to answer Research Questions 3 and 4 it was necessary to 

analyze the power results from a large number of simulation runs in a manner 

that might permit determination of the order of preference of methods across
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various combinations of simulation parameters for each test. Examples of the 

calculations performed are given in Appendix C.

The method of analysis employed for this purpose involved ranking the 

power results across methods for each specific combination of test, number of 

groups, nominal alpha level and distribution at each combination of nominal 

effect size multiplier and initial sample size. Mean ranks were then calculated in 

three ways: 1) by summing across nominal effect size multipliers at each initial 

sample size, 2) by summing across initial sample sizes at each nominal effect 

size multiplier, and 3) by summing across both nominal effect size multipliers and 

initial sample sizes. These mean ranks are reported in Chapter 4, section 3 after 

the power results for each test and were used to answer Research Question 3.

Research Question 4 requires a conclusion to be drawn about the relative 

behavior of the methods across distributions. The problems with this are 

discussed in Chapter 5. These problems notwithstanding, the results of the 

preceding analysis were used to determine the number of first place finishes for 

each test for each combination of method and distribution across nominal alpha 

and number of groups. If a particular method consistently had the most first 

place finishes for a particular test, across distributions, then it could in some 

sense be considered the ‘best’ method for that test/distribution combination. 

Examples of these calculations are also given in Appendix C. These are the last 

results reported for each test in Chapter 4, section 3.
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3.6 — Critical Values and Theoretical Probabilities

Modules were developed for generating critical values and their 

associated probabilities for the Kolmogorov-Smirnov Test, Rosenbaum’s Test, 

Tukey’s Quick Test, and the Wilcoxon-Mann-Whitney Test. This work is 

described in Fay (2002) and discussed briefly in Chapters 2 and 5. For this 

study, best conservative critical values were used, but the ability to generate 

critical values and their associated probabilities opens up additional possibilities 

as discussed in Chapter 5.

For the Kruskal-Wallis Test and the Terpstra-Jonckheere Test, modules 

were created using lookup tables and populated with critical values from 

published sources. When available, Type I error probabilities were also included 

in the lookup tables. Critical values and probabilities for unequal n were used 

when available, although these tables were incomplete with respect to the 

sample sizes investigated. This was, undoubtedly, a limiting factor in the 

investigation of the drop and reduce N methods with these two tests.

3.7 — Pattern and Occurrence of Ties

A separate study was performed to determine the nature and extent of ties 

in samples drawn from the target populations of the main study. Results of this 

study are presented in Chapter 4, section 4 and discussed in Chapter 5, section 

2. The methodology was to combine the samples for each group on any given 

trial and sort them using the same modules as the main simulations. The sorting 

modules kept track of group membership and maintained rank and between- 

group-tie status in associated arrays. The combined sample was then examined
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for between-group ties. Counters were maintained for each group, and for all 

groups combined, of both repetitions and observations by first tie, second tie, etc.

Tables 3.7-1 and 3.7-2 show the type of data that were generated. Table 

3.7-1 presents data in terms of repetitions while table 3.7-2 presents data in 

terms of observations (data points). The structure of the tables is the same, with 

a table being generated for each group and for the total combined sample, both 

for the repetitions and the observations. Thus, for a two-group test there would 

be six tables: 1) group 1 repetitions, 2) group 2 repetitions, 3) all groups 

repetitions, 4) group 1 observations, 5) group 2 observations, and 6) all groups 

observations.

In all cases there are INT(N/2) rows, where N is the total (combined) 

sample size being tested (per-group sample size times number of groups). This 

is the maximum number of between-group ties that can theoretically occur, in 

which every observation is tied with exactly one other observation from a 

different group. The rows, in turn, represent the results for the first between- 

group tie, the second between-group tie, and so on up to the INT(N/2) between- 

group tie, accumulated across all repetitions.

The first column designates the group. The entries in the second column 

are the between-group tie occurrence, i.e., 1=1st, 2=2nd, 3=3rd, etc. The third 

column contains the number of repetitions (or observations) involved in the tie for 

that row. The forth column is the ratio of the entry in the third column (same row) 

to the total number of repetitions (observations). The fifth column is the reverse
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accumulation of the third column, while the sixth column is the ratio of the 

corresponding entry in the fifth column to total repetitions (observations).

Table 3.7-1
Example Repetitions Data -  Two Groups, Six per group -  NESM = 0.0 (no shift) 
1,000,000 repetitions; 12,000,000 observations

Group BGT —  per BGT 
count ratio

—  cumulative —  
count ratio

1 1 858,432 .8584 1,480,377 1.4804
2 472,094 .4721 621,945 .6219
3 132,841 .1328 149,851 .1499
4 16,249 .0162 17,010 .0170
5 752 .0008 761 .0008
6 9 .0000 9 .0000

2 1 858,432 .8584 1,480,377 1.4804
2 472,094 .4721 621,945 .6219
3 132,841 .1328 149,851 .1499
4 16,249 .0162 17,010 .0170
5 752 .0008 761 .0008
6 9 .0000 9 .0000

all 1 858,432 .8584 1,480,377 1.4804
2 472,094 .4721 621,945 .6219
3 132,841 .1328 149,851 .1499
4 16,249 .0162 17,010 .0170
5 752 .0008 761 .0008
6 9 .0000 9 .0000

For Table 3.7-1 (repetitions) the numbers in the fifth and sixth columns do 

not have an obvious direct interpretation, as the reverse accumulated counts in 

column five can, and sometimes do, exceed the total number of repetitions. As a 

result, the corresponding ratios in column six can, and sometimes do, exceed

1.0. The ratio in the first row of column six, however, does give a kind of relative 

index of the occurrence of ties that can be compared across distributions,
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number of groups and per-group sample sizes. The larger this number, the more 

often ties are occurring in the data.

Table 3.7-2
Example Observations Data -  Two Groups, Six per group
NESM = 0.0 (no shift) -  1,000,000 repetitions; 12,000,000 observations

Group BGT -----per BGT
count ratio

—  cumulative —  
count ratio

1 1 1,020,228 .0850 1,735,789 .1446
2 549,569 .0458 715,561 .0596
3 147,877 .0123 165,992 .0138
4 17,334 .0014 18,115 .0015
5 772 .0001 781 .0001
6 9 .0000 9 .0000

2 1 1,020,051 .0850 1,735,177 .1446
2 549,300 .0458 715,126 .0596
3 147,772 .0123 165,826 .0138
4 17,316 .0014 18,104 .0015
5 779 .0001 788 .0001
6 9 .0000 9 .0000

all 1 2,040,279 .1700 3,470,966 .2892
2 1,098,869 .0916 1,430,687 .1192
3 395,599 .0246 331,818 .0277
4 34,650 .0029 36,219 .0030
5 1,551 .0001 1,569 .0001
6 18 .0000 18 .0000

For Table 3.7-2 (observations) the entry in the first row, fifth column has a 

direct meaning; it is the total number of observations involved in a between-group 

tie during that test run. Since an observation involved in a first between-group tie 

cannot also be involved in a subsequent (2nd, 3rd, 4th, etc.) tie, this result cannot 

exceed the total number of observations. The corresponding ratio in column six 

cannot, therefore, exceed one. Thus, this ratio gives a very direct indication of
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how often ties are occurring in terms of the proportion of total observations 

involved in between-group ties.

Although a first tie must occur before there can be a second tie, and a 

second tie before a third, and so on by definition, the determination of the first tie, 

second tie, etc. is done within each combined sample as it is drawn. If the first tie 

in a particular sample involves observations from groups 1 and 2, but not group 

3, then the repetition counters for a first tie in groups 1, 2 and all groups get 

incremented, but not the counter for group 3. If a second between-group tie is 

then found involving observations from groups 2 and 3, the corresponding 

second tie counters get incremented. Thus, it is possible for a group to have 

been involved in more second ties than first ties, and this was, in fact, observed 

in the example data for each group. This cannot occur, however, for the all 

groups (total sample) counter.

Table 3.7-3 shows examples of repetitions and observations results for 

three groups of three observations each and six groups of six observations each, 

both at NESM 0.0 (no shift) and 1.2 (maximum shift). Data were generated for 

each group as well as for the total of all groups to see how ties were distributed 

across groups. A priori, it was expected that for two groups (under all 

conditions), and for three or more groups (with no shift), between-group ties 

would be equally distributed across the groups. For three or more groups, as an 

increasing amount of shift was introduced, one would expect the extreme groups 

(not shifted on the left, most shifted on the right) to have fewer observations 

involved in between-group ties than those groups in the middle.
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Table 3.7-3
Example of comparison of ties across three or more groups 
Repetitions and observations ratio for all groups 
Based on 1,000,000 repetitions

Obs/grp 
NESM 
Reps | Obs 
Group

0.0
RC OC

3 ----------
1.2

RC OC
0.0 

RC OC

6 ----------
1.2

RC OC

1 .8116 .0963 .4088 .0480 3.9955 .1292 1.3664 .0434
2 .8130 .0964 .6160 .0725 3.9959 .1292 2.2915 .0729
3 .8123 .0963 .4096 .0481 3.9964 .1292 2.5407 .0806
4 3.9961 .1292 2.5397 .0805
5 3.9943 .1291 2.2919 .0729
6 3.9956 .1292 1.3663 .0434

all 1.1779 .2890 .7068 .1686 9.1897 .7750 5.8883 .3937

RC = cumulative repetitions ratio; OC = cumulative observations ratio

3.8 — Sampling Adequacy

Prior to developing and running the main simulations, a study was also 

made of the adequacy of samples drawn from the Micceri (1986, 1989) 

distributions. The purpose of this ancillary study was to determine the smallest 

number of randomly drawn observations, using the MOTHER (Blair, undated) 

random number generator, that would produce a sample distribution that was 

acceptably close to the population distribution from which it came. Results are 

reported in Chapter 4, section 5 and discussed in Chapter 5, section 3. The 

methodology employed to analyze the results was as follows.

The Micceri (1986, 1989) distributions are empirically derived discrete 

pseudo-population distributions defined by a set of values with associated 

frequencies. These values and frequencies, along with cumulative frequencies
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and cumulative distribution functions are given in Appendix B for each 

distribution.

In order to sample from these distributions, they were implemented as 

source vectors using Fortran 90 arrays. The source vector length was the sum of 

the frequencies, which is the cumulative frequency at the highest value. Table 

B -1, for instance, shows that for the Micceri (1986) Smooth Symmetric 

distribution the first three values {0, 1, 2} have frequencies of {11, 21, 27} while 

the last value, 26, has frequency 17 and cumulative frequency 5375. Thus the 

source vector length is 5375. The first 11 cells in this vector contain the value 0, 

the next 21 the value 1 and the next 27 the value 2. The last 17 cells contain the 

value 26.

In order to sample from these distributions, uniform random numbers were 

generated on the interval (0,1), rescaled to the source vector length, converted to 

integers and then used as an index into the source vector. A counter vector was 

also created for each distribution with a length equal to the number of values in 

that distribution. At any given combination of simulation parameters, samples 

were drawn and the appropriate counters incremented. At the end of 1,000,000 

trials the counts were converted to proportions of the total count (1,000,000 trials 

x combined sample size).

The sample proportion for each value was compared to its corresponding 

population proportion by calculating % error = (SVi -PV^/PV^ over all values of /.

This was repeated for increasing numbers of total observations with the objective 

of finding the number that would guarantee that the largest such error was less

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



111

than or equal to 1.0%. The sample cumulative distribution function was also 

constructed and a similar comparison made to its population cumulative 

distribution function.

In addition to the percent error calculations, the Kolmogorov-Smirnov Test 

of General Differences for Two Independent Samples was applied to each pair of 

cumulative distributions (sample and population) as a 2-sided test at nominal 

alpha .10. A 2-sided test was used as the differences could be in either direction. 

Nominal alpha .10 was used to ensure a powerful test as this was more 

important than protecting against Type I errors.

3.9 — Computer Hardware I Software

PC compatible computer hardware was used to run all of the programs for 

this study. Two primary computers were used, one with an AMD Athlon 

processor (500 MHz, 256 Mb ram) and the other a Dell Precision Workstation 

530MT with an Intel Pentium IV Xeon processor (1.8 GHz, 1 Gb ram). Both 

systems were running Microsoft Windows 2000 Professional with Service Pack 1 

or higher. Even on the Dell workstation, some of the simulations took more than 

26 hours to run.

COMPAQ Visual Fortran (CVF) Professional Version 6.5 (2000) was used 

to build and run the programs, including use of the IMSL (1997) libraries.

Existing Fortran code, originally developed in Essential Lahey Fortran 90 (ELF90) 

for Fahoome (1999) was obtained from G. F. Fahoome and formed a starting 

point for this study. Some of this code was originally due to S. S. Sawilowsky 

and/or R. C. Blair, and was modified to ELF90 by G. F. Fahoome. G. F.
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Fahoome was also the source of the Sawilowsky, Blair, & Micceri (1990) Fortran

modules for the Micceri (1986) distributions, which served as the starting point for

corresponding modules in this study.

The random number generator for this study was MOTHER (Blair,

undated), which is part of version 2.1 of the BFRA module developed by R.

Clifford Blair for his own personal use (undated) and obtained from G. F.

Fahoome. The User’s Notes indicated that:

Version 2.X adds to 1 .X the capability to call “mother” (i.e. the mother of all 
random number generators). Mother is reputed to have excellent 
properties including an extremely long period. Several included routines 
call mother for random numbers. Mother is actually “Luxury”, a Subtract- 
and-borrow random number generator proposed by Marsaglia and Zaman, 
implemented by F. James with the name RCARRY in 1991. The code 
used here is excerpted (and slightly modified) from a Fortran 90 version 
written by Alan Miller, (p. 1)

Deng & Lin (2000) suggested that classical uniform random number 

generators based on linear congruential generator (LCG) techniques suffered 

from major defects including relatively short period length and lack of uniformity 

at higher dimensions. They favored the use of a new class of pseudo-random 

number generators known as multiple recursive generators (MRG) and matrix 

congruential generators (MCG). They also provided the information to build a 

portable, efficient version of both, known as fast multiple recursive generator 

(FMRG) and fast matrix congruential generator (FMCG). MOTHER (Blair, 

undated) appears to be an MRG. Deng and Linn (2000) also gave a set of five 

criteria for random number generators as “(1) period length; (2) computing 

efficiency; (3) portability; (4) theoretical justification on randomness; and (5)
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empirical performance” (p. 145). MOTHER (Blair, undated) appears to meet all 

of these criteria, it’s only limitation being availability.

Gentle (1998) provided a thorough treatment of the subject of random 

number generation and its relationship to Monte Carlo studies. He also 

discussed simulation studies as scientific experiments, and insisted that they 

must meet the same high standards as any other scientific experiment, 

specifically: a) control, b) reproducibility, c) efficiency, and d) careful and 

complete documentation. The uniform random number generator directly 

impacts control, reproducibility, and efficiency. Portable random number 

generators, in particular, are essential to reproducibility. MOTHER (Blair, 

undated) appears to meet these standards.

3.10 — Programming Methodology

All Fortran programming was modular so that a consistent and efficient- 

testing protocol could be maintained. A main program was developed for each of 

the six tests and tested using the normal distribution. These main programs 

controlled the overall sequence of steps and were constructed to accomplish as 

much work as possible in parallel. For instance, when a sample was drawn for a 

particular combination of test, distribution, number or groups and sample size, all 

applicable methods of resolving ties were implemented on that data and the 

results tabulated for both 1-sided and 2-sided tests at both a = .01 and a = .05 

before drawing the next sample. The main programs employed loops for 

distribution, sample size, number of groups, and effect size as appropriate. All
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modules were tested to ensure that they performed correctly before full-scale 

simulations were run.

Subroutine modules were used for common tasks that occurred across 

tests. For example, a module was created for each data distribution for use in 

sampling. The normal distribution was generated by mathematical formula while 

the Micceri (1986) distributions were generated through cumulative frequency 

tables (see Appendix B). The MOTHER module (Blair, undated) was used to 

generate uniform pseudo-random numbers on the interval (0,1). A module was 

created for scaling the output of the random number generator to the appropriate 

range of integers needed to draw samples from the various distributions by 

indexing their tables. Pseudo-random numbers were generated using a 

consistent random number generator seed of 255,255 that was reset after each 

simulation run of 1,000,000 trials.

Modules were developed for each of the methods of resolving tied ranks 

and for calculating each test statistic as well as for housekeeping chores 

associated with capturing the results of each simulation run, storing them and 

creating printable ASCII output files. Other modules were created or adapted for 

sorting and ranking data in linear and 2-dimensional arrays. The sorting modules 

used stable sorting algorithms (Knuth, 1998b). These modules kept track of the 

original data value, the original group membership, the assigned rank and the 

between-group tie status. The specific data structure created to hold these 

attributes consisted of four parallel vectors as illustrated in Tables 3.10-1, 3.10-2 

and 3.10-3.
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Table 3.10-1
Data Structure for Sampled Data Before Sorting, Ranking or Determining
Between-group Ties

Value 2.1 4.7 3.5 1.9 5.6 3.8 1.1 4.7
Group 1 1 1 1 2 2 2 2
Rank 0 0 0 0 0 0 0 0
BGT 0 0 0 0 0 0 0 0

Table 3.10-2
Data Structure for Sampled Data After Sorting, Initial Ranking and Determining 
Between-group Ties but Prior to Resolving Between-group Ties

Value 1.1 1.9 2.1 3.5 3.8 4.7 4.7 5.6
Group 2 1 1 1 2 1 2 2
Rank 1 2 3 4 5 6 7 8
BGT 0 0 0 0 0 1 1 0

Table 3.10-3
Data Structure for Sampled Data After Resolving Ties using Mid-ranks

Value 1.1 1.9 2.1 3.5 3.8 4.7 4.7 5.6
Group 2 1 1 1 2 1 2 2
Rank 1 2 3 4 5 6.5 6.5 8
BGT 0 0 0 0 0 1 1 0

Modules were also developed to generate the critical values and 

associated probabilities for the Kolmogorov-Smirnov Test, Rosenbaum’s Test, 

Tukey’s Quick Test and the Wilcoxon-Mann-Whitney Test and are fully described 

in Fay (2002). These modules generated lookup tables that were accessed 

according to the sample sizes for each group and returned the best conservative 

critical values and associated probabilities in two vectors for nominal alpha 

levels, either {.005, .01, .025, .05} or {.01 and .05}.
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The critical value module for the Kruskal-Wallis Test returned two critical 

values, without probabilities, when called with an input vector of the sample sizes 

for three to six groups. Table entries were based on Neave (1981) and Iman, 

Quade and Alexander (1975). The critical value module for the Terpstra- 

Jonckheere Test also returned two critical values, with associated probabilities, 

when called with an input vector of the sample sizes for three to six groups.

Table entries were based on Neave and Worthington (1988).

All modules used dynamic array allocation programming techniques to 

accommodate the range of simulation parameters. Thus, for a particular statistic 

and type of test, the same code was used to select and process the samples 

regardless of the number of groups, the initial sample size, or the effect size. 

Appropriate arithmetic types were used to ensure adequate precision of 

calculated results. In particular, integer arithmetic was used whenever possible, 

including double or quad precision if needed.

All programs were compiled and linked to run as DOS executables for 

speed. They produced a minimal amount of status output to the screen using 

characters in a DOS box, the main results being written to ASCII text files. The 

screen output was sufficient, however, to track the progress of the simulation, 

some of which took more than 26 hours to run on the Dell Pentium IV Xeon 

workstation.

For each combination of test, distribution, sample size, number of groups 

(when appropriate) and effect size (when appropriate), random samples were 

drawn from the same distribution, shifts in location introduced (for power studies),
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tied ranks resolved using the various methods (as appropriate to the test), and 

the statistic(s) calculated for each method. Both the 2-sided and 1-sided 

inferential tests of significance were performed for each method (when 

appropriate) using tabled or generated critical values at nominal a of .01 and .05 

(1-sided) or .005 and .025 (2-sided), with the 1-sided test in the same direction 

as the effect (for power studies). This process was repeated for a total of

1.000.000 trials (repetitions) with ongoing tabulation of the results.

Type I error studies counted both lower- and upper-tail rejections for 2- 

sided tests and combined them to get the Type I error count. For 1-sided tests 

only rejections in the appropriate tail were counted. For power studies both 

upper- and lower-tail rejections were counted. Power, however, was determined 

only from the results for one tail based on the direction of the shift. These 

counts, when converted to proportions, gave a direct indication of the power of 

the test. For a 2-sided test, significant results in the other tail constituted Type III 

errors. For both the Type I error and power studies, the Type I error rate and 

power were calculated at the end of the 1,000,000 trials as a ratio (proportion) of 

significant results to total trials and written to an ASCII file for that combination of 

test, sample size, distribution, and method. As mentioned previously, special 

simulations were designed for the ‘drop and reduce N’ methods that cycled up to

10.000.000 times in an attempt to get 10,000 testable samples.

Additional references and resources related to programming methodology 

included COMPAQ (1999), Day (1972), Etzel & Dickinson (1999), Knuth (1997,
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1998a, 1998b), Kreitzberg & Shneider (1972), Law (1983), and Organick (1966). 

Savage (1962) was used to locate and confirm older literature.

3.11 — Statistical Tests

Specific testing protocol information is provided for each test including 

number of groups, sample sizes, directionality, and alpha levels tested. The 

maximum number of simulation runs for Type I error and power studies was 

planned on the basis of five distributions, ten sample sizes, four effect sizes (for 

power studies only) and up to four different numbers of groups (3-6) for tests 

involving more than two samples. One simulation run generally consisted of

1,000,000 trials for each specific combination of type (Type I error or power), 

test, distribution, number of groups (if appropriate), sample size and effect size 

(power only). During a simulation run all applicable methods of resolving ties 

were investigated with each set of samples and both 1- and 2-sided tests were 

conducted, if appropriate, at all applicable nominal alpha levels.

The number of Type I error simulation runs planned for this study was 

380. The number actually conducted (not counting duplicate runs and program 

debugging) was 1180. The number of power simulation runs planned for this 

study was 1520. The number actually conducted (not counting duplicate runs) 

was 1840. Thus, the total number of simulation runs planned was 1900 while the 

number actually conducted (not counting duplicate runs) was 3020. Most of the 

simulations were run several times.

The programs were designed so that power results for all combinations of 

simulation parameters were generated whether supported by Type I error results
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or not. However, only power results for combinations of simulation parameters 

that met the robustness criteria for Type I error are reported in Chapter 4 and 

used as the basis for conclusions in Chapter 5.

The Kolmogorov-Smirnov Test for General Differences is a two- 

independent-sample test. The 2-sided test is a test against an omnibus 

alternative. The 1-sided test is a test against the alternative that one of the 

samples comes from a population that is stochastically greater than the other. A 

method exists for dealing with ties that appears to be unique to this test in which 

the incrementing of the A and B arrays is deferred until the end of a sequence of 

ties, both arrays being incremented by the appropriate accumulated amount at 

that point (Neave & Worthington, 1988). This was method 6b of the study. One

sided and 2-sided tests were conducted for both a  = .01 and a  = .05. Type I 

error studies: 5 distributions x 28 initial per-group sample sizes = 140 simulation 

runs with initial per-group sample sizes of 3(1)30. Power studies: 5 distributions 

x 10 sample sizes x 4 effect sizes = 200 simulation runs with initial per-group 

sample sizes of 3(3)30. Subtotal simulation runs, 340.

Rosenbaum’s Test of Location is a two-independent-sample test of 

general differences. The 2-sided test is against an omnibus alternative. The 1- 

sided test is against the alternative that a specific sample contains the greater 

values. One-sided and 2-sided tests were conducted for both a = .01 and a = 

.05. Type I error studies: 5 distributions x 28 sample sizes = 140 simulation runs 

with initial per-group sample sizes of 3(1)30. Power studies: 5 distributions x 10
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initial per-group sample sizes x 4 effect sizes = 200 simulation runs with initial 

per-group sample sizes of 3(3)30. Subtotal simulation runs, 340.

Tukey’s Quick Test of Location to Duckworth’s Specifications is a two- 

independent-sample test of location. One-sided and 2-sided tests were 

conducted for both a = .01 and a = .05. Type I error studies: 5 distributions x 28 

initial per-group sample sizes = 140 simulation runs with initial per-group sample 

sizes of 3(1 )30. Power studies: 5 distributions x 10 sample sizes x 4 effect sizes 

= 200 simulation runs with initial per-group sample sizes 3(3)30. Subtotal 

simulation runs, 340.

The Wilcoxon-Mann-Whitney Test (Wilcoxon Rank-sum Test or Mann- 

Whitney U Test) is a two-independent-sample test of location. One-sided and 2- 

sided tests were conducted for both a  = .01 and a  = .05. Type I error studies: 5 

distributions x 28 sample sizes = 140 simulation runs with initial per group 

sample sizes of 3(1 )30. Power studies: 5 distributions x 10 sample sizes x 4 

effect sizes = 200 simulation runs with initial sample sizes of 3(3)30. Subtotal 

simulation runs, 340.

The Kruskal-Wallis Test is a /c-independent-samples test against an 

omnibus alternative. Tests were conducted for both a  = .01 and a  = .05. Type I 

error studies: 5 distributions x 23 initial per-group sample sizes x 4 groupings = 

460 simulation runs with initial per group sample sizes of 3(1 )25. Power studies: 

5 distributions x 8 sample sizes x 4 effect sizes x 4 groupings = 640 simulation 

runs with initial per-group sample sizes of 3(3)24. Subtotal simulation runs,

1100. Neave & Worthington (1988) described an adjusted version of the statistic
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based on a correction factor linked to the use of mid-ranks to resolve ties. The 

adjusted statistic is approximately chi-squared distributed with k -  1 degrees of 

freedom and is fully described in Chapter 2. This adjusted statistic was also 

calculated and reported.

The Terpstra-Jonckheere Test is a /c-independent-samples test against an 

ordered alternative. Tests were conducted at both a = .01 and a = .05. Type I 

error studies: 5 distributions x 8 sample sizes x 4 groupings = 160 simulation 

runs with initial per-group sample sizes of 2(1)10. Power studies: 5 distributions 

x 5 sample sizes x 4 effect sizes x 4 groupings = 400 simulation runs with initial 

per-group sample sizes of 2(2)10. Subtotal simulation runs, 560.
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CHAPTER 4 

RESULTS 

4.1 -  Overview

Results are presented for all tests in the order in which they were 

described in Chapters 2 and 3. Table 4.1-1 shows the methods studied for each 

test (descriptions of each method follow the table and are repeated from Chapter 

3, section 4). Type I error results are presented first for all tests in section 4.2. 

Power and Type III error results (significant result in the wrong tail of a 2-tailed 

test) are then presented in section 4.3 for all tests for those combinations of 

simulation parameters that demonstrated acceptable Type I error performance. 

Finally, section 4.4 presents results on the occurrence of ties.

Table 4.1-1
Methods of Resolving Ties by Test

Test
Method

K-S RB TQT W-M-W K-W T-J

M3a X X X X X X
M3b X X
M4 X X X X X X
M5 X X X X X X
M6a X X X
M6b X
M6c X
M7 X X X X X X
M8 X X X X X X

K-S = Kolmogorov-Smirnov; RB = Rosenbaum; TQT = Tukey Quick test; W-M-W 
= Wilcoxon-Mann-Whitney; K-W = Kruskal-Wallis; T-J = Terpstra-Jonckheere

For each test, Type I error results are described in narrative and 

summarized in an out-of-tolerance table for a specific number of groups (2-6) for
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each nominal alpha level (.01 then .05). The tables are organized by method of 

resolving ties (rows) and distribution (columns). The rows are ordered by 1-sided 

and 2-sided if appropriate for the test. These are labeled as: LT1s -  Lower Tail 

1-sided; UT1s -  Upper Tail 1-sided; LT2s -  Lower Tail 2-sided; UT2s -  Upper 

Tail 2-sided; and BT -  Both Tails. The methods are labeled as: M3a -  average 

of least and most likely to reject Ho; M3b -  Count Ties as !4 (Rosenbaum’s Test 

and Tukey Quick Test only); M4 -  alternating; M5 -  random; M6a -  mid-ranks; 

M6b -  delayed increment (Kolmogorov-Smirnov Test only); M6c -  weighted 

average of all possible resolutions (Rosenbaum’s Test only); and M8 -  drop all 

ties and reduce N. Method 7 (M7) is not represented in the tables although it 

was studied for every test/distribution combination. The distributions (columns) 

are labeled as: P(T1e) -  theoretical probability of a Type I Error; Norm -  

Normal; EA -  Micceri Extreme Asymmetric; EB -  Micceri Extreme Bimodal; ML -  

Micceri Multi-modal Lumpy; and SS -  Micceri Smooth Symmetric.

Entries in Type I error tables consist of a pair of numbers (L,U) for each 

combination of distribution, tail and method. The first entry in each pair (L) is the 

number of initial sample sizes for which the Type I error rate was less than the 

lower tolerance limit for the nominal alpha level and directionality. The second 

entry in each pair (U) is the number of initial sample sizes for which the Type I 

error rate was greater than the upper tolerance limit for the nominal alpha level 

and directionality.

The acceptable tolerance band is from 0.5a to 1.1a, inclusive, when 

considering results of 1-sided or omnibus tests, or both tails combined for 2-sided
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tests. The acceptable tolerance band is 0.25a to 0.55a, inclusive, when looking 

at results for either the lower tail or upper tail of a two-sided test. For tests that 

can be viewed as 1-sided or 2-sided, acceptable results require that the 

performance in each tail is very similar at approximately 1/4 of the overall rate. If 

all results are acceptable, the table entry consists of ‘0,0’.

Type I error results for all methods except methods 7 and 8 are based on

1,000,000 repetitions for each initial sample size for which critical values were 

available. Results for methods 7 and 8 are based on a maximum of 10,000 

testable samples, or a maximum of 10,000,000 cycles, whichever occurred first 

in the simulation.

Each Type I error out-of-tolerance table is followed by a summary table for 

method 8. These tables present selected data on testable samples and cycles. 

Results are not given for method 7 because the Type I error performance was 

unacceptable across all testing conditions. The data includes minimum and 

maximum average testable sample sizes (ATSS Min, ATSS Max), the minimum 

and maximum number of cycles (Cycles Min, Cycles Max) and the initial sample 

sizes at which each of these occurred (at ISS). Cycle counts are rounded to the 

nearest 1,000 (k) up to 1,000,000 or the nearest million (M) beyond 1,000,000. 

Note that if the maximum number of cycles reached 10M the simulation was 

generally unable to obtain 10,000 testable samples. Type I error rates, Powers 

and Type III error rates are always presented as a proportion of the testable 

samples obtained.
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Some tests had the theoretical probability of a Type I error, P(T1e), less 

than the lower limit of robustness for some or many initial sample sizes, i.e., the 

Terpstra-Jonckheere Test, Kolmogorov-Smirnov Test and Rosenbaum Test. 

P(T1e) was not available for the Kruskal-Wallis Test. In all cases where P(T1e) 

was available, the experimental occurrence of Type 1 errors for the Normal 

distribution tracked P(T1e) closely for all methods, with some departure for 

methods 7 and 8. This was to be expected as the normal distribution represents 

a population from which P(tie)« 0 and methods 7 and 8 involved separate 

simulations that yielded a smaller number of testable samples than the other 

methods.

In analyzing Type I error results in order to select combinations of 

distributions and methods for further study of power and Type III error a choice 

was made to go forward with combinations where the Type I error results were 

similar to or more conservative than P(T1 E) and/or the results with the Normal 

distribution. To require strict adherence to the robust limits of .5a < 

p(T1e) < 1.1a would have eliminated some tests from further study, such as the 

Kolmogorov-Smirnov Test, which was deemed undesirable. In general, power 

results were investigated if the Type I error properties were equal to or more 

conservative than the theoretical and/or Normal distribution results but not if they 

showed any tendency to be inflated.

Power and Type III error results, if appropriate, are presented in section 

4.3 for all tests with acceptable Type I error results. For tests on three or more
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groups, all results are presented for three groups, followed by four, five and 

finally six groups. All table entries are rounded to the fourth decimal place.

Power and Type III error results for each test are presented in a series of 

tables for each nominal effect size multiplier covering both nominal alpha .01 and 

.05. For 2-sided tests, five tables are presented at each nominal effect size 

multiplier (0.2, 0.5, 0.8 and 1.2) corresponding to initial sample sizes 6, 12, 18,

24, and 30. Unlike Type I error rates, results for power and Type III error tend to 

behave in a more consistent and predictable manner. Thus, data for these five 

initial sample sizes are generally sufficient to reveal the behavior of the statistic 

for a specific combination of conditions.

For omnibus (Kruskal-Wallis) and ordered alternative hypothesis 

(Terpstra-Jonckheere) tests the concept of Type III error does not apply. Thus, 

results for both nominal alpha .01 and .05 are presented on a single page for 

each combination of nominal effect size multiplier {0.2, 0.5, 0.8, 1.2} and number 

of groups {3, 4, 5, 6}. Initial sample sizes 6, 12, 18 and 24 are reported for the 

Kruskal-Wallis Test while results for initial sample sizes 2, 4, 6, 8 and 10 are 

reported for the Terpstra-Jonckheere Test.

The rows of the Power and Type III error tables are organized by lower tail

1-sided (LT1s), upper tail 1-sided (UT1s), lower tail 2-sided (LT2s) and upper tail

2-sided (UT2s) when this is appropriate to the test. In all cases the lower tail 

results (LT1s and LT2s) represent Type III error rates and the upper tail results 

(UT1s and UT2s) represent the Power of the test under the specific combination 

of conditions (all effect shifts are towards higher values). Within each of these
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four directional categories are rows for each method of resolving ties. Results for 

method 8 (drop all ties and reduce N) are not presented because the Type I error 

results for this method were consistently outside the a priori tolerance limits. The 

columns represent the distributions. Results for the EB distribution are only 

given for nominal effect size multipliers 0.5 and 1.2 as the actual effect size is 

only reasonably close to the nominal effect size for these two effect size 

multipliers.

Three types of rank analysis tables for the power results follow power and 

Type III error results for each test. The first type of table gives the mean ranks of 

the power results for the applicable methods within each distribution and initial 

sample size across effect sizes. The second type of table gives the mean ranks 

of the power results for the applicable methods within each distribution and effect 

size across initial sample sizes. The third type of table gives the mean ranks of 

the power results for the applicable methods within each distribution across initial 

sample sizes and effect sizes.

Table 4.1-2
Actual Effect Size Multipliers by Nominal Effect Size Multiplier and Distribution

NESM
Distribution

.2 .5 .8 1.2

Norm .2 .5 .8 1.2
EA .172 (2) .518 (2) .864 (1) 1.209 (2)
EB .592(1) 1.183 (3)
ML .168 (3) .504 (3) .840 (2) 1.176 (4)
SS .204 (1) .407 (4) .815 (3) 1.222 (1)

Care should be taken in comparing power results across distributions 

since the actual effect size multipliers for any given nominal effect size multiplier
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were not equal. The actual effect size multipliers and the rankings across 

distributions within nominal effect size multiplier are given in Table 4.1-2.

4.2 -  Type I Error Results

4.2.1 -  Kolmogorov-Smirnov Test of General Differences (two groups

only)

Type I error results for the Kolmogorov-Smirnov Test at nominal alpha .01 

are summarized in Table 4.2.1 -1. The theoretical probability of a Type I error, 

P(T1e), was less than .005 for LT1s and UT1s for 14 initial samples sizes {3-7, 9, 

11, 12, 15, 18, 19, 22,23, 27} out of 28 and for BT (LT2s, UT2s) for 13 initial 

sample sizes {3 ,4 ,6 ,8 ,1 0 ,1 1 ,13 ,14 ,1 6 ,1 7 , 20, 24, 28} out of 28. P(T1 e) 

never exceeded .011 due to the strictly conservative criteria used to select critical 

values. Table 4.2.1-2 shows testable samples results for method 8.

Type I error results for the Kolmogorov-Smirnov Test at nominal alpha .05 

are summarized in Table 4.2.1 -3. P(T 1 e) was less than .025 for LT1 s and UT1 s 

for six initial samples sizes {4, 6, 9, 13, 17, 22} out of 28 and for BT (LT2s, UT2s) 

for eight initial sample sizes {5, 7, 8,10, 11, 14, 18, 23} out of 28. P(T1e) never 

exceeded 0.055 because of the strictly conservative criteria used to select critical 

values. Table 4.2.1-4 shows testable samples results for method 8.

Type I error rates for the Normal distribution at nominal alpha .01 and .05 

were generally close to P(T1e) across methods of resolving ties as there were no 

ties except for the combination of method 8 with LT1s, LT2s and BT at nominal 

alpha .01. Otherwise, results for method 8 were similar to the other methods, but
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not identical due to the smaller number of repetitions involved in the method 8 

simulation. These results indicate that the basic simulations worked correctly.

Table 4.2.1-1
Kolmogorov-Smirnov Test of General Differences for Two Groups

Type I Error Out-of-Tolerance Counts for a .01, 28 Initial Sample Sizes, 3(1)30 *

Tail Mthd P(T 1 e)
Distributions

EBNorm EA ML SS

LT 1s M3a 14,0 14,0 17,0 8,12 18,0 17,0
M4 14,0 14,0 16,0 23,0 14,0 16,0
M5 14,0 14,0 14,0 14,0 14,0 14,0
M6b 14,0 14,0 25,0 27,0 18,0 25,0
M8 12,0 12,0 0,25 0,25 1,21 0,23

UT 1s M3a 14,0 14,0 17,0 8,12 18,0 17,0
M4 14,0 14,0 16,0 23,0 15,0 17,0
M5 14,0 14,0 14,0 14,0 14,0 14,0
M6b 14,0 14,0 25,0 27,0 18,0 25,0
M8 12,0 12,0 0,25 0,25 1,21 0,25

LT 2s M3a 13,0 13,0 15,0 11,12 16,0 15,0
M4 13,0 13,0 16,0 20,0 14,0 17,0
M5 13,0 13,0 13,0 12,0 12,0 12,0
M6b 13,0 14,0 25,0 27,0 17,0 24,0
M8 11,0 0,8 0,25 0,25 0,24 0,25

UT 2s M3a 13,0 13,0 15,0 11,12 16,0 15,0
M4 13,0 13,0 16,0 20,0 13,0 17,0
M5 13,0 13,0 13,0 13,0 11,0 12,0
M6b 13,0 14,0 25,0 27,0 17,0 23,0
M8 11,0 0,12 0,25 0,25 0,24 0,25

BT M3a 13,0 13,0 15,0 11,12 16,0 15,0
M4 13,0 13,0 16,0 20,0 14,0 17,0
M5 13,0 13,0 13,0 13,0 12,0 12,0
M6b 13,0 14,0 25,0 27,0 17,0 24,0
M8 11,0 0,9 0,25 0,25 0,24 0,25

* Method 8 sample size range is 5(1)30.
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Type I error rates for the Micceri distributions at nominal alpha .01 and .05 

showed a pattern similar to P(T1e) across methods, but not as close as for the 

Normal distribution and with results somewhat to considerably more 

conservative. Exceptions were the combination of method 3 with the EB 

distribution and method 8 with all Micceri distributions, where results were 

inflated.

Table 4.2.1-2
Kolmogorov-Smirnov Test of General Differences for Two Groups 
Method 8 -  Testable Samples and Cycles for a. 01 
26 Initial Sample Sizes, 5(1)30

Dir Datum EA
Distributions — 
EB ML SS

LT 1s ATSS Min 5.00 4.91 5.00 5.00
UT1s at ISS 5 6 5 5

ATSS Max 6.88 5.53 13.52 7.52
at ISS 29 19 30 24

Cycles Min 14k 1M 10k 11k
at ISS 28 6 25 19

Cycles Max 66k 10M 20k 39k
at ISS 5 23 5 5

BT ATSS Min 5.00 5.00 5.00 5.00
LT2s at ISS 5 5 5 5
UT2s ATSS Max 7.11 6.00 13.49 7.72

at ISS 29 21 30 25
Cycles Min 15k 1M 10k 12k

at ISS 29 4 30 17
Cycles Max 66k 10M 20k 40k

at ISS 5 27 5 5
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Table 4.2.1-3
Kolmogorov-Smirnov Test of General Differences for Two Groups
Type I Error Out-of-Tolerance Counts for a .05, 28 Initial Sample Sizes, 3(1)30 *

Distributions
Tail Mthd P(T 1 e) Norm EA EB ML SS

LT 1s M3a 6,0 6,0 9,0 4,15 11,0 10,0
M4 6,0 6,0 10,0 17,0 6,0 8,0
M5 6,0 6,0 6,0 6,0 6,0 6,0
M6b 6,0 6,0 20,0 26,0 13,0 18,0
M8 6,0 6,0 0,27 0,27 0,21 0,24

UT 1s M3a 6,0 6,0 9,0 4,15 11,0 10,0
M4 6,0 6,0 8,0 17,0 6,0 8,0
M5 6,0 6,0 6,0 6,0 6,0 6,0
M6b 6,0 6,0 20,0 26,0 13,0 18,0
M8 6,0 7,0 0,27 0,27 0,21 0,24

LT 2s M3a 9,0 9,0 15,0 8,14 12,0 15,0
M4 9,0 9,0 12,0 20,0 10,0 13,0
M5 9,0 9,0 8,0 7,0 9,0 8,0
M6b 9,0 9,0 23,0 27,0 15,0 24,0
M8 9,0 10,0 0,27 0,27 0,21 0,24

UT 2s M3a 9,0 9,0 15,0 8,14 13,0 16,0
M4 9,0 9,0 14,0 20,0 10,0 15,0
M5 9,0 9,0 8,0 9,0 9,0 9,0
M6b 9,0 9,0 23,0 27,0 15,0 24,0
M8 9,0 9,0 0,27 0,27 1,20 0,25

BT M3a 9,0 9,0 14,0 7,14 13,0 16,0
M4 9,0 9,0 13,0 20,0 10,0 12,0
M5 9,0 9,0 8,0 9,0 9,0 9,0
M6b 9,0 9,0 23,0 27,0 15,0 24,0
M8 9,0 10,0 0,27 0,27 1,20 0,24

* Method 8 sample size range is 4(1)30 for BT (LT2s, UT2s).
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Table 4.2.1-4
Kolmogorov-Smirnov Test of General Differences for Two Groups 
Method 8 -  Testable Samples and Cycles for a .05 
27 Initial Sample Sizes, 4(1)30

Dir Datum EA
Distributions 
EB ML SS

LT 1s ATSS Min 3.00 3.00 3.00 3.00
UT1s at ISS 3 3 3 3

ATSS Max 6.36 4.08 13.50 7.17
at ISS 30 14 30 23

Cycles Min 11k 92k 10k 10k
at ISS 24 3 17 15

Cycles Max 21k 10M 13k 16k
at ISS 3 18 3 3

BT ATSS Min 4.00 4.00 4.00 4.00
LT2s at ISS 4 4 4 4
UT2s ATSS Max 6.59 4.92 13.49 7.33

at ISS 30 18 30 24
Cycles Min 12k 320k 10k 11k

at ISS 30 4 26 17
Cycles Max 35k 10M 16k 24k

at ISS 4 12 4 4

4.2.2 -  Rosenbaum’s Test (two groups only)

Type I error results for Rosenbaum’s Test at nominal alpha .01 are 

summarized in Table 4.2.2-1. P(T1e) was less than .005 for LT1s and UT1s for 

11 initial samples sizes {4, 7-9, 20-26} out of 26 and for BT (LT2s, UT2s) for nine 

initial sample sizes {6, 7, 10-12, 27-30} out of 26. P(T1e) never exceeded .011 

because of the strictly conservative criteria used to select critical values. Table

4.2.2-2 shows testable samples results for method 8.

Type I error results for Rosenbaum’s Test at nominal alpha .05 are 

summarized in Table 4.2.2-3. P(T1e) was less than .025 for LT1s and UT1s for
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11 initial sample sizes {4, 5, 16-24} out of 28 and for BT (LT2s, UT2s) for eight 

initial sample sizes {6, 7, 25-30} out of 27. P(T1e) never exceeded 0.055 

because of the strictly conservative criteria used to select critical values. Table

4.2.2-4 shows testable samples results for method 8.

Type I error rates for the Normal distribution at nominal alpha .01 and .05 

were generally very close to P(T1e) across methods of resolving ties as there 

were no ties. Results for method 8 were similar to the other methods but not 

quite as close due to the smaller number of repetitions involved in the method 8 

simulation. These results indicate that the basic simulation worked correctly.

Type I error rates for the Micceri distributions at nominal alpha .01 and .05 

showed a pattern similar to P(T1e) across methods, but not as close as for the 

Normal distribution and with results somewhat to considerably more 

conservative. Exceptions at both nominal alpha .01 and .05 were methods 3a 

and 3b with distribution EB, method 4 with distributions EA and EB and method 8 

for all Micceri distributions, all of which showed inflated results.
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Table 4.2.2-1
Rosenbaum’s Test for Two Groups Type I Error Out-of-Tolerance Counts for a
.01,26 Initial Sample Sizes, 5(1)30

Tail Mthd P(T 1 e)
____  IDistributions

EBNorm EA ML SS

LT 1s M3a 11,0 11,0 18,0 19,2 11,0 17,0
M3b 11,0 11,0 18,0 19,2 11,0 17,0
M4 11,0 11,0 3,11 3,19 9,0 8,0
M5 11,0 11,0 11,0 11,0 12,0 13,0
M6c 11,0 11,0 25,0 25,0 16,0 18,0
M8 11,0 11,0 0,25 0,25 0,20 0,25

UT 1s M3a 11,0 12,0 18,0 19,2 16,0 17,0
M3b 11,0 12,0 18,0 19,2 11,0 17,0
M4 11,0 12,0 3,11 3,19 9,0 8,0
M5 11,0 12,0 10,0 12,0 13,0 12,0
M6c 11,0 12,0 25,0 25,0 16,0 18,0
M8 11,0 10,0 0,25 0,25 0,19 0,25

LT 2s M3a 9,0 9,0 13,0 23,0 16,0 12,0
M3b 9,0 9,0 13,0 23,0 11,0 12,0
M4 9,0 9,0 4,12 3,18 8,0 8,0
M5 9,0 9,0 9,0 9,0 10,0 9,0
M6c 9,0 9,0 23,0 25,0 11,0 15,0
M8 9,0 9,0 0,25 0,25 0,25 0,25

UT 2s M3a 9,0 9,0 13,0 24,0 11,0 13,0
M3b 9,0 9,0 13,0 24,0 11,0 13,0
M4 9,0 9,0 4,12 3,18 9,0 7,0
M5 9,0 9,0 9,0 9,0 9,0 9,0
M6c 9,0 9,0 23,0 25,0 11,0 15,0
M8 9,0 7,0 0,25 0,25 0,25 0,25

BT M3a 9,0 9,0 13,0 23,0 11,0 13,0
M3b 9,0 9,0 13,0 23,0 11,0 13,0
M4 9,0 9,0 4,12 3,18 9,0 7,0
M5 9,0 9,0 9,0 9,0 9,0 9,0
M6c 9,0 9,0 23,0 25,0 11,0 15,0
M8 9,0 8,0 0,25 0,25 0,25 0,25
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Table 4.2.2-2
Rosenbaum’s Test for Two Groups, Method 8 -  Testable Samples and Cycles
for a .01, 26 Initial Sample Sizes, 5(1)30

Dir Datum EA
Distributions 
EB ML SS

LT 1s ATSS Min 5.00 4.91 5.00 5.00
UT1s at ISS 5 6 5 5

ATSS Max 6.88 5.51 13.48 7.53
at ISS 29 20 30 25

Cycles Min 14k 900k 10k 11k
at ISS 28 6 23 18

Cycles Max 66k 10M 20k 40k
at ISS 5 23 5 5

BT ATSS Min 5.00 5.00 5.00 5.00
LT2s at ISS 5 5 5 5
UT2s ATSS Max 7.11 5.99 13.47 7.73

at ISS 29 21 30 25
Cycles Min 15k 1M 10k 12k

at ISS 29 5 29 19
Cycles Max 66k 10M 20k 40k

at ISS 5 19 5 5
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Table 4.2.2-3
Rosenbaum’s Test for Two Groups Type I Error Out-of-Tolerance Counts for a
.05, 28 Initial Sample Sizes, 3(1)30*

Tail Mthd P(T 1 e) Norm EA EB ML SS

LT 1s M3a 11,0 11,0 19,0 14,8 17,0 18,0
M3b 11,0 11,0 19,0 14,8 17,0 18,0
M4 11,0 11,0 2,12 2,22 8,0 7,0
M5 11,0 11,0 12,0 11,0 10,0 11,0
M6c 11,0 11,0 23,0 26,0 17,0 18,0
M8 11,0 8,0 0,27 0,27 0,18 0,23

UT 1s M3a 11,0 12,0 19,0 14,8 17,0 18,0
M3b 11,0 12,0 19,0 14,8 17,0 18,0
M4 11,0 12,0 2,12 2,22 8,0 7,0
M5 11,0 12,0 11,0 11,0 11,0 11,0
M6c 11,0 12,0 23,0 26,0 17,0 18,0
M8 11,0 11,0 0,27 0,27 0,18 0,23

LT 2s* M3a 8,0 8,0 12,0 13,9 9,0 11,0
M3b 8,0 8,0 12,0 13,9 9,0 11,0
M4 8,0 8,0 2,16 2,20 7,0 5,0
M5 8,0 8,0 8,0 8,0 8,0 8,0
M6c 8,0 8,0 25,0 25,0 9,0 12,0
M8 8,0 6,0 0,26 0,26 0,19 0,26

UT 2s* M3a 8,0 8,0 12,0 13,9 9,0 11,0
M3b 8,0 8,0 12,0 13,9 9,0 11,0
M4 8,0 8,0 2,16 2,20 7,0 5,0
M5 8,0 8,0 8,0 8,0 8,0 8,0
M6c 8,0 8,0 25,0 25,0 9,0 12,0
M8 8,0 7,1 0,26 0,26 0,20 0,26

BT* M3a 8,0 8,0 12,0 13,9 9,0 11,0
M3b 8,0 8,0 11,0 13,9 9,0 11,0
M4 8,0 8,0 2,16 2,20 7,0 5,0
M5 8,0 8,0 8,0 8,0 8,0 8,0
M6c 8,0 8,0 25,0 25,0 9,0 12,0
M8 8,0 7,0 0,26 0,26 0,20 0,26

* For LT1s and UT1s. 27 initial sample sizes 4(1)30 for BT (LT2s, UT2s).
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Table 4.2.2-4
Rosenbaum’s Test for Two Groups, Method 8 -  Testable Samples and Cycles
for a .05, 28 Initial Sample Sizes, 3(1)30*

Distributions
Dir Datum EA EB ML SS

LT 1s ATSS Min 3.00 3.00 3.00 3.00
UT1s at ISS 3 3 3 3

ATSS Max 6.36 4.08 13.51 7.16
at ISS 30 14 30 22

Cycles Min 11k 92k 10k 10k
at ISS 30 3 15 16

Cycles Max 21k 2M 13k 17k
at ISS 3 30 3 3

BT ATSS Min 4.00 4.00 4.00 4.00
LT2s at ISS 4 4 4 4
UT2s ATSS Max 6.59 4.93 13.52 7.35

at ISS 30 17 30 26
Cycles Min 12k 320k 10k 11k

at ISS 30 4 19 18
Cycles Max 35k 5M 16k 25k

at ISS 4 29 4 4

* For LT1s and UT1s. 27 initial sample sizes 4(1)30 for BT (LT2s, UT2s).

4.2.3 -  Tukey’s Quick Test (two groups only)

Type I error results for Tukey’s Quick Test at nominal alpha .01 are 

summarized in Table 4.2.3-1 while Type I error results at nominal alpha .05 are 

summarized in Table 4.2.3-3. P(T1e) was within the robust limits for all 

combinations of initial samples sizes, directions and methods. Tables 4.2.3-2 

and 4.2.3-4 show testable samples results for method 8 at nominal alpha .01 and 

.05 respectively.

Type I error rates for the Normal distribution at nominal alpha .01 and .05 

were generally very close to P(T1e) across all methods of resolving ties as there
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were no ties. Results for method 8 departed slightly due to the smaller number 

of testable samples involved in the method 8 simulation. These results indicate 

that the basic simulation worked correctly.

Type I error rates for the Micceri distributions at nominal alpha .01 and .05 

were very similar to P(T1e) and the Normal distribution for method 5 across all 

distributions and for methods 3a, 3b and 4 for distributions ML and SS with 

departures being slightly conservative. Results were very conservative for 

method 3a with distribution EA at both alpha levels, while results were slightly 

conservative for method 3b with distribution EA at nominal alpha .01, but inflated 

at nominal alpha .05. Results were somewhat to grossly inflated at both alpha 

levels for methods 3a and 3b with distribution EB, method 4 with distributions EA 

and EB and method 8 with all Micceri distributions.
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Table 4.2.3-1
Tukey’s Quick Test for Two Groups, Type I Error Out-of-Tolerance Counts for a
.01, 26 Initial Sample Sizes, 5(1)30

Tail Mthd P(T 1 e)
. . . . . . .  iDistributions

EBNorm EA ML SS

LT 1s M3a 0,0 0,0 22,0 11,13 4,0 4,0
M3b 0,0 0,0 4,0 2,11 3,0 3,0
M4 0,0 0,0 0,13 13,2 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M8 0,0 1,0 0,26 0,26 0,26 0,26

UT 1s M3a 0,0 0,0 22,0 11,13 3,0 4,0
M3b 0,0 0,0 4,0 1,13 3,0 4,0
M4 0,0 0,0 0,13 13,2 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M8 0,0 1,1 0,26 0,26 0,26 0,26

LT 2s M3a 0,0 0,0 22,0 11,12 4,0 4,0
M3b 0,0 0,0 5,0 3,10 4,0 4,0
M4 0,0 0,0 0,14 14,2 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M8 0,0 2,0 0,26 0,26 0,25 0,26

UT 2s M3a 0,0 0,0 22,0 11,12 3,0 4,0
M3b 0,0 0,0 4,0 2,17 3,0 4,0
M4 0,0 0,0 0,14 14,2 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M8 0,0 1,0 0,26 0,26 0,26 0,26

BT M3a 0,0 0,0 22,0 11,12 4,0 4,0
M3b 0,0 0,0 4,0 2,11 3,0 4,0
M4 0,0 0,0 0,14 14,2 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M8 0,0 1,0 0,26 0,26 0,6 0,26
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Table 4.2.3-2
Tukey’s Quick Test for Two Groups, Method 8 -  Testable Samples and Cycles
for a .01, 26 Initial Sample Sizes, 5(1)30

Dir Datum EA
Distributions 
EB ML SS

LT 1s ATSS Min 5.00 4.91 5.00 5.00
UT1s at ISS 5 6 5 5

ATSS Max 6.88 5.51 13.48 7.53
at ISS 29 20 30 25

Cycles Min 14k 898k 10k 11k
at ISS 28 6 19 18

Cycles Max 66k 10M 20k 40k
at ISS 5 23 5 5

BT ATSS Min 5.00 5.00 5.00 5.00
LT2s at ISS 5 5 5 5
UT2s ATSS Max 7.11 5.99 13.47 7.73

at ISS 29 21 30 25
Cycles Min 15k 1M 10k 12k

at ISS 29 5 29 19
Cycles Max 66k 10M 20k 40k

at ISS 5 19 5' 5
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Table 4.2.3-3
Tukey’s Quick Test for Two Groups, Type I Error Out-of-Tolerance Counts for a
.05, 28 Initial Sample Sizes, 3(1)30 *

Distributions
Tail Mthd P(T 1 e) Norm EA EB ML SS

LT 1s M3a 0,0 0,0 21,0 7,18 0,0 1,0
M3b 0,0 0,0 1,9 3,12 0,0 1,1
M4 0,0 0,0 0,17 9,6 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M8 0,0 0,0 0,28 0,28 0,22 0,24

UT 1s M3a 0,0 0,0 21,0 7,18 0,0 1,0
M3b 0,0 0,0 1,9 1,21 0,0 1,1
M4 0,0 0,0 0,17 8,6 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M8 0,0 0,0 0,28 0,28 0,22 0,24

LT 2s* M3a 0,0 0,0 16,0 9,17 6,0 6,0
M3b 0,0 0,0 0,4 4,13 6,0 5,0
M4 0,0 0,0 0,18 8,2 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M8 0,0 1,0 0,27 0,27 0,23 0,27

UT 2s* M3a 0,0 0,0 16,0 9,17 6,0 6,0
M3b 0,0 0,0 0,4 2,21 6,0 5,0
M4 0,0 0,0 0,17 8,2 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M8 0,0 0,0 0,27 0,27 0,23 0,24

BT* M3a 0,0 0,0 16,0 9,17 6,0 6,0
M3b 0,0 0,0 0,4 3,15 6,0 5,0
M4 0,0 0,0 0,17 8,20 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M8 0,0 0,0 0,27 0,27 0,23 0,26

* For LT 1 s and UT 1 s. 27 initial sample sizes 4(1 )30 for BT (LT2s, UT2s).
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Table 4.2.3-4
Tukey’s Quick Test for Two Groups, Method 8 -  Testable Samples and Cycles
for a .05, 28 Initial Sample Sizes, 3(1)30

Distributions
Dir Datum EA EB ML SS

LT 1s ATSS Min 3.00 3.00 3.00 3.00
UT1s at ISS 3 3 3 3

ATSS Max 6.36 4.08 13.51 7.16
at ISS 30 14 30 22

Cycles Min 11k 92k 10k 10k
at ISS 30 3 15 16

Cycles Max 21k 2M 13k 17k
at ISS 3 30 3 3

BT ATSS Min 4.00 4.00 4.00 4.00
LT2s at ISS 4 4 4 4
UT2s ATSS Max 6.59 4.93 13.52 7.35

at ISS 30 17 30 26
Cycles Min 12k 320k 10k 11k

at ISS 30 4 19 18
Cycles Max 35k 5M 16k 25k

at ISS 4 30 4 4

* For LT1 s and UT 1 s. 27 initial sample sizes 4(1 )30 for BT (LT2s, UT2s).

4.2.4 -  Wilcoxon- Mann-Whitney Test (two groups only)

Type I error results for the Wilcoxon-Mann-Whitney Test at nominal alpha 

.01 and .05 are summarized in Tables 4.2.4-1 and 4.2.4-3 respectively. P(T1e) 

was with the robust tolerance limits for all combinations of initial sample size, 

direction and method. Tables 4.2.4-2 and 4.2.4-4 show method 8 testable 

samples results for nominal alpha .01 and .05 respectively.

Type I error rates for the Normal distribution at nominal alpha .01 and .05 

were very close to P(T1e) across methods of resolving ties as there were no ties. 

Results for method 8 at nominal alpha .01 departed slightly due to the smaller
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number of repetitions involved in the method 8 simulation. These results indicate 

that the basic simulations worked correctly.

Type I error rates at both nominal alpha levels were very close to slightly 

conservative in comparison to the P(T1e) and Normal results for all of the 

methods except method 8 across the Micceri distributions and method 4 with 

distribution EA. The exceptions all had grossly inflated Type I error rates.
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Table 4.2.4-1
Wilcoxon-Mann-Whitney Test for Two Groups, Type I Error Out-of-Tolerance
Counts for a .01, 26 Initial Sample Sizes, 5(1)30

Tail Mthd P(T 1 e)
_ _ _ _ _ _ _  1Distributions

EBNorm EA ML SS

LT 1s M3a 0,0 0,0 0,0 3,0 0,0 0,0
M4 0,0 0,0 0,19 0,0 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M6a 0,0 0,0 0,0 3,0 0,0 0,0
M8 0,0 0,0 0,26 0,26 0,26 0,26

UT 1s M3a 0,0 0,0 0,0 3,0 0,0 0,0
M4 0,0 0,0 0,19 0,0 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M6a 0,0 0,0 0,0 3,0 0,0 0,0
M8 0,0 0,2 0,26 0,26 0,26 0,26

LT 2s M3a 0,0 0,0 0,0 5,0 0,0 0,0
M4 0,0 0,0 0,17 0,0 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M6a 0,0 0,0 0,0 5,0 0,0 0,0
M8 0,0 0,0 0,26 0,26 0,26 0,26

UT 2s M3a 0,0 0,0 0,0 5,0 0,0 0,0
M4 0,0 0,0 0,17 0,0 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M6a 0,0 0,0 0,0 5,0 0,0 0,0
M8 0,0 0,2 0,26 0,26 0,25 0,26

BT M3a 0,0 0,0 0,0 5,0 0,0 0,0
M4 0,0 0,0 0,17 0,0 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M6a 0,0 0,0 0,0 5,0 0,0 0,0
M8 0,0 0,2 0,26 0,26 0,26 0,26
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Table 4.2.4-2
Wilcoxon-Mann-Whitney Test for Two Groups, Method 8 -  Testable Samples 
and Cycles for a .01, 26 Initial Sample Sizes, 5(1)30

Dir Datum EA
Distributions 
EB ML SS

LT 1s ATSS Min 5.00 4.91 5.00 5.00
UT1s atISS 5 6 5 5

ATSS Max 6.88 5.51 13.48 7.53
at ISS 29 20 30 25

Cycles Min 14k 898k 10k 11k
at ISS 28 6 23 18

Cycles Max 66k 10M 20k 40k
at ISS 5 23 5 5

BT ATSS Min 5.00 5.00 5.00 5.00
LT2s at ISS 5 5 5 5
UT2s ATSS Max 7.11 5.99 13.47 7.73

at ISS 29 21 30 25
Cycles Min 15k 1M 10k 12k

at ISS 29 5 29 19
Cycles Max 66k 10M 20k 40k

atISS 5 19 5 5
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Table 4.2.4-3
Wilcoxon-Mann-Whitney Test for Two Groups, Type I Error Out-of-Tolerance
Counts for a .05, 28 Initial Sample Sizes, 3(1)30*

Distributions
Tail Mthd P(T 1 e) Norm EA EB ML SS

LT 1s M3a 0,0 0,0 1,0 1,0 0,0 1,0
M4 0,0 0,0 0,15 0,0 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M6a 0,0 0,0 1,0 1,0 0,0 1,0
M8 0,0 0,0 0,28 0,28 0,26 0,26

UT 1s M3a 0,0 0,0 1,0 1,0 0,0 1,0
M4 0,0 0,0 0,15 0,0 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M6a 0,0 0,0 1,0 1,0 0,0 1,0
M8 0,0 0,0 0,28 0,28 0,26 0,27

LT 2s M3a 0,0 0,0 1,0 3,0 0,0 1,0
M4 0,0 0,0 0,17 0,0 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M6a 0,0 0,0 1,0 3,0 0,0 1,0
M8 0,0 0,0 0,27 0,27 0,24 0,25

UT 2s M3a 0,0 0,0 1,0 3,0 0,0 1,0
M4 0,0 0,0 0,17 0,0 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M6a 0,0 0,0 1,0 3,0 0,0 1,0
M8 0,0 0,0 0,27 0,27 0,23 0,24

BT M3a 0,0 0,0 1,0 3,0 0,0 1,0
M4 0,0 0,0 0,17 0,0 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M6a 0,0 0,0 1,0 3,0 0,0 1,0
M8 0,0 0,0 0,27 0,27 0,24 0,25

* For LT1s and UT1s. 27 initial sample sizes 4(1)30 for BT (LT2s, UT2s).
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Table 4.2.4-4
Wilcoxon-Mann-Whitney Test for Two Groups, Method 8 -  Testable Samples 
and Cycles for a .05, 28 Initial ample Sizes, 3(1)30*

Distributions
Dir Datum EA EB ML SS

LT 1s ATSS Min 3.00 3.00 3.00 3.00
UT1s at ISS 3 3 3 3

ATSS Max 11.97 6.00 17.19 13.02
at ISS 30 30 30 30

Cycles Min 10k 11k 10k 10k
atISS 20 30 10 14

Cycles Max 21k 92k 13k 17k
atISS 3 3 3 3

BT ATSS Min 4.00 4.00 4.00 4.00
LT2s atISS 4 4 4 4
UT2s ATSS Max 12.00 6.34 17.27 13.04

at ISS 30 30 30 30
Cycles Min 10k 12k 10k 10k

at ISS 25 30 13 22
Cycles Max 35k 314k 16k 25k

at ISS 4 4 4 4

* For LT1s and UT1s. 27 initial sample sizes 4(1)30 for BT (LT2s, UT2s).

4.2.5 -  Kruskal-Wallis Test (three to six groups)

Type I error results for the Kruskal-Wallis Test at nominal alpha .01 are 

summarized in Table 4.2.5-1 for 3 to 6 groups while corresponding results for 

nominal alpha .05 are given in Table 4.2.5-2. Testable samples results for 

method 8 are given in Tables 4.2.5-3 through 4.2.5-6 for three to six groups 

respectively.

Tables 4.2.5-1 and 4.2.5-2 differ from the corresponding tables for the 

previous four tests in several ways. First, since the Kruskal-Wallis test is a test of 

an omnibus alternative hypothesis, 1-sided and 2-sided results have no meaning
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and thus are not reported. Second, the test is defined for three or more groups. 

Results were obtained and reported for three, four, five and six groups. Third, 

P(T1e), was not readily available for this test and thus is not reported. Fourth, a 

continuity corrected statistic, Hc, was available for this test for which results were 

calculated and reported alongside the uncorrected results (H).

Since P(T1e) was not readily available, the results for the Normal 

distribution were taken as the standard of comparison for the other test 

combinations. This seemed reasonable given the closeness of results between 

P(T1e) and the Normal distribution for the other tests in this study.

For three groups at nominal alpha .01, P(T 1 e) for the Normal distribution 

was less than .005 for initial sample size 3, while P(T1e) exceeded .011 for initial 

sample sizes 22 and 24 for methods 3 through 6 and for initial sample sizes 5, 20 

and 23 for method 8.

For four groups at nominal alpha .01, P(T 1 e) for the Normal distribution 

remained at or above .005 for all initial sample sizes while P(T1e) exceeded .011 

for initial sample sizes 20 and 25 for methods 3 through 6 and for initial sample 

size 18 for method 8.

For five groups at nominal alpha .01, P(T 1 e) for the Normal distribution 

remained at or above .005 for all initial sample sizes while P(T1e) exceeded .011 

for initial sample sizes 5,19 for methods 3 through 6 and for initial sample size 15 

for method 8.
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Table 4.2.5-1
Kruskal-Wallis Test for Three to Six Groups, Type I Error Out-of-Tolerance
Counts for a .01, 23 Initial Sample Sizes, 3(1)25*

---------------------------- Distributions** -----------------------
Groups Mthd ....Norm...............EA.................EB.................ML................. SS.

H He H He H He H He H He

M3a 1,2 1,2 1,11 1,14 1,19 0,23 1,3 1,3 1,7 1,10
M4 1,2 1,2 1,18 1,21 1,0 0,14 1,3 1,4 1,7 1,9
M5 1,2 1,2 1,3 1,6 1,1 0,23 1,3 1,3 1,6 1,5
M6a 1,2 1,2 1,0 1,1 6,0 1,1 1,3 1,3 1,1 1,5
M8*+ 1,3 1,3 0,22 0,22 0,22 0,22 0,21 0,21 0,21 0,21

M3a 0,2 0,2 0,16 0,18 0,22 0,23 0,3 0,4 0,5 0,6
M4 0,2 0,2 0,21 0,23 0,0 0,15 0,2 0,3 0,2 0,5
M5 0,2 0,2 0,4 0,16 0,4 0,23 0,5 0,5 0,4 0,5
M6a 0,2 0,2 0,2 0,4 8,0 0,7 0,2 0,3 0,0 0,1
M8*+ 0,1 0,1 0,22 0,22 ++ ++ 0,22 0,22 0,22 0,22

M3a 0,2 0,2 0,18 0,21 0,22 0,23 0,0 0,1 0,4 0,6
M4 0,2 0,2 0,22 0,23 0,0 0,14 0,2 0,4 0,2 0,4
M5 0,2 0,2 0,6 0,11 0,3 0,23 0,1 0,1 0,0 0,2
M6a 0,2 0,2 0,1 0,6 9,0 0,4 0,1 0,1 0,0 0,1
M8*+ 0,1 0,1 0,22 0,22 ++ ++ 0,22 0,22 0,22 0,22

M3a 0,1 0,1 0,16 0,22 0,23 0,23 0,1 0,1 0,8 0,13
M4 0,1 0,1 0,23 0,23 0,0 0,20 0,0 0,0 0,5 0,7
M5 0,1 0,1 0,2 0,15 0,4 0,23 0,4 0,4 0,2 0,5
M6a 0,1 0,1 0,0 0,1 10,0 0,3 0,1 0,2 0,2 0,3
M8*+ 0,3 0,3 0,22 0,22 ++ ++ 0,22 0,22 0,22 0,22

** Theoretical P(T 1 e) not available.
+ See Testable Samples and Cycles Data.
++ Not enough testable samples to report results.

* For methods 3a, 4, 5 and 6. 22 initial sample sizes, 3(1)24 for method 8.
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Table 4.2.5-2
Kruskal-Wallis Test for Three to Six Groups, Type I Error Out-of-Tolerance
Counts for a .05, 23 Initial Sample Sizes, 3(1)25*

---------------------------- Distributions** -----------------------
Groups Mthd ....Norm...............EA.................EB.................ML................. SS.

H He H He H He H He H He

M3a 0,0 0,0 0,11 0,15 0,21 0,23 0,0 0,0 0,1 0,3
M4 0,0 0,0 0,19 0,23 0,0 0,7 0,0 0,0 0,0 0,3
M5 0,0 0,0 0,0 0,3 0,1 0,23 0,0 0,0 0,0 0,1
M6a 0,0 0,0 0,0 0,0 0,0 0,2 0,0 0,0 0,0 0,0
M8*+ 0,0 0,0 0,22 0,22 0,22 0,22 0,21 0,22 0,22 0,22

M3a 0,2 0,2 0,14 0,20 0,22 0,23 0,0 0,0 0,2 0,6
M4 0,2 0,2 0,22 0,23 0,0 0,9 0,0 0,0 0,0 0,0
M5 0,2 0,2 0,0 0,3 0,1 0,23 0,0 0,0 0,0 0,1
M6a 0,2 0,2 0,0 0,0 1,0 0,1 0,0 0,0 0,0 0,0
M8*+ 0,0 0,0 0,0 0,22 ++ ++ 0,21 0,22 0,22 0,22

M3a 0,0 0,0 0,20 0,23 0,23 0,23 0,1 0,3 0,7 0,8
M4 0,0 0,0 0,22 0,23 0,0 0,8 0,1 0,1 0,0 0,3
M5 0,0 0,0 0,1 0,5 0,0 0,23 0,0 0,1 0,0 0,0
M6a 0,0 0,0 0,0 0,1 1,0 0,0 0,0 0,0 0,0 0,0
M8*+ 0,0 0,0 0,22 0,22 ++ ++ 0,22 0,22 0,22 0,22

M3a 0,0 0,0 0,17 0,22 0,23 0,23 0,2 0,2 0,11 0,13
M4 0,0 0,0 0,23 0,23 0,0 0,7 0,0 0,1 0,1 0,4
M5 0,0 0,0 0,1 0,9 0,1 0,23 0,0 0,1 0,0 0,1
M6a 0,0 0,0 0,0 0,1 0,0 0,0 0,0 0,0 0,0 0,0
M8*+ 0,0 0,0 0,22 0,22 ++ ++ 0,22 0,22 0,22 0,22

3 Grps

4 Grps

5 Grps

6 Grps

** Theoretical P(T 1 e) not available.
+ See Testable Samples and Cycles Data.
++ Not enough testable samples to report results.

* For methods 3a, 4, 5 and 6. 22 initial sample sizes, 3(1)24 for method 8.

For six groups at nominal alpha .01, P(T1e) for the Normal distribution 

remained at or above .005 for all initial sample sizes while P(T1e) exceeded .011 

for initial sample sizes 15 for methods 3 through 6 and for initial sample sizes 3, 

16 and 21 for method 8. All of preceding results applied equally to H and He as
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there was no difference in the statistics given the absence of ties with the Normal 

distribution.

For three, five and six groups at nominal alpha .05, P(T1e) for the Normal 

distribution was within the robust tolerance limits for all initial sample sizes. For 

four groups, P(T1e) for the Normal distribution remained at or above .025 for all 

initial sample sizes while P(T1e) exceeded .055 for initial sample sizes 7 and 20 

for methods 3 - 6 .  These results applied equally to H and Hc as there was no 

difference in the statistics given the absence of ties with the Normal distribution.

Almost without exception, Type I error results based on Hc were inflated 

with respect to the results based on H. As such, test combinations were selected 

for further study based on the Type I error results obtained using the H statistic.

At nominal alpha .01, results for the Micceri distributions varied across 

method and number of groups in a way that is difficult to generalize. Results 

were grossly inflated for method 8 across distributions and number of groups.

For distribution EB with four to six groups there were insufficient testable 

samples to even report results. Results were similar to slightly conservative for 

method 6a across distributions except for distribution EB, which had very 

conservative results. Method 5 was similar to somewhat inflated across 

distributions and number of groups. Methods 3a and 4 were similar to somewhat 

inflated for distributions ML and SS but extremely inflated for distributions EA and 

EB.
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Table 4.2.5-3
Kruskal-Wallis Test for Three Groups, Method 8 -  Testable Samples and Cycles
for a .01 and .05, 22 Initial Sample Sizes, 3(1)24

Distributions
Datum EA EB ML SS

ATSS Min 3.00 3.00 3.00 3.00
at ISS 3 3 3 3

ATSS Max 3.87 3.43 5364 4.04
at ISS 21 15 17 13

Cycles Min* 20k 812k 10k 15k
atISS 18 3 7 9

Cycles Max* 93k 10M* 27k 49k
atISS 3 4 20 3

‘ Testable Samples 72

ATSS Min 2.53 2.52 2.70 2.58
atISS 3 3 3 3

ATSS Max 3.54 2.76 5.63 3.78
at ISS 23 11 19 12

Cycles Min* 14k 2.3M 10k 12k
at ISS 19 3 7 8

Cycles Max* 28k 10M* 27k 18k
atISS 3 7 22 24

‘ Testable Samples 7721

* When Cycles = 10M, testable samples < 10k.

The situation was somewhat better for nominal alpha .05. Methods 5 and 

6a were similar to slightly inflated across all distributions and numbers of groups. 

Method 3a was similar to slightly inflated across numbers of groups for 

distribution ML as well as for distribution SS at three and four groups. It was 

quite inflated, however, for distribution SS with five and six groups. Methods 3a 

and 4 were grossly inflated for distributions EA and EB across numbers of 

groups. Method 8 was again grossly inflated across all Micceri distributions and
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number of groups, again with insufficient testable samples for distribution EB with 

four to six groups.

Table 4.2.5-4
Kruskal-Wallis Test for Four Groups, Method 8 -  Testable Samples and Cycles 
for a. 01 and .05, 22 Initial Sample Sizes, 3(1)24

a Datum EA
Distributions — 
EB ML SS

.01 ATSS Min 2.36 2.25 2.59 2.42
at ISS 3 3 3 3

ATSS Max 2.68 2.50 3.26 2.74
at ISS 15 9 11 8

Cycles Min* 30k 10M* 11k 20k
atISS 10 3 4 6

‘ Testable Samples 348
Cycles Max* 71k — 80k 101k

at ISS 3 — 15 24

.05 ATSS Min 2.12 1.94 2.45 2.20
at ISS 3 3 3 3

ATSS Max 2.50 2.62 3.26 2.60
at ISS 15 11 12 8

Cycles Min* 23k 10M* 11k 16k
at ISS 10 3 4 5

‘ Testable Samples 2
Cycles Max* 33k - 81k 62k

at ISS 3 — 14 24

* When Cycles = 10M, testable samples < 10k.
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Table 4.2.5-5
Kruskal-Wallis Test for Five Groups, Method 8 -  Testable Samples and Cycles
for a . 01 and .05, 22 Initial Sample Sizes, 3(1)24

a Datum EA
Distributions — 
EB ML SS

.01 ATSS Min 1.99 1.88 2.30 2.05
at ISS 3 3 3 23

ATSS Max 2.12 — 2.43 2.16
atISS 10 — 8 6

Cycles Min* 58k 10M* 12k 30k
at ISS 7 5 3 4

Testable Samples 5
Cycles Max* 141k - 112k 698k

at ISS 24 — 11 24

.05 ATSS Min 1.85 1.61 2.25 1.87
atISS 3 3 3 23

ATSS Max 1.99 — 2.42 2.05
at ISS 8 — 10 6

Cycles Min* 41k 10M* 12k 23k
at ISS 6 3 3 4

Testable Samples 14
Cycles Max* 93k — 110k 365k

atISS 24 — 11 24

* When Cycles = 10M, testable samples < 10k.
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Table 4.2.5-6
Kruskal-Wallis Test for Six Groups, Method 8 -  Testable Samples and Cycles
for a . 01 and .05, 22 Initial Sample Sizes, 3(1)24

a Datum EA
Distributions 
EB ML SS

.01 ATSS Min 1.80 _ 1.94 1.79
at ISS 3 — 23 21

ATSS Max 1.85 — 2.04 1.87
atISS 9 — 7 5

Cycles Min* 140k — 22k 57k
at ISS 5 — 3 3

Cycles Max* 841k — 128k 836k
atISS 24 — 9 24

.05 ATSS Min 1.69 _ 1.88 1.65
atISS 3 — 24 24

ATSS Max 1.76 — 2.03 1.79
atISS 10 — 8 4

Cycles Min* 97k — 20k 42k
atISS 4 — 3 3

Cycles Max* 536k — 126k 4.4M
atISS 24 — 9 24

* When Cycles = 10M, testable samples < 10k.

4.2.6 -  Terpstra-Jonckheere Test (three to six groups)

Type I error results for the Terpstra-Jonckheere Test at nominal alpha .01 

are summarized in Table 4.2.6-1 for three to six groups while corresponding 

results for nominal alpha .05 are given in Table 4.2.6-2. Testable samples 

results for method 8 are given in Tables 4.2.6-3 through 4.2.6-6 for three to six 

groups respectively.

At nominal alpha .01 P(T1e) was less than .005 only for initial sample size 

3 for three groups and never exceeded .011 because of the strictly conservative 

criteria used to select critical values. For four to six groups, P(T1e) was within
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the robust tolerance limits for all initial sample sizes for which P(T1e) was 

available. P(T1e) was not available for five groups at initial sample sizes 8 -1 0  

or for six groups at initial sample sizes 7 -1 0 , although critical values were 

available and used.

At nominal alpha .05 P(T1e) was within the robust tolerance limits for all 

initial sample sizes for which P(T1e) was available. P(T1e) was not available for 

5 groups at initial sample sizes 8 -  10 or for 6 groups at initial sample sizes 7 -  

10, although critical values were available and used.

At nominal alpha .01 and .05 Type I error rates for the Normal distribution 

were very similar to P(T1e) for all initial sample sizes across numbers of groups. 

This was expected given the lack of ties with the Normal distribution. A slightly 

inflated departure was noted at nominal alpha .01 for method 8 with five and six 

groups. Some departure for method 8 was also expected due to the smaller 

number of repetitions involved in the method 8 simulation. These results indicate 

that the basic simulations worked correctly.

Type I error results for the Micceri distributions were generally very similar 

to P(T1e) and/or the Normal distribution at both nominal alpha .01 and .05 for 

methods 3 - 6  across number of groups with departures tending to be slightly 

conservative. Results for method 8 were slightly to moderately inflated for both 

alpha levels for all Micceri distributions across numbers of groups. There were 

insufficient testable samples to report results for method 8 with distribution EB for 

four to six groups at both alpha levels.
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Table 4.2.6-1
Terpstra-Jonckheere Test for Three to Six Groups, Type I Error Out-of-Tolerance
Counts for a .01, 9 Initial Sample Sizes 2(1)10, except Three Groups at 3(1)10

-------------------  Distributions -----------------------
Groups Mthd P(T 1 e) Norm EA EB ML SS

3 Grps M3a 1,0 1,0 1,0 2,0 1,0 1,0
M4 1,0 1,0 0,0 1,0 1,0 1,0
M5 1,0 1,0 1,0 1,0 1,0 1,0
M6a 1,0 1,0 1,0 2,0 1,0 1,0
M8+ 1,0 0,0 0,7 0,8 0,5 0,6

4 Grps M3a 0,0 0,0 1,0 2,0 1,0 1,0
M4 0,0 0,0 0,0 1,0 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M6a 0,0 0,0 1,0 2,0 1,0 1,0
M8+ 0,0 0,0 0,7 ++ 1,6 0,2

5 Grps* M3a 0,0 0,0 0,0 2,0 0,0 0,0
M4 0,0 0,0 0,0 0,0 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M6a 0,0 0,0 0,0 2,0 0,0 0,0
M8+ 0,0 0,1 0,9 ++ 0,6 0,6

6 Grps* M3a 0,0 0,0 0,0 1,0 0,0 0,0
M4 0,0 0,0 0,4 0,1 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M6a 0,0 0,0 0,0 1,0 0,0 0,0
M8+ 0,0 0,3 0,9 ++ 0,6 0,7

* P(T 1 e) not available for all critical values.
+ See Testable Samples and Cycles Data.
++ Not enough testable samples to report results.
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Table 4.2.6-2
Terpstra-Jonckheere Test for Three to Six Groups, Type I Error Out-of-Tolerance
Counts for a .05, 9 Initial Sample Sizes 2(1)10

Distributions
Groups Mthd P(T 1 e) Norm EA EB ML SS

3 Grps M3a 0,0 0,0 1,0 2,0 0,0 0,0
M4 0,0 0,0 0,0 0,0 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M6a 0,0 0,0 1,0 2,0 0,0 0,0
M8+ 0,0 0,0 0,7 0,9 0,4 0,5

4 Grps M3a 0,0 0,0 0,0 0,0 0,0 0,0
M4 0,0 0,0 0,0 0,0 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M6a 0,0 0,0 0,0 0,0 0,0 0,0
M8+ 0,0 0,0 0,9 ++ 0,5 0,3

5 Grps* M3a 0,0 0,0 0,0 0,0 0,0 0,0
M4 0,0 0,0 0,0 0,0 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M6a 0,0 0,0 0,0 0,0 0,0 0,0
M8+ 0,0 0,0 0,9 ++ 0,3 0,2

6 Grps* M3a 0,0 0,0 0,0 0,0 0,0 0,0
M4 0,0 0,0 0,1 0,0 0,0 0,0
M5 0,0 0,0 0,0 0,0 0,0 0,0
M6a 0,0 0,0 0,0 0,0 0,0 0,0
M8+ 0,0 0,0 0,8 ++ 0,1 0,2

* P{T1 e) not available for all critical values.
+ See Testable Samples and Cycles Data.
++ Not enough testable samples to report results.
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Table 4.2.6-3
Terpstra-Jonckheere Test for Three Groups, Method 8 -  Testable Samples and
Cycles for a .01 and .05, 8 Initial Sample Sizes 3(1)10 at .01, 9 at .05 2(1)10

a Datum EA
Distributions — 
EB ML SS

.01 ATSS Min 2.53 2.52 2.70 2.57
at ISS 3 3 3 3

ATSS Max 3.50 2.77 5.82 3.90
at ISS 10 10 10 10

Cycles Min* 20k 2M 10k 14k
atISS 10 3 9 7

Cycles Max* 28k 10M 12k 18k
atISS 3 6 3 3

.05 ATSS Min 2.00 2.00 2.00 2.00
at ISS 2 2 2 2

ATSS Max 3.47 2.63 5.81 3.88
atISS 10 10 10 10

Cycles Min* 19k 360k 14k 20k
atISS 8 2 2 2

Cycles Max* 28k 10M 10k 14k
atISS 2 6 10 8

* When Cycles = 10M, testable samples < 10k.
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Table 4.2.6-4
Terpstra-Jonckheere Test for Four Groups, Method 8 -  Testable Samples and
Cycles for a . 01 and .05, 9 Initial Sample Sizes 2(1)10

Distributions
Datum EA EB ML SS

ATSS Min 2.00 2.00 2.00 2.00
at ISS 2 2 2 2

ATSS Max 2.30 2.23 4.48 2.54
at ISS 3 3 10 4

Cycles Min* 81k 10M 20k 42k
at ISS 2 2 2 2

Cycles Max* 1M (1) 1M 1M
at ISS 10 — 10 10

ATSS Min 2.00 2.00 2.00 2.00
at ISS 2 2 2 2

ATSS Max 2.30 2.21 4.48 2.55
at ISS 3 3 10 4

Cycles Min* 81k 10M 20k 43k
at ISS 2 2 2 2

Cycles Max* 1M (2) 1M 1M
at ISS 10 — 10 10

* When Cycles = 10M, testable samples < 10k.
(1) Only 5151 testable samples obtained at iss 2, 90 at iss 3, 18 at iss 4, 2 at iss 

5, and none for iss 6 -1 0 .
(2) Only 5242 testable samples obtained at iss 2, 129 at iss 3, 14 at iss 4, 1 at 

iss 5, and none for iss 6 -1 0 .
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Table 4.2.6-5
Terpstra-Jonckheere Test for Five Groups, Method 8 -  Testable Samples and
Cycles for a .01 and .05, 9 Initial Sample Sizes 2(1)10

Distributions
Datum EA EB ML SS

ATSS Min 2.00 2.00 2.00 2.00
at ISS 2 2 2 2

ATSS Max 2.14 — 3.40 2.31
at ISS 3 — 9 3

Cycles Min* 320k 10M 33k 120k
at ISS 2 2 2 2

Cycles Max* 9M (1) 6M 10M
atISS 10 — 10 10

ATSS Min 2.00 2.00 2.00 2.00
atISS 2 2 2 2

ATSS Max 2.14 — 3.39 2.32
atISS 3 — 9 3

Cycles Min* 320k 10M 33k 120k
at ISS 2 2 2 2

Cycles Max* 9M (2) 6M 10M
at ISS 10 10 10

* When Cycles = 10M, testable samples < 10k.
(1) Only 18 testable samples obtained at iss 2, none for iss 3 -1 0 .
(2) Only 22 testable samples obtained at iss 2, none for iss 3 -1 0 .
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Table 4.2.6-6
Terpstra-Jonckheere Test for Six Groups, Method 8 -  Testable Samples and
Cycles for a . 01 and .05, 9 Initial Sample Sizes 2(1)10

Distributions
Datum EA EB(1) ML SS

ATSS Min 2.00 _ 2.00 2.00
at ISS 2 — 2 2

ATSS Max 2.03 — 2.71 2.07
at ISS 3 — 7 3

Cycles Min* 2M - 61k 470k
atISS 2 — 2 2

Cycles Max* 10M — 10M 10M
atISS 3 — 7 4

ATSS Min 2.00 ___ 2.00 2.00
at ISS 2 — 2 2

ATSS Max 2.03 — 3.88 2.07
atISS 3 — 10 3

Cycles Min* 2M — 61k 470k
at ISS 2 — 2 2

Cycles Max* 10M - 10M 10M
atISS 3 — 7 4

* When Cycles = 10M, testable samples < 10k.
(1) No testable samples obtained at any initial sample size.

4.3 -  Power and Type III Error Results

4.3.1 -  Kolmogorov-Smirnov Test (two groups only)

Based on the Type I error results, power and Type III error results for the 

Kolmogorov-Smirnov test are only presented for the combinations of alpha level, 

distribution and method shown in Table 4.3.1-1.
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Table 4.3.1-1
Kolmogorov-Smirnov Test of General Differences for Two Groups
Power and Type III Error for a .01 and.05
Method /  Distribution Combinations with Acceptable Type I Error

Alpha
Dist
Method

| ----------------------------

Norm EA
.01 ---------------

EB ML SS
- I ----------------

Norm EA
. . .  .05 -----------

EB ML
—  I

SS

M3a X X X X X X X X
M4 X X X X X X X X
M5
M6b

X X 
X

X X 
X

X X X 
X

X X 
X

X

Power results for the Kolmogorov-Smirnov test at nominal alpha .01 and 

.05 are summarized in Table 4.3.1-2 and 4.3.1-3. These tables present the 

range of values obtained (minimum and maximum) for 1-tailed power, 2-tailed 

Type III error and 2-tailed power based on the results presented in Tables 4.3.1-4 

through 4.3.1-23.

Power tended to increase monotonically across methods and distributions 

with increases in initial sample size and/or effect size. Likewise, Type III error 

tended to decrease monotonically across methods and distributions with an 

increase in initial sample size and/or effect size. Thus, minimum power (or 

maximum Type III error) usually occurred at initial sample size 6 or 12 at nominal 

ESM 0.2, with maximum power (or minimum Type III error) at initial sample size 

30 and nominal ESM 1.2, if not sooner.
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Table 4.3.1-2
Kolmogorov-Smirnov Test of General Differences for Two Groups
Range of Power and Type III Error for a .01

Min/Max
Dist
Type

Mthd

I _____ _____I . m a y  . ____ II .........
Norm EA EB ML

--------I

SS Norm EA
11 la  A ”

EB ML
-------I
SS

Pwr 1 -s
M3a .0030 .0019 .0017 .0007 .9351 .9999 .9061 .9346
M4 .0026 .0030 .0020 .0025 .9351 .9998 .9156 .9214
M5 .0026 .0031 .0094 .0020 .0026 .9351 .9999 .9778 .9177 .9326
M6b .0026 .0026 .9351 .9018

T3e 2-s
M3a .0000 .0000 .0000 .0000 .0011 .0028 .0014 .0007
M4 .0000 .0000 .0000 .0000 .0011 .0029 .0016 .0010
M5 .0000 .0000 .0000 .0000 .0000 .0011 .0011 .0005 .0017 .0011
M6b .0000 .0000 .0011 .0014

Pwr 2-s
M3a .0030 .0019 .0017 .0007 .8798 .9996 .8222 .8786
M4 .0026 .0030 .0020 .0025 .8798 .9991 .8372 .8597
M5 .0026 .0031 .0094 .0020 .0026 .8798 .9994 .9386 .8404 .8765
M6b .0026 .0026 .8798 .8161

Tables 4.3.1-4 through 4.3.1-23 give the upper and lower tail results for 

the Kolmogorov-Smirnov test for both 1-sided and 2-sided tests for both alpha 

.01 and .05. There is a table for each combination of nominal effect size 

multiplier {0.2, 0.5, 0.8, 1.2} and initial sample size {6, 12, 18, 24, 30}. Results 

are not reported for distribution EB with nominal ESM 0.2 as the actual ESM = 

0.0 (no shift), which is just Type I error. Also for distribution EB, results are not 

reported for nominal ESM 0.8 as the actual ESM = 0.592, the same as the actual 

ESM for nominal ESM 0.5. Results for the normal distribution are included and 

are essentially identical across methods for a fixed initial sample size, effect size
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and directionality. This is to be expected in the absence of ties and 

demonstrates that the simulations worked correctly.

Table 4.3.1-3
Kolmogorov-Smirnov Test of General Differences for Two Groups 
Range of Power and Type III Error for a .05

Min/Max | ----------------- m in------------------- |  max
Dist
Type

Mthd

Norm EA EB ML SS Norm EA EB ML SS

Pwr 1 -s
M3a .0261 .0215 .0201 .0192 .9862 .9999 .9840 .9862
M4 .0261 .0301 .0229 .0253 .9862 .9999 .9863 .9820
M5 .0261 .0309 .0830 .0230 .0260 .9862 .9999 .9985 .9869 .9853
M6b .0261 .0201 .9862 .9828

T3e 2-s
M3a .0000 .0000 .0000 .0000 .0061 .0040 .0066 .0041
M4 .0000 .0000 .0000 .0000 .0061 .0056 .0074 .0057
M5 .0000 .0000 .0001 .0000 .0000 .0061 .0056 .0030 .0075 .0059
M6b .0000 .0000 .0061 .0066

Pwr 2-s 
M3a .0261 .0215 .0201 .0192 .9684 .9999 .9575 .9681
M4 .0261 .0301 .0229 .0253 .9684 .9999 .9627 .9601
M5 .0261 .0309 .0830 .0230 .0260 .9684 .9999 .9936 .9641 .9667
M6b .0261 .0201 .9684 .9549

A ranking analysis of the results is presented in Tables 4.3.1-24 through 

4.3.1-35. These summaries were obtained by ranking the power results from 

Tables 4.3.1-3 through 4.3.1-22 to four decimal places (as reported), to three 

decimal places and to two decimal places.
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Table 4.3.1-4
Kolmogorov-Smirnov Test of General Differences for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.2, Initial Sample Size 6

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------- .05
EA EB ML

-------|
SS

LT1s M3a .0004 .0003 .0005 .0007 .0061 .0040 .0066 .0041
M4 .0004 .0004 .0006 .0004 .0061 .0056 .0074 .0057
M5 .0004 .0004 .0006 .0004 .0061 .0056 .0075 .0059
M6b .0004 .0004 .0061 .0066

UT1s M3a .0030 .0019 .0017 .0007 .0261 .0215 .0201 .0192
(Pwr) M4 .0026 .0030 .0020 .0025 .0261 .0301 .0229 .0253

M5 .0026 .0031 .0020 .0026 .0261 .0309 .0230 .0260
M6b .0026 .0026 .0261 .0201

LT2s M3a .0004 .0003 .0005 .0007 .0061 .0040 .0066 .0041
(T3e) M4 .0004 .0004 .0006 .0004 .0061 .0056 .0074 .0057

M5 .0004 .0004 .0006 .0004 .0061 .0056 .0075 .0059
M6b .0004 .0004 .0061 .0066

UT2s M3a .0030 .0019 .0017 .0007 .0261 .0215 .0201 .0192
(Pwr) M4 .0026 .0030 .0020 .0025 .0261 .0301 .0229 .0253

M5 .0026 .0031 .0020 .0026 .0261 .0309 .0230 .0260
M6b .0026 .0026 .0261 .0201
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Table 4.3.1-5
Kolmogorov-Smirnov Test of General Differences for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.2, Initial Sample Size 12

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML SS Norm

---------  .05
EA EB ML SS

LT1s M3a .0011 .0028 .0014 .0007 .0197 .0147 .0226 .0143
M4 .0011 .0011 .0016 .0010 .0197 .0181 .0255 .0179
M5 .0011 .0011 .0017 .0011 .0197 .0191 .0258 .0195
M6b .0011 .0014 .0197 .0224

UT1s M3a .0120 .0028 .0081 .0085 .1092 .1212 .0868 .0880
(Pwr) M4 .0120 .0142 .0010 .0110 .1092 .1290 .0980 .1031

M5 .0120 .0158 .0100 .0120 .1092 .1417 .0999 .1094
M6b .0120 .0080 .1092 .0857

LT2s M3a .0011 .0028 .0014 .0007 .0052 .0038 .0064 .0036
(T3e) M4 .0011 .0011 .0016 .0010 .0052 .0049 .0074 .0047

M5 .0011 .0011 .0017 .0011 .0052 .0052 .0075 .0052
M6b .0011 .0014 .0052 .0064

UT2s M3a .0120 .0028 .0081 .0085 .0408 .0425 .0298 .0308
(Pwr) M4 .0120 .0142 .0010 .0110 .0408 .0486 .0347 .0379

M5 .0120 .0158 .0100 .0120 .0408 .0553 .0356 .0407
M6b .0120 .0080 .0408 .0201
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Table 4.3.1-6
Kolmogorov-Smirnov Test of General Differences for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.2, Initial Sample Size 18

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0007 .0005 .0011 .0005 .0077 .0063 .0103 .0061
M4 .0007 .0029 .0012 .0006 .0077 .0071 .0017 .0067
M5 .0007 .0007 .0013 .0007 .0077 .0078 .0119 .0077
M6b .0007 .0010 .0077 .0101

UT1s M3a .0133 .0179 .0086 .0108 .0805 .1135 .0605 .0694
(Pwr) M4 .0133 .0028 .0101 .0119 .0805 .0983 .0689 .0729

M5 .0133 .0196 .0106 .0136 .0805 .1154 .0708 .0805
M6b .0133 .0082 .0805 .0580

LT2s M3a .0007 .0005 .0011 .0005 .0024 .0019 .0035 .0018
(T3e) M4 .0007 .0029 .0012 .0006 .0024 .0022 .0040 .0020

M5 .0007 .0007 .0013 .0007 .0024 .0024 .0041 .0023
M6b .0007 .0010 .0024 .0034

UT2s M3a .0133 .0179 .0086 .0108 .0354 .0487 .0244 .0294
(Pwr) M4 .0133 .0028 .0101 .0119 .0354 .0434 .0284 .0315

M5 .0133 .0196 .0106 .0136 .0354 .0514 .0296 .0353
M6b .0133 .0082 .0354 .0234
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Table 4.3.1-7
Kolmogorov-Smirnov Test of General Differences for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.2, Initial Sample Size 24

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
s s Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0010 .0009 .0016 .0009 .0078 .0074 .0111 .0071
M4 .0010 .0009 .0019 .0008 .0078 .0072 .0126 .0066
M5 .0010 .0011 .0020 .0010 .0078 .0081 .0130 .0079
M6b .0010 .0015 .0078 .0107

UT1s M3a .0265 .0466 .0182 .0245 .1076 .1868 .0846 .1029
(Pwr) M4 .0265 .0335 .0206 .0229 .1076 .1342 .0932 .0959

M5 .0265 .0423 .0217 .0268 .1076 .1666 .0973 .1082
M6b .0265 .0166 .1076 .0784

LT2s M3a .0003 .0003 .0005 .0003 .0029 .0027 .0045 .0026
(T3e) M4 .0003 .0003 .0006 .0002 .0029 .0027 .0052 .0024

M5 .0003 .0004 .0006 .0003 .0029 .0031 .0053 .0030
M6b .0003 .0005 .0029 .0044

UT2s M3a .0114 .0197 .0073 .0103 .0558 .0988 .0411 .0531
(Pwr) M4 .0114 .0142 .0084 .0096 .0058 .0704 .0459 .0492

M5 .0114 .0182 .0089 .0113 .0558 .0882 .0482 .0566
M6b .0114 .0066 .0558 .0377
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Table 4.3.1-8
Kolmogorov-Smirnov Test of General Differences for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.2, Initial Sample Size 30

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS

|----------
Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0011 .0011 .0020 .0011 .0068 .0071 .0106 .0068
M4 .0011 .0010 .0023 .0008 .0068 .0064 .0118 .0055
M5 .0011 .0012 .0024 .0010 .0068 .0074 .0123 .0068
M6b .0011 .0020 .0068 .0101

UT1s M3a .0388 .0848 .0280 .0392 .1262 .2575 .1023 .1272
(Pwr) M4 .0388 .0505 .0303 .0325 .1262 .1606 .1081 .1089

M5 .0388 .0673 .0322 .0391 .1262 .2083 .1137 .1254
M6b .0388 .0245 .1262 .0907

LT2s M3a .0004 .0004 .0008 .0004 .0028 .0030 .0047 .0027
(T3e) M4 .0004 .0004 .0010 .0003 .0028 .0027 .0053 .0022

M5 .0004 .0005 .0010 .0004 .0028 .0031 .0055 .0027
M6b .0004 .0008 .0028 .0045

UT2s M3a .0191 .0424 .0129 .0193 .0728 .1542 .0557 .0732
(Pwr) M4 .0191 .0249 .0141 .0158 .0728 .0935 .0595 .0615

M5 .0191 .0336 .0151 .0193 .0728 .1236 .0630 .0726
M6b .0191 .0111 .0728 .0488
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Table 4.3.1-9
Kolmogorov-Smirnov Test of General Differences for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.5, Initial Sample Size 6

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 
EB ML

---------|
SS

|----------
Norm EA

- .05 - 
EB ML

-------|
SS

LT1s M3a
M4
M5
M6b

.0001

.0001

.0001

.0001

.0000

.0001

.0001 .0002

.0002

.0002

.0002

.0002

.0001

.0001

.0001

.0017

.0017

.0017

.0017

.0010

.0013

.0013 .0030

.0025

.0027

.0028

.0025

.0017

.0024

.0026

UT1s
(Pwr)

M3a
M4
M5
M6b

.0082

.0082

.0082

.0082

.0138

.0189

.0200 .0094

.0065

.0074

.0074

.0065

.0040

.0055

.0056

.0639

.0639

.0639

.0639

.1047

.1270

.1330 .0830

.0567

.0626

.0628

.0566

.0370

.0472

.0484

LT2s
(T3e)

M3a
M4
M5
M6b

.0001

.0001

.0001

.0001

.0000

.0001

.0001 .0002

.0002

.0002

.0002

.0002

.0001

.0001

.0001

.0017

.0017

.0017

.0017

.0010

.0013

.0013 .0030

.0025

.0027

.0028

.0025

.0017

.0024

.0026

UT2s
(Pwr)

M3a
M4
M5
M6b

.0082

.0082

.0082

.0082

.0138

.0189

.0200 .0094

.0065

.0074

.0074

.0065

.0040

.0055

.0056

.0639

.0639

.0639

.0639

.1047

.1270

.1330 .0830

.0567

.0626

.0628

.0566

.0370

.0472

.0484
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Table 4.3.1-10
Kolmogorov-Smirnov Test of General Differences for Two Groups

Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.5, Initial Sample Size 12

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 
EB ML

---------|
SS Norm EA

- .05 - 
EB ML

-------|
SS

LT1s M3a
M4
M5
M6b

.0001

.0001

.0001

.0001

.0001

.0001

.0001 .0005

.0004

.0004

.0004

.0004

.0001

.0002

.0003

.0036

.0036

.0036

.0036

.0025

.0034

.0033 .0092

.0069

.0078

.0079

.0069

.0045

.0059

.0065

UT1s
(Pwr)

M3a
M4
M5
M6b

.0488

.0488

.0488

.0488

.1429

.1490

.1679 .0811

.0439

.0502

.0510

.0436

.0237

.0298

.0319

.2721

.2721

.2721

.2721

.5494

.5420

.5773 .4481

.2729

.2964

.2987

.2714

.1743

.1985

.2082

LT2s
(T3e)

M3a
M4
M5
M6b

.0001

.0001

.0001

.0001

.0001

.0001

.0001 .0005

.0004

.0004

.0004

.0004

.0001

.0002

.0003

.0008

.0008

.0008

.0008

.0005

.0007

.0007 .0025

.0018

.0020

.0020

.0018

.0009

.0013

.0014

UT2s
(Pwr)

M3a
M4
M5
M6b

.0488

.0488

.0488

.0488

.1429

.1490

.1679 .0811

.0439

.0502

.0510

.0436

.0237

.0298

.0319

.1293

.1293

.1293

.1293

.3184

.3200

.3505 .2195

.1240

.1383

.1397

.1232

.0726

.0866

.0915
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Table 4.3.1-11
Kolmogorov-Smirnov Test of General Differences for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.5, Initial Sample Size 18

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 
EB ML

---------|
SS Norm EA

■ .05 - 
EB ML

-------|
SS

LT1s M3a
M4
M5
M6b

.0001

.0001

.0001

.0001

.0000

.0000

.0001 .0003

.0002

.0002

.0002

.0002

.0001

.0001

.0001

.0007

.0007

.0007

.0007

.0006

.0008

.0009 .0036

.0023

.0027

.0027

.0023

.0013

.0015

.0017

UT1s
(Pwr)

M3a
M4
M5
M6b

.0704

.0704

.0704

.0704

.3034

.2634

.3058 .1486

.0689

.0785

.0801

.0673

.0356

.0384

.0427

.2608

.2608

.2608

.2608

.6785

.6203

.6695 .5037

.2720

.2961

.3004

.2672

.1656

.1722

.1857

LT2s
(T3e)

M3a
M4
M5
M6b

.0001

.0001

.0001

.0001

.0000

.0000

.0001 .0003

.0002

.0002

.0002

.0002

.0001

.0001

.0001

.0002

.0002

.0002

.0007

.0001

.0002

.0002 .0012

.0007

.0008

.0008

.0007

.0003

.0004

.0004

UT2s
(Pwr)

M3a
M4
M5
M6b

.0704

.0704

.0704

.0704

.3034

.2634

.3058 .1486

.0689

.0785

.0801

.0673

.0356

.0384

.0427

.1452

.1452

.1452

.1293

.4892

.4341

.4857 .2994

.1475

.1642

.1669

.1445

.0823

.0871

.0956
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Table 4.3.1-12
Kolmogorov-Smirnov Test of General Differences for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.5, Initial Sample Size 24

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 
EB ML

---------|
SS Norm EA

- .05 - 
EB ML

------- |
SS

LT1s M3a
M4
M5
M6b

.0000

.0000

.0000

.0000

.0000

.0000

.0001 .0005

.0002

.0003

.0003

.0002

.0001

.0001

.0001

.0005

.0005

.0005

.0005

.0005

.0006

.0007 .0037

.0021

.0025

.0025

.0021

.0012

.0011

.0014

UT1s
(Pwr)

M3a
M4
M5
M6b

.1438

.1438

.1438

.1438

.6135

.5142

.5781 .3495

.1561

.1715

.1760

.1496

.0835

.0784

.0886

.3642

.3642

.3642

.3642

.8740

.8057

.8471 .7157

.4020

.4277

.4342

.3902

.2510

.2382

.2595

LT2s
(T3e)

M3a
M4
M5
M6b

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0002

.0001

.0001

.0001

.0001

.0000

.0000

.0000

.0001

.0001

.0001

.0001

.0001

.0002

.0002 .0014

.0008

.0009

.0009

.0007

.0003

.0003

.0004

UT2s
(Pwr)

M3a
M4
M5
M6b

.0782

.0782

.0782

.0782

.4466

.3552

.4161 .2002

.0832

.0933

.0960

.0792

.0414

.0390

.0448

.2399

.2399

.2399

.2399

.7628

.6724

.7286 .5335

.2633

.2849

.2905

.2538

.1519

.1431

.1593
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Table 4.3.1-13
Kolmogorov-Smirnov Test of General Differences for Two Groups

Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.5, Initial Sample Size 30

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 
EB ML

---------|
SS Norm EA

■ .05 - 
EB ML

-------|
SS

LT1s M3a
M4
M5
M6b

.0000

.0000

.0000

.0000

.0000

.0000

.0001 .0005

.0002

.0003

.0003

.0002

.0001

.0001

.0001

.0003

.0003

.0003

.0003

.0004

.0004

.0005 .0032

.0017

.0019

.0020

.0016

.0008

.0006

.0008

UT1s
(Pwr)

M3a
M4
M5
M6b

.2153

.2153

.2153

.2153

.8218

.7127

.7715 .5516

.2531

.2694

.2764

.2381

.1348

.1164

.1331

.4413

.4413

.4413

.4413

.9557

.9062

.9326 .8455

.5087

.5286

.5377

.4880

.3191

.2852

.3151

LT2s
(T3e)

M3a
M4
M5
M6b

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0002

.0001

.0001

.0001

.0001

.0000

.0000

.0000

.0001

.0001

.0001

.0001

.0001

.0001

.0001 .0013

.0007

.0008

.0008

.0006

.0003

.0002

.0003

UT2s
(Pwr)

M3a
M4
M5
M6b

.1355

.1355

.1355

.1355

.7049

.5762

.6459 .3845

.1591

.1717

.1769

.1484

.0783

.0664

.0776

.3196

.3196

.3196

.3196

.9049

.8254

.8676 .7147

.3728

.3921

.4003

.3542

.2149

.1887

.2122
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Table 4.3.1-14
Kolmogorov-Smirnov Test of General Differences for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 6

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0000 .0004 .0002 .0009 .0002
M4 .0000 .0000 .0000 .0000 .0004 .0003 .0010 .0003
M5 .0000 .0000 .0000 .0000 .0004 .0003 .0010 .0003
M6b .0000 .0000 .0004 .0009

UT1s M3a .0218 .0558 .0170 .0162 .1351 .2706 .1193 .1090
(Pwr) M4 .0218 .2699 .0188 .0212 .1351 .2966 .1281 .1314

M5 .0218 .0687 .0188 .0216 .1351 .3057 .1283 .1341
M6b .0218 .0170 .1351 .1193

LT2s M3a .0000 .0000 .0000 .0000 .0004 .0002 .0009 .0002
(T3e) M4 .0000 .0000 .0000 .0000 .0004 .0003 .0010 .0003

M5 .0000 .0000 .0000 .0000 .0004 .0003 .0010 .0003
M6b .0000 .0000 .0004 .0009

UT2s M3a .0218 .0558 .0170 .0162 .1351 .2706 .1193 .1090
(Pwr) M4 .0218 .2699 .0188 .0212 .1351 .2966 .1281 .1314

M5 .2018 .0687 .0188 .0216 .1351 .3057 .1283 .1341
M6b .0218 .0170 .1351 .1193
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Table 4.3.1-15
Kolmogorov-Smimov Test of General Differences for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 12

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0000 .0000 .0001 .0000 .0005 .0004 .0020 .0003
M4 .0000 .0000 .0001 .0000 .0005 .0006 .0024 .0004
M5 .0000 .0000 .0001 .0000 .0005 .0007 .0024 .0005
M6b .0000 .0001 .0005 .0020

UT1s M3a .1443 .4585 .1354 .1172 .5080 .8635 .5523 .4558
(Pwr) M4 .1443 .4635 .1481 .1383 .5080 .8609 .5468 .4930

M5 .1443 .4892 .1489 .1445 .5080 .8754 .5489 .5055
M6b .1443 .1350 .5080 .5212

LT2s M3a .0000 .0000 .0001 .0000 .0001 .0001 .0004 .0000
(T3e) M4 .0000 .0000 .0001 .0000 .0001 .0001 .0005 .0001

M5 .0000 .0000 .0001 .0000 .0001 .0001 .0005 .0001
M6b .0000 .0001 .0001 .0004

UT2s M3a .1443 .4585 .1354 .1172 .3015 .6911 .2993 .2588
(Pwr) M4 .1443 .4635 .1481 .1383 .3015 .6909 .3202 .2905

M5 .1443 .4892 .1489 .1445 .3015 .7140 .3217 .3010
M6b .1443 .1350 .3015 .2985
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Table 4.3.1-16
Kolmogorov-Smirnov Test of General Differences for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 18

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS

|----------
Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0000 .0001 .0001 .0005 .0000
M4 .0000 .0000 .0000 .0000 .0001 .0001 .0005 .0000
M5 .0000 .0000 .0000 .0000 .0001 .0001 .0006 .0001
M6b .0000 .0000 .0001 .0004

UT1s M3a .2319 .7568 .2377 .2064 .5502 .9524 .5859 .5166
(Pwr) M4 .2319 .7288 .2577 .2186 .5502 .9407 .6118 .5281

M5 .2319 .7578 .2596 .2324 .5502 .9510 .6148 .5476
M6b .2319 .2357 .5502 .5827

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0001 .0001 .0000
(T3e) M4 .0000 .0000 .0000 .0000 .0000 .0000 .0001 .0000

M5 .0000 .0000 .0000 .0000 .0000 .0000 .0001 .0000
M6b .0000 .0000 .0001 .0001

UT2s M3a .2319 .7568 .2377 .2064 .3804 .8816 .4003 .3489
(Pwr) M4 .2319 .7288 .2577 .2186 .3804 .8609 .4253 .3618

M5 .2319 .7587 .2596 .2324 .3804 .8806 .4282 .3798
M6b .2319 .2357 .3804 .3974
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Table 4.3.1-17
Kolmogorov-Smirnov Test of General Differences for Two Groups

Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 24

Alpha 
Distribution 
Tail Mthd

Norm
----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0000 .0000 .0001 .0003 .0000
M4 .0000 .0000 .0000 .0000 .0000 .0000 .0004 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0001 .0004 .0000
M6b .0000 .0000 .0000 .0003

UT1s M3a .4234 .9276 .4653 .4107 .7070 .9946 .7682 .6966
(Pwr) M4 .4234 .9064 .4910 .3977 .7070 .9908 .7881 .6812

M5 .4234 .9487 .4947 .4383 .7070 .9931 .7917 .7051
M6b .4234 .4594 .7070 .7627

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0001 .0001 .0000
(T3e) M4 .0000 .0000 .0000 .0000 .0000 .0000 .0001 .0000

M5 .0000 .0000 .0000 .0000 .0000 .0000 .0001 .0000
M6b .0000 .0000 .0000 .0001

UT2s M3a .2882 .8432 .3152 .2766 .5691 .9832 .6247 .5565
(Pwr) M4 .2882 .8098 .3378 .2682 .5691 .9736 .6492 .5414

M5 .2882 .8888 .3415 .4383 .5691 .9796 .6529 .5682
M6b .2882 .3101 .5691 .6185
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Table 4.3.1-18
Kolmogorov-Smirnov Test of General Differences for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 30

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS

|----------
Norm

---------  .05
EA EB ML SS

LT1s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0002 .0000
M4 .0000 .0000 .0000 .0000 .0000 .0000 .0003 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0003 .0000
M6b .0000 .0000 .0000 .0002

UT1s M3a .5776 .9939 .6524 .5819 .8034 .9995 .8717 .8064
(Pwr) M4 .5776 .9882 .6741 .5453 .8034 .9987 .8841 .7768

M5 .5776 .9913 .6788 .5777 .8034 .9991 .8871 .8012
M6b .5776 .6425 .8034 .8692

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0002 .0000
(T3e) M4 .0000 .0000 .0000 .0000 .0000 .0000 .0001 .0000

M5 .0000 .0000 .0000 .0000 .0000 .0000 .0001 .0000
M6b .0000 .0000 .0000 .0001

UT2s M3a .4487 .9836 .5139 .4524 .6996 .9981 .7721 .7034
(Pwr) M4 .4487 .9709 .5372 .4184 .6996 .9958 .7932 .6688

M5 .4487 .9777 .5420 .4496 .6996 .9970 .7971 .6985
M6b .4487 .5038 .6996 .7650
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Table 4.3.1-19
Kolmogorov-Smirnov Test of General Differences for Two Groups
Power and Type III Error for a .  01 and .05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 6

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 • 
EB ML

---------|
SS

|----------
Norm EA

- .05 - 
EB ML

-------|
SS

LT1s M3a
M4
M5
M6b

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0001

.0001

.0001 .0009

.0003

.0004

.0004

.0003

.0000

.0000

.0000

UT1s
(Pwr)

M3a
M4
M5
M6b

.0646

.0646

.0646

.0646

.1300

.1436

.1478 .0335

.0364

.0396

.0397

.0364

.0507

.0627

.0638

.2883

.2883

.2883

.2883

.4529

.4764

.4856 .2103

.2064

.2185

.2190

.2064

.2462

.2825

.2858

LT2s
(T3e)

M3a
M4
M5
M6b

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0001

.0001

.0001 .0009

.0003

.0004

.0004

.0003

.0000

.0000

.0000

UT2s
(Pwr)

M3a
M4
M5
M6b

.0646

.0646

.0646

.0646

.1300

.1436

.1478 .0035

.0364

.0396

.0397

.0364

.0507

.0627

.0638

.2883

.2883

.2883

.2883

.4529

.4764

.4856 .2103

.2064

.2185

.2190

.2064

.2462

.2825

.2858
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Table 4.3.1-20
Kolmogorov-Smirnov Test of General Differences for Two Groups

Power and Type III Error for a .01 and. 05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 12

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 
EB ML

---------|
SS

|----------
Norm EA

■ .05 - 
EB ML

-------|
SS

LT1s M3a
M4
M5
M6b

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0001

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0001

.0001

.0002 .0020

.0004

.0005

.0005

.0004

.0000

.0001

.0000

UT1s
(Pwr)

M3a
M4
M5
M6b

.3928

.3928

.3928

.3928

.7331

.7363

.7530 .1654

.2795

.2985

.2995

.2789

.3402

.3792

.3892

.8030

.8030

.8030

.8030

.9665

.9659

.9699 .8189

.7406

.7598

.7610

.7396

.7629

.7920

.8005

LT2s
(T3e)

M3a
M4
M5
M6b

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0001

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0005

.0001

.0001

.0001

.0001

.0000

.0000

.0000

UT2s
(Pwr)

M3a
M4
M5
M6b

.3928

.3928

.3928

.3928

.7331

.7363

.7350 .1654

.2795

.2985

.2995

.2789

.3402

.3792

.3892

.6153

.6153

.6153

.6153

.8907

.8911

.9007 .5842

.5100

.5327

.5344

.5090

.5616

.6007

.6114
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Table 4.3.1-21
Kolmogorov-Smirnov Test of General Differences for Two Groups

Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 18

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 
EB ML

---------|
SS Norm EA

■ .05 - 
EB ML

-------|
SS

LT1s M3a
M4
M5
M6b

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0005

.0001

.0001

.0001

.0001

.0000

.0000

.0000

UT1s
(Pwr)

M3a
M4
M5
M6b

.5993

.5993

.5993

.5993

.9451

.9375

.9458 .5881

.4757

.5001

.5027

.4732

.5597

.5782

.5953

.8742

.8742

.8742

.8742

.9950

.9937

.9949 .9152

.8262

.8426

.8447

.8242

.8534

.8614

.8717

LT2s
(T3e)

M3a
M4
M5
M6b

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0001

.0000

.0000

.0000

.0001

.0000

.0000

.0000

UT2s
(Pwr)

M3a
M4
M5
M6b

.5993

.5993

.5993

.5993

.9451

.9375

.9458 .5881

.4757

.5001

.5027

.4732

.5597

.5782

.5953

.7580

.7580

.7580

.7580

.9816

.9781

.9816 .7861

.6664

.6891

.6919

.6638

.7261

.7388

.7535
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Table 4.3.1-22
Kolmogorov-Smirnov Test of General Differences for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 24

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 • 
EB ML

---------|
SS Norm EA

■ .05 - 
EB ML

-------|
SS

LT1s M3a
M4
M5
M6b

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0003

.0000

.0000

.0000

.0000

.0000

.0000

.0000

UT1s
(Pwr)

M3a
M4
M5
M6b

.8341

.8341

.8341

.8341

.9971

.9957

.9966 .8867

.7611

.7802

.7833

.7567

.8216

.8138

.8303

.9592

.9592

.9592

.9592

.9998

.9997

.9998 .9880

.9461

.9527

.9540

.9441

.9553

.9511

.9575

LT2s
(T3e)

M3a
M4
M5
M6b

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0001

.0000

.0000

.0000

.0000

.0000

.0000

.0000

UT2s
(Pwr)

M3a
M4
M5
M6b

.7215

.7215

.7215

.7215

.9903

.9863

.9871 .7596

.6125

.6359

.6392

.6078

.7040

.6962

.7169

.9122

.9122

.9122

.9122

.9992

.9988

.9991 .9577

.8749

.8879

.8899

.8716

.9051

.8986

.9097
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Table 4.3.1-23
Kolmogorov-Smirnov Test of General Differences for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 30

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 
EB ML

---------|
SS Norm EA

■ .05 - 
EB ML

-------|
SS

LT1s M3a
M4
M5
M6b

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0002

.0000

.0000

.0000

.0000

.0000

.0000

.0000

UT1s
(Pwr)

M3a
M4
M5
M6b

.9351

.9351

.9351

.9351

.9999

.9998

.9999 .9778

.9061

.9156

.9177

.9018

.9346

.9214

.9326

.9862

.9862

.9862

.9862

.9999

.9999

.9999 .9985

.9840

.9863

.9869

.9828

.9862

.9820

.9853

LT2s
(T3e)

M3a
M4
M5
M6b

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000 .0001

.0000

.0000

.0000

.0000

.0000

.0000

.0000

UT2s
(Pwr)

M3a
M4
M5
M6b

.8798

.8798

.8798

.8798

.9996

.9991

.9994 .9386

.8222

.8372

.8404

.8161

.8786

.8597

.8765

.9684

.9684

.9684

.9684

.9999

.9999

.9999 .9936

.9575

.9627

.9641

.9549

.9681

.9601

.9667
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Table 4.3.1-24
Kolmogorov-Smirnov Test of General Differences for Two Groups
Mean Ranks of Power Results, a .01, 1-sided, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| ---------- 4 th -—
EA EB ML

I
SS

| ----------3rd —
EA EB ML

----- |
SS

| ----------2nd
EA EB ML

..... | 
SS

6 M3a 2.5 3.6 3.0 3.0 3.1 3.0 2.8 2.5 2.5
M4 1.8 1.9 2.0 1.9 2.1 1.8 1.6 2.5 1.8
M5 1.8 1.6 1.0 1.1 2.1 1.3 1.6 2.5 1.8
M6b 2.9 2.6 2.5

12 M3a 3.0 2.8 3.0 3.0 3.1 3.0 2.9 3.3 2.8
M3 2.0 2.5 2.0 2.0 2.5 2.0 2.1 2.1 1.8
M5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.6 1.8
M6b 3.8 3.4 3.0

18 M3a 2.3 3.0 3.0 2.0 3.0 3.0 1.6 3.1 2.5
M4 2.8 2.0 2.0 3.0 2.0 2.0 3.0 1.8 2.0
M5 1.0 1.0 1.0 1.0 1.0 1.0 1.4 1.8 1.5
M6b 4.0 4.0 3.4

24 M3a 1.3 3.0 2.0 1.4 3.0 2.0 1.5 3.0 2.1
M4 3.0 2.0 3.0 3.0 2.0 3.0 2.8 2.0 2.9
M5 1.8 1.0 1.0 1.6 1.0 1.0 1.8 1.5 1.0
M6b 4.0 1.0 3.5

30 M3a 1.1 3.0 1.0 1.3 3.0 1.1 1.5 2.8 1.5
M4 3.0 2.0 3.0 2.8 2.0 3.0 2.5 1.9 3.0
M5 1.9 1.0 2.0 2.0 1.0 1.9 2.0 1.4 1.5
M6b 4.0 4.0 4.0
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Table 4.3.1-25
Kolmogorov-Smirnov Test of General Differences for Two Groups
Mean Ranks of Power Results, a .01, 2-sided, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| ---------- 4 th -—
EA EB ML

- - -  I
SS

----------3rd —
EA EB ML

----- |
SS

----------2nd —
EA EB ML

- -  I
SS

6 M3a 3.0 3.6 3.0 3.0 2.9 3.0 2.8 2.5 2.5
M4 1.8 1.9 2.0 1.6 1.9 1.8 1.6 2.5 1.8
M5 1.3 1.6 1.0 1.4 1.9 1.3 1.6 2.5 1.8
M6b 2.9 3.4 2.5

12 M3a 3.0 2.8 3.0 3.0 3.1 3.0 2.9 3.1 2.8
M3 1.8 2.5 2.0 1.8 2.5 2.0 2.0 2.1 1.8
M5 1.3 1.0 1.0 1.3 1.0 1.0 1.1 1.6 1.5
M6b 3.8 3.4 3.1

18 M3a 2.0 3.0 3.0 2.0 3.0 3.0 1.6 3.1 2.5
M4 3.0 2.0 2.0 3.0 2.0 2.0 3.0 1.8 2.0
M5 1.0 1.0 1.0 1.0 1.0 1.0 1.4 1.8 1.5
M6b 4.0 4.0 3.4

24 M3a 1.3 3.0 2.0 1.3 3.1 2.1 1.6 3.1 2.1
M4 3.0 2.0 3.0 2.5 2.0 2.9 2.8 1.9 2.4
M5 1.8 1.0 1.0 2.3 1.0 1.0 1.6 1.6 1.5
M6b 4.0 3.9 3.4

30 M3a 1.0 3.0 1.1 1.0 3.0 1.3 1.4 3.1 1.6
M4 3.0 2.0 3.0 2.9 2.0 3.0 2.8 2.0 2.8
M5 2.0 1.0 1.9 2.1 1.0 1.8 1.9 1.3 1.6
M6b 4.0 4.0 3.6
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Table 4.3.1-26
Kolmogorov-Smirnov Test of General Differences for Two Groups
Mean Ranks of Power Results, a. 05, 1-sided, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| ----------4th - —

EA EB ML
I

SS
----------3rd —
EA EB ML

----- |
SS

----------2nd
EA EB ML

.... | 
SS

6 M3a 3.0 3.4 3.0 3.0 3.5 3.0 3.0 3.0 3.0
M4 2.0 2.0 2.0 2.0 1.5 2.0 1.8 2.0 1.6
M5 1.0 1.0 1.0 1.0 1.5 1.0 1.3 2.0 1.4
M6b 3.6 3.5 3.0

12 M3a 2.3 2.5 3.0 2.3 2.5 3.0 2.4 3.1 3.0
M3 2.8 2.3 2.0 2.8 2.3 2.0 2.4 1.6 2.0
M5 1.0 1.3 1.0 1.0 1.3 1.0 1.3 1.6 1.0
M6b 4.0 4.0 3.6

18 M3a 1.3 3.0 3.0 1.4 3.0 3.0 1.4 3.3 2.8
M4 3.0 2.0 2.0 3.0 2.0 2.0 2.9 1.5 2.3
M5 1.8 1.0 1.0 1.6 1.0 1.0 1.8 1.5 1.0
M6b 4.0 4.0 3.8

24 M3a 1.0 3.0 2.0 1.3 3.0 2.0 1.5 2.6 2.0
M4 3.0 2.0 3.0 2.8 2.0 3.0 2.5 1.9 2.9
M5 2.0 1.0 1.0 2.0 1.0 1.0 2.0 1.5 1.1
M6b 4.0 4.0 4.0

30 M3a 1.3 3.0 1.0 1.3 3.0 1.0 1.5 3.3 1.4
M4 2.8 2.0 3.0 2.6 2.0 3.0 2.5 1.8 3.0
M5 2.0 1.0 2.0 2.1 1.0 2.0 2.0 1.3 1.6
M6b 4.0 4.0 3.8
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Table 4.3.1-27
Kolmogorov-Smirnov Test of General Differences for Two Groups

Mean Ranks of Power Results, a .05, 2-sided, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| -------
EA

— 4th -—  
EB ML

- - -  I 
SS

-------
EA

. . . .  3rd —  
EB ML

------ |
SS

-------
EA

—- 2nd 
EB ML

. . . .  | 
SS

6 M3a 3.0 3.4 3.0 3.0 3.5 3.0 3.0 3.0 3.0
M4 2.0 2.0 2.0 2.0 1.5 2.0 1.8 2.0 1.6
M5 1.0 1.0 1.0 1.0 1.5 1.0 1.3 2.0 1.4
M6b 3.6 3.5 3.0

12 M3a 2.8 3.0 3.0 2.8 2.5 3.0 2.6 3.3 3.0
M3 2.3 2.0 2.0 2.3 2.3 2.0 2.4 1.8 1.9
M5 1.0 1.0 1.0 1.0 1.3 1.0 1.0 1.4 1.1
M6b 4.0 4.0 3.6

18 M3a 1.4 3.0 2.8 1.4 3.0 3.0 1.6 3.0 2.9
M4 3.0 2.0 2.3 3.0 2.0 2.0 2.8 1.8 2.1
M5 1.6 1.0 1.0 1.6 1.0 1.0 1.6 1.3 1.0
M6b 4.0 4.0 4.0

24 M3a 1.3 3.0 2.0 1.3 3.0 2.0 1.4 3.4 2.0
M4 3.0 2.0 3.0 2.8 2.0 3.0 2.8 1.6 2.9
M5 1.8 1.0 1.0 2.0 1.0 1.0 1.9 1.4 1.1
M6b 4.0 4.0 3.6

30 M3a 1.3 3.0 1.0 1.3 3.0 1.0 1.5 2.6 1.5
M4 2.8 2.0 3.0 2.8 2.0 3.0 2.5 2.0 3.0
M5 2.0 1.0 2.0 2.0 1.0 2.0 2.0 1.5 1.5
M6b 4.0 4.0 3.9
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Table 4.3.1-28
Kolmogorov-Smirnov Test of General Differences for Two Groups
Mean Ranks of Power Results, a .01, 1-sided, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| -------
EA

— 4 th -----
EB ML

- -  I
SS

-------
EA

—- 3rd —  
EB ML

------  |
SS

-------
EA

—  2nd 
EB ML

. . . . .  | 
SS

0.2 M3a 2.0 3.0 2.4 2.0 2.9 2.5 1.7 2.3 2.0
M4 2.6 2.5 2.4 2.5 2.6 2.3 2.6 2.7 2.3
M5 1.4 1.3 1.2 1.5 1.4 1.2 1.7 2.3 1.7
M6b 3.2 3.1 2.7

0.5 M3a 1.6 3.1 2.4 2.0 3.0 2.4 2.0 3.1 2.3
M4 2.6 1.9 2.4 2.6 2.1 2.3 2.5 1.9 2.2
M5 1.8 1.1 1.2 1.4 1.3 1.3 1.5 1.5 1.5
M6b 3.9 3.6 3.5

0.8 M3a 2.4 3.1 2.4 2.2 3.2 2.4 2.2 3.2 2.3
M4 2.2 1.9 2.4 2.6 1.9 2.4 2.3 1.9 2.3
M5 1.4 1.1 1.2 1.2 1.1 1.2 1.5 1.5 1.4
M6b 3.9 3.8 3.4

1.2 M3a 2.1 3.1 2.4 2.3 3.1 2.4 2.3 3.1 2.5
M4 2.6 2.0 2.4 2.4 1.9 2.4 2.2 1.7 2.3
M5 1.3 1.0 1.2 1.3 1.1 1.2 1.5 1.7 1.2
M6b 3.9 3.9 3.5
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Table 4.3.1-29
Kolmogorov-Smirnov Test of General Differences for Two Groups
Mean Ranks of Power Results, a .01, 2-sided, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| ----------4 th ------
EA EB ML

- - -  I
SS

[ ----------3rcj —

EA EB ML
------ |
SS

| ----------2nd
EA EB ML

. . . . .  | 
SS

0.2 M3a 2.0 3.0 2.5 2.0 2.8 2.6 1.8 2.5 2.0
M4 2.6 2.5 2.4 2.5 2.4 2.2 2.6 2.9 2.0
M5 1.4 1.3 1.1 1.5 1.2 1.2 1.6 2.1 2.0
M6b 3.2 3.6 2.5

0.5 M3a 2.0 3.1 2.4 2.0 3.0 2.5 2.0 3.2 2.3
M4 2.6 1.9 2.4 2.6 2.1 2.3 2.5 1.9 2.0
M5 1.4 1.1 1.2 1.4 1.3 1.2 1.5 1.5 1.7
M6b 3.9 3.6 3.4

0.8 M3a 2.2 3.1 2.4 2.2 3.2 2.4 2.1 3.1 2.3
M4 2.4 1.9 2.4 2.0 1.9 2.4 2.5 1.7 2.3
M5 1.4 1.1 1.2 1.8 1.1 1.2 1.4 1.7 1.4
M6b 3.9 3.8 3.5

1.2 M3a 2.0 3.1 2.4 2.0 3.1 2.4 2.3 3.2 2.6
M4 2.4 2.0 2.4 2.3 1.9 2.4 2.1 1.7 2.2
M5 1.6 1.0 1.2 1.7 1.1 1.2 1.6 1.7 1.2
M6b 3.9 3.9 3.4
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Table 4.3.1-30
Kolmogorov-Smirnov Test of General Differences for Two Groups
Mean Ranks of Power Results, a .05, 1-sided, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| ----------4th - —

EA EB ML
- - -  I
SS

----------3rd —
EA EB ML

-----  |
SS

----------2nd
EA EB ML

.... | 
SS

0.2 M3a 2.0 3.1 2.4 2.0 3.1 2.4 2.0 3.0 2.5
M4 2.6 2.0 2.4 2.6 1.9 2.4 2.5 1.9 2.3
M5 1.4 1.0 1.2 1.4 1.1 1.2 1.5 1.6 1.2
M6b 3.9 3.9 3.5

0.5 M3a 1.6 3.0 2.4 1.6 3.1 2.4 1.6 3.1 2.4
M4 2.8 2.0 2.4 2.8 1.9 2.4 2.7 1.8 2.4
M5 1.6 1.0 1.2 1.6 1.1 1.2 1.7 1.6 1.2
M6b 4.0 3.9 3.5

0.8 M3a 1.6 2.7 2.4 1.6 2.7 2.4 2.2 3.0 2.4
M4 2.8 2.2 2.4 2.7 2.1 2.4 2.3 1.7 2.3
M5 1.6 1.2 1.2 1.7 1.3 1.2 1.5 1.5 1.3
M6b 3.9 3.9 3.8

1.2 M3a 1.8 3.1 2.4 2.1 3.1 2.4 2.0 3.1 2.4
M4 2.6 2.0 2.4 2.4 1.9 2.4 2.1 1.6 2.4
M5 1.6 1.0 1.2 1.5 1.1 1.2 1.9 1.6 1.2
M6b 3.9 3.9 3.7
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Table 4.3.1-31
Kolmogorov-Smirnov Test of General Differences for Two Groups
Mean Ranks of Power Results, a .05, 2-sided, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| ----------4th - —

EA EB ML
- - -  I
SS

| ----------3rd —

EA EB ML
------ |
SS

----------2nd
EA EB ML

. . . .  | 
SS

0.2 M3a 2.0 3.1 2.4 2.0 3.1 2.4 1.9 2.7 2.5
M4 2.6 2.0 2.4 2.6 1.9 2.4 2.5 2.1 2.3
M5 1.4 1.0 1.2 1.4 1.1 1.2 1.6 1.6 1.2
M6b 3.9 3.9 3.6

0.5 M3a 1.8 3.0 2.4 1.8 3.1 2.4 1.8 3.0 2.5
M4 2.6 2.0 2.4 2.6 1.9 2.4 2.6 2.0 2.2
M5 1.6 1.0 1.2 1.6 1.1 1.2 1.6 1.4 1.3
M6b 4.0 3.9 3.6

0.8 M3a 1.8 3.1 2.4 1.7 2.7 2.4 2.1 3.4 2.5
M4 2.8 2.0 2.4 2.7 2.1 2.4 2.5 1.6 2.3
M5 1.4 1.0 1.2 1.6 1.3 1.2 1.4 1.4 1.2
M6b 3.9 3.9 3.6

1.2 M3a 2.1 3.1 2.2 2.2 3.1 2.4 2.3 3.1 2.4
M4 2.4 2.0 2.6 2.3 1.9 2.4 2.1 1.6 2.4
M5 1.5 1.0 1.2 1.5 1.1 1.2 1.6 1.6 1.2
M6b 3.9 3.9 3.7
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Table4.3.1-32
Kolmogorov-Smirnov Test of General Differences for Two Groups
Mean Ranks of Power Results, a .01, 1-sided, by
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| -------
EA

-—4th -—  
EB ML

- -  I
SS

-------
EA

—- 3rd 
EB ML ss 1' EA

—  2nd 
EB ML

. . . . .  | 
SS

M3a 2.0 3.1 2.4 2.1 3.1 2.4 2.1 2.9 2.3
M4 2.5 2.1 2.4 2.5 2.1 2.4 2.4 2.1 2.3
M5 1.5 1.1 1.2 1.4 1.2 1.2 1.6 1.8 1.5
M6b 3.7 3.6 3.3

Table 4.3.1-33
Kolmogorov-Smirnov Test of General Differences for Two Groups
Mean Ranks of Power Results, a .01, 2-sided, by
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| ----------4 th -------
EA EB ML SS

| ----------3 rd -------
EA EB ML

..... | 
SS ' EA

... 2nd 
EB ML

..... | 
SS

M3a 2.1 3.1 2.4 2.1 3.0 2.5 2.1 3.0 2.3
M4 2.5 2.1 2.4 2.4 2.1 2.3 2.4 2.1 2.1
M5 1.5 1.1 1.2 1.6 1.2 1.2 1.5 1.8 1.6
M6b 3.7 3.7 3.2
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Table 4.3.1-34
Kolmogorov-Smirnov Test of General Differences for Two Groups
Mean Ranks of Power Results, a .05, 1-sided, by
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| -------
EA

— 4th -----
EB ML

- -  i
SS

| -------
EA

—  3rd —  
EB ML ss 11 EA

.... 2nd 
EB ML SS

M3a 1.8 3.0 2.4 1.8 3.0 2.4 2.0 3.1 2.4
M4 2.7 2.1 2.4 2.6 2.0 2.4 2.4 1.8 2.4
M5 1.6 1.1 1.2 1.6 1.2 1.2 1.7 1.6 1.2
M6b 3.9 3.9 3.6

Table 4.3.1-35
Kolmogorov-Smirnov Test of General Differences for Two Groups
Mean Ranks of Power Results, a .05, 2-sided, by
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| ---------- 4 th -------
EA EB ML SS

| ----------3 rd -------
EA EB ML

- -  I
SS 1 EA

— 2nd 
EB ML

. . . . .  | 
SS

M3a 1.9 3.1 2.4 1.9 3.0 2.4 2.0 3.1 2.5
M4 2.6 2.0 2.5 2.6 2.0 2.4 2.4 1.8 2.3
M5 1.5 1.0 1.2 1.5 1.2 1.2 1.6 1.5 1.2
M6b 3.9 3.9 3.6
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Table 4.3.1-36
Kolmogorov-Smirnov Test of General Differences for Two Groups 
Analysis of Mean Ranks of Power Results 
Number of First Place Finishes by Distribution 
Across Nominal Alpha, Direction and Number of Groups

Decimal | --------------4th   | | -------------  2nd--------------
Method 3a 4 5 6b 3a 4 5 6b

By Initial Sample Size Across Nominal Effect Size Multiplier

EA 10.00 0.50 9.50 9.00 1.00 10.00
EB
ML 0.00 0.00 20.00 0.00 0.50 3.50 15.50 0.50
SS 4.00 0.00 16.00 2.50 1.00 16.50

By Nominal Effect Size Multiplier Across Initial Sample Size

EA 0.00 0.00 4.00 1.50 0.00 14.50
EB
ML 0.00 0.00 4.00 0.00 0.50 2.50 13.00 0.00
SS 0.00 0.00 4.00 0.30 0.30 15.30

Across Nominal Effect Size Multiplier and Initial Sample Size

EA 0.00 0.00 4.00 0.00 0.00 4.00
EB
ML 0.00 0.00 4.00 0.00 0.00 0.00 4.00 0.00
SS 0.00 0.00 4.00 0.00 0.00 4.00
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Table 4.3.1-37
Kolmogorov-Smirnov Test of General Differences for Two Groups 
Analysis of Mean Ranks of Power Results 
Number of First Place Finishes
Across Nominal Alpha, Direction, Distributions and Number of Groups

Decimal | --------------4th   | |   2nd--------------
Method 3a 4 5 6b 3a 4 5 6b

By Initial Sample Size Across Nominal Effect Size Multiplier

MP1i 60 60 60 20 60 60 60 20
N1Mi 14.0 0.5 45.5 0.0 12.0 5.5 42.0 0.5
PoM 0.233 0.008 0.758 0.000 0.200 0.092 0.700 0.025
PoT 0.233 0.008 0.758 0.000 0.200 0.092 0.700 0.008

By Nominal Effect Size Multiplier Across Initial Sample Size

MP1i 48 48 48 16 48 48 48 16
N1Mi 2.0 0.0 46.0 0.0 2.33 2.83 42.83 0.0
PoM 0.042 0.000 0.958 0.000 0.049 0.059 0.892 0.000
PoT 0.042 0.000 0.958 0.000 0.049 0.059 0.892 0.000

Across Nominal Effect Size Multiplier and Initial Sample Size

MP1i 12 12 12 4 12 12 12 4
N1Mi 0.0 0.0 12.0 0.0 0.0 0.0 12.0 0.0
PoM 0.000 0.000 1.000 0.000 0.000 0.000 1.000 0.000
PoT 0.000 0.000 1.000 0.000 0.000 0.000 1.000 0.000

Key: MP1i: Maximum possible 1st place finishes for each method
N1Mi: Actual number of 1st place finishes for each method (ties count 1/n) 
PoM: Proportion of Maximum Possible { N1 Mi / MP1 i }
PoT: Proportion of total 1st place finishes { N1 Mi / Z(N1 M i)}
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4.3.2 -  Rosenbaum’s Test (two groups only)

Based on the Type I error results, power and Type III error results for 

Rosenbaum’s Test are only presented for the combinations of alpha level, 

distribution and method shown in Table 4.3.2-1.

Table 4.3.2-1
Rosenbaum's Test for Two Groups
Power and Type III Error for a .01 and .05
Method /  Distribution Combinations with Acceptable Type I Error

Alpha
Dist
Method

| -------------------

Norm EA
... .01 -------

EB ML SS
- I —

Norm EA
... .05 --------

EB ML
—  I

SS

M3a X X X X X X X X
M3b X X X X X X X X
M4 X X X X X X
M5 X X X X X X X X X X
M6c X X X X X X

Power results for Rosenbaum’s Test at nominal alpha .01 and .05 are 

summarized in Table 4.3.2-2 and 4.3.2-3. These tables present the range of 

values obtained (minimum and maximum) for 1-tailed power, 2-tailed Type III 

error and 2-tailed power based on the results presented in Tables 4.3.2-4 

through 4.3.2-23.

Power tended to increase monotonically across methods and distributions 

with increases in initial sample size and/or effect size. Likewise, Type III error 

tended to decrease monotonically across methods and distributions with an 

increase in initial sample size and/or effect size. Thus, minimum power (or 

maximum Type III error) usually occurred at initial sample size 6 or 12 at nominal
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ESM 0.2, with maximum power (or minimum Type III error) at initial sample size 

30 and nominal ESM 1.2, if not sooner.

Table 4.3.2-2
Rosenbaum’s Test for Two Groups 
Range of Power and Type III Error for a. 01

Min/Max
Dist
Type

Mthd

I ____ rnin ____ I . m ay _ ____ II --------
Norm EA EB ML

----------- I

SS Norm EA
11ICIA

EB ML
I

SS

Pwr 1-s
M3a .0152 .0147 .0111 .0017 .4762 .+ .9282 .5072
M3b .0152 .0147 .0111 .0017 .4762 .+ .9282 .5072
M4 .0152 .0123 .0153 .4762 .9347 .5579
M5 .0152 .0147 .0514 .0123 .0153 .4762 .+ .9995 .9335 .5232
M6c .0152 .0111 .0148 .4762 .9270 .4998

T3e 2-s
M3a .0000 .0000 .0000 .0000 .0013 .0003 .0010 .0010
M3b .0000 .0000 .0000 .0000 .0013 .0003 .0010 .0010
M4 .0000 .0000 .0000 .0013 .0012 .0014
M5 .0000 .0000 .0000 .0000 .0000 .0013 .0004 .0002 .0012 .0013
M6c .0000 .0000 .0000 .0013 .0010 .0009

Pwr 2-s
M3a .0026 .0019 .0017 .0017 .4216 .+ .8557 .4292
M3b .0026 .0019 .0017 .0017 .4216 .+ .8557 .4292
M4 .0026 .0020 .0025 .4216 .8670 .4764
M5 .0026 .0031 .0094 .0020 .0026 .4216 .+ .9980 .8654 .4470
M6c .0026 .0017 .0017 .4216 .8538 .4216

.+ = 1.0000

Tables 4.3.2-4 through 4.3.2-23 give the upper and lower tail results for 

Rosenbaum’s Test for both 1-sided and 2-sided tests for both alpha .01 and .05. 

There is a table for each combination of nominal effect size multiplier {0.2, 0.5, 

0.8, 1.2} and initial sample size {6, 12, 18, 24, 30}. Results are not reported for 

distribution EB with nominal ESM 0.2 as the actual ESM = 0.0 (no shift), which is
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just Type I error. Also for distribution EB, results are not reported for nominal 

ESM 0.8 as the actual ESM = 0.592, the same as the actual ESM for nominal 

ESM of 0.5. Results for Methods 3a and 3b are numerically equivalent for all 

combinations of alpha, distribution and direction, but both results are still 

reported. Results for the normal distribution are included and are essentially 

identical across methods for a fixed initial sample size, effect size and 

directionality. This is to be expected in the absence of ties and demonstrates 

that the simulations worked correctly.

Table 4.3.2-3
Rosenbaum’s Test for Two Groups 
Range of Power and Type III Error for a .05

Min/Max
Dist
Type

Mthd

l ... ____________I . m c jY  - __________ II
Norm EA EB ML

......... I
SS Norm EA

11 la  A

EB ML
I

SS

Pwr 1 -s
M3a .0520 .0636 .0415 .0441 .6480 .+ .9896 .7048
M3b .0520 .0636 .0415 .0441 .6480 .+ .9896 .7048
M4 .0520 .0453 .0541 .6480 .9908 .7482
M5 .0520 .0883 .1799 .0453 .0523 .6480 .+ .+ .9906 .7212
M6c .0520 .0415 .0416 .6480 .9893 .7003

T3e 2-s
M3a .0000 .0000 .0000 .0000 .0090 .0018 .0075 .0070
M3b .0000 .0000 .0000 .0000 .0090 .0018 .0075 .0070
M4 .0000 .0000 .0000 .0090 .0087 .0093
M5 .0000 .0000 .0000 .0000 .0000 .0090 .0027 .0015 .0086 .0089
M6c .0000 .0000 .0000 .0090 .0074 .0064

Pwr 2-s
M3a .0155 .0147 .0111 .0117 .6086 .+ .9699 .6396
M3b .0155 .0147 .0111 .0117 .6086 .+ .9699 .6396
M4 .0155 .0123 .0153 .6086 .9731 .6832
M5 .0155 .0221 .0514 .0123 .0155 .6086 .+ .+ .9725 .6579
M6c .0155 .0111 .0115 .6086 .9693 .6346

.+ = 1.0000
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A ranking analysis of the results is presented in Tables 4.3.2-24 through 

4.3.2-35. These summaries were obtained by ranking the power results from 

Tables 4.3.2-4 through 4.3.2-23 to four decimal places (as reported), to three 

decimal places and to two decimal places.

Table 4.3.2-4
Rosenbaum’s Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.2, Initial Sample Size 6

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0035 .0018 .0042 .0024 .0159 .0075 .0184 .0123
(T3e) M3b .0035 .0018 .0042 .0024 .0159 .0075 .0184 .0123

M4 .0035 .0047 .0033 .0159 .0200 .0159
M5 .0035 .0027 .0047 .0034 .0159 .0105 .0201 .0161
M6c .0035 .0042 .0023 .0159 .0184 .0121

UT1s M3a .0155 .0147 .0111 .0117 .0541 .0636 .0415 .0441
(Pwr) M3b .0155 .0147 .0111 .0117 .0541 .0636 .0415 .0441

M4 .0155 .0123 .0153 .0541 .0453 .0541
M5 .0155 .0221 .0123 .0155 .0541 .0883 .0453 .0539
M6c .0155 .0111 .0115 .0541 .0415 .0434

LT2s M3a .0004 .0003 .0005 .0003 .0035 .0018 .0042 .0024
(T3e) M3b .0004 .0003 .0005 .0003 .0035 .0018 .0042 .0024

M4 .0004 .0006 .0004 .0035 .0047 .0033
M5 .0004 .0004 .0006 .0004 .0035 .0027 .0047 .0034
M6c .0004 .0005 .0003 .0035 .0042 .0023

UT2s M3a .0026 .0019 .0017 .0017 .0155 .0147 .0111 .0117
(Pwr) M3b .0026 .0019 .0017 .0017 .0155 .0147 .0111 .0117

M4 .0026 .0020 .0025 .0155 .0123 .0153
M5 .0026 .0031 .0020 .0026 .0155 .0221 .0123 .0155
M6c .0026 .0017 .0017 .0155 .0111 .0115
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Table 4.3.2-5
Rosenbaum’s Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.2, Initial Sample Size 12

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------1
SS

LT1s M3a .0025 .0006 .0028 .0019 .0225 .0033 .0190 .0180
(T3e) M3b .0025 .0006 .0028 .0019 .0225 .0033 .0190 .0180

M4 .0025 .0033 .0025 .0225 .0221 .0228
M5 .0025 .0008 .0032 .0025 .0225 .0048 .0219 .0225
M6c .0025 .0028 .0017 .0225 .0188 .0171

UT1s M3a .0172 .0427 .0130 .0135 .0882 .2765 .0834 .0744
(Pwr) M3b .0172 .0427 .0130 .0135 .0882 .2765 .0834 .0744

M4 .0172 .0151 .0173 .0882 .0945 .0898
M5 .0172 .0578 .0150 .0169 .0882 .2926 .0939 .0873
M6c .0172 .0130 .0126 .0882 .0829 .0720

LT2s M3a .0007 .0002 .0009 .0005 .0076 .0015 .0075 .0061
(T3e) M3b .0007 .0002 .0009 .0005 .0076 .0015 .0075 .0061

M4 .0007 .0011 .0007 .0076 .0087 .0079
M5 .0007 .0003 .0011 .0007 .0076 .0020 .0086 .0078
M6c .0007 .0009 .0005 .0076 .0074 .0057

UT2s M3a .0066 .0138 .0043 .0050 .0407 .1173 .0345 .0330
(Pwr) M3b .0066 .0138 .0043 .0050 .0407 .1173 .0345 .0330

M4 .0066 .0051 .0066 .0407 .0399 .0410
M5 .0066 .0205 .0055 .0064 .0407 .1412 .0396 .0397
M6c .0066 .0043 .0046 .0407 .0343 .0315
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Table 4.3.2-6
Rosenbaum’s Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.2, Initial Sample Size 18

Alpha 
Distribution 
Tail Mthd

Norm
----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0030 .0002 .0025 .0025 .0085 .0004 .0064 .0070
(T3e) M3b .0030 .0002 .0025 .0025 .0085 .0004 .0064 .0070

M4 .0030 .0031 .0033 .0085 .0078 .0092
M5 .0030 .0003 .0030 .0032 .0085 .0007 .0076 .0089
M6c .0030 .0025 .0022 .0085 .0062 .0064

UT1s M3a .0251 .1798 .0240 .0206 .0520 .3591 .0532 .0442
(Pwr) M3b .0251 .1798 .0240 .0206 .0520 .3591 .0532 .0442

M4 .0251 .0285 .0263 .0520 .0623 .0548
M5 .0251 .1671 .0279 .0248 .0520 .3087 .0614 .0523
M6c .0251 .0236 .0191 .0520 .0525 .0416

LT2s M3a .0010 .0001 .0010 .0009 .0085 .0004 .0064 .0070
(T3e) M3b .0010 .0001 .0010 .0009 .0085 .0004 .0064 .0070

M4 .0010 .0012 .0012 .0085 .0078 .0092
M5 .0010 .0001 .0012 .0012 .0085 .0007 .0076 .0089
M6c .0010 .0010 .0007 .0085 .0062 .0064

UT2s M3a .0115 .0767 .0100 .0092 .0520 .3591 .0532 .0442
(Pwr) M3b .0115 .0767 .0100 .0092 .0520 .3591 .0532 .0442

M4 .0115 .0121 .0122 .0520 .0623 .0548
M5 .0115 .0810 .0119 .0113 .0520 .3087 .0611 .0523
M6c .0115 .0098 .0084 .0520 .0525 .0416
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Table 4.3.2-7
Rosenbaum’s Test for Two Groups
Power and Type III Error fora .01 and. 05
Nominal Effect Size Multiplier 0.2, Initial Sample Size 24

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0013 .0000 .0008 .0010 .0090 .0001 .0054 .0070
(T3e) M3b .0013 .0000 .0008 .0010 .0090 .0001 .0054 .0070

M4 .0013 .0011 .0014 .0090 .0067 .0093
M5 .0013 .0000 .0010 .0013 .0090 .0003 .0066 .0088
M6c .0013 .0008 .0009 .0090 .0052 .0062

UT1s M3a .0152 .2528 .0155 .0123 .0591 .6539 .0679 .0514
(Pwr) M3b .0152 .2528 .0155 .0123 .0591 .6539 .0679 .0514

M4 .0152 .0190 .0162 .0591 .0804 .0639
M5 .0152 .1814 .0182 .0148 .0591 .4891 .0780 .0599
M6c .0152 .0151 .0110 .0591 .0665 .0479

LT2s M3a .0013 .0000 .0008 .0010 .0090 .0001 .0054 .0070
(T3e) M3b .0013 .0000 .0008 .0010 .0090 .0001 .0054 .0070

M4 .0013 .0011 .0014 .0090 .0067 .0093
M5 .0013 .0000 .0010 .0013 .0090 .0003 .0066 .0088
M6c .0013 .0008 .0009 .0090 .0052 .0062

UT2s M3a .0152 .2528 .0155 .0123 .0591 .6539 .0679 .0514
(Pwr) M3b .0152 .2528 .0155 .0123 .0591 .6539 .0679 .0514

M4 .0152 .0190 .0162 .0591 .0804 .0639
M5 .0152 .1814 .0182 .0148 .0591 .4891 .0780 .0599
M6c .0152 .0151 .0110 .0591 .0665 .0479
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Table 4.3.2-8
Rosenbaum’s Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.2, Initial Sample Size 30

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0013 .0000 .0007 .0010 .0090 .0001 .0045 .0067
(T3e) M3b .0013 .0000 .0007 .0010 .0090 .0001 .0045 .0067

M4 .0013 .0009 .0014 .0090 .0059 .0090
M5 .0013 .0000 .0009 .0013 .0090 .0001 .0057 .0085
M6c .0013 .0007 .0008 .0090 .0043 .0058

UT1s M3a .0177 .5155 .0210 .0150 .0642 .8548 .0824 .0582
(Pwr) M3b .0177 .5155 .0210 .0150 .0642 .8548 .0824 .0582

M4 .0177 .0259 .0198 .0642 .0987 .0725
M5 .0177 .3164 .0247 .0175 .0642 .6528 .0949 .0671
M6c .0177 .0212 .0132 .0642 .0802 .0536

LT2s M3a .0005 .0000 .0003 .0004 .0034 .0000 .0018 .0026
(T3e) M3b .0005 .0000 .0003 .0004 .0034 .0000 .0018 .0026

M4 .0005 .0004 .0005 .0034 .0024 .0035
M5 .0005 .0000 .0003 .0005 .0034 .0000 .0023 .0033
M6c .0005 .0003 .0003 .0034 .0017 .0021

UT2s M3a .0091 .3302 .0102 .0073 .0341 .7042 .0422 .0298
(Pwr) M3b .0091 .3302 .0102 .0073 .0341 .7042 .0422 .0298

M4 .0091 .0127 .0099 .0341 .0514 .0384
M5 .0091 .1911 .0122 .0087 .0341 .4775 .0492 .0349
M6c .0091 .0098 .0063 .0341 .0408 .0268
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Table 4.3.2-9
Rosenbaum’s Test for Two Groups

Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.5, Initial Sample Size 6

Alpha 
Distribution 
Tail Mthd

| --------
Norm

------------ .01 .

EA EB ML
---------|
SS Norm

---------  .05 -
EA EB ML

-------|
SS

LT1s M3a .0009 .0031 .0017 .0010 .0053 .0011 .0085 .0058
(T3e) M3b .0009 .0031 .0017 .0010 .0053 .0011 .0085 .0058

M4 .0009 .0019 .0014 .0053 .0093 .0077
M5 .0009 .0004 .0015 .0019 .0015 .0053 .0015 .0050 .0093 .0078
M6c .0009 .0017 .0010 .0053 .0085 .0057

UT1s M3a .0393 .0938 .0276 .0231 .1128 .3012 .0878 .0752
(Pwr) M3b .0393 .0938 .0276 .0231 .1128 .3012 .0878 .0752

M4 .0393 .0302 .0294 .1128 .0947 .0902
M5 .0393 .1191 .0514 .0303 .0295 .1128 .3445 .1799 .0945 .0893
M6c .0393 .0276 .0228 .1128 .0878 .0742

LT2s M3a .0001 .0000 .0002 .0001 .0009 .0003 .0017 .0010
(T3e) M3b .0001 .0000 .0002 .0001 .0009 .0003 .0017 .0010

M4 .0001 .0002 .0001 .0009 .0019 .0014
M5 .0001 .0001 .0002 .0002 .0001 .0009 .0004 .0015 .0019 .0015
M6c .0001 .0002 .0001 .0009 .0017 .0010

UT2s M3a .0082 .0138 .0065 .0040 .0393 .0938 .0276 .0231
(Pwr) M3b .0082 .0138 .0065 .0040 .0393 .0938 .0276 .0231

M4 .0082 .0074 .0055 .0393 .0302 .0294
M5 .0082 .0200 .0094 .0074 .0056 .0393 .1191 .0514 .0303 .0295
M6c .0082 .0065 .0040 .0393 .0276 .0228
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Table 4.3.2-10
Rosenbaum’s Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.5, Initial Sample Size 12

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 
EB ML

---------|
SS Norm EA

■ .05 - 
EB ML

-------|
SS

LT1s M3a .0004 .0000 .0007 .0006 .0060 .0001 .0042 .0077
(T3e) M3b .0004 .0000 .0007 .0006 .0060 .0001 .0042 .0077

M4 .0004 .0008 .0008 .0060 .0048 .0102
M5 .0004 .0000 .0001 .0008 .0008 .0060 .0001 .0008 .0047 .0101
M6c .0004 .0007 .0005 .0060 .0042 .0073

UT1s M3a .0542 .4876 .0524 .0304 .1920 .8765 .2569 .1311
(Pwr) M3b .0542 .4876 .0524 .0304 .1920 .8765 .2569 .1311

M4 .0542 .0593 .0381 .1920 .2811 .1537
M5 .0542 .5027 .1983 .0589 .0367 .1920 .8728 .5976 .2792 .1490
M6c .0542 .0522 .0290 .1920 .2560 .1277

LT2s M3a .0001 .0000 .0002 .0001 .0016 .0000 .0018 .0021
(T3e) M3b .0001 .0000 .0002 .0001 .0016 .0000 .0018 .0021

M4 .0001 .0003 .0002 .0016 .0021 .0030
M5 .0001 .0000 .0001 .0003 .0002 .0016 .0000 .0003 .0021 .0029
M6c .0001 .0002 .0001 .0016 .0018 .0020

UT2s M3a .0251 .2704 .0185 .0130 .1063 .7102 .1252 .0656
(Pwr) M3b .0251 .2704 .0185 .0130 .1063 .7102 .1252 .0656

M4 .0251 .0212 .0168 .1063 .1395 .0797
M5 .0251 .2932 .0869 .0211 .0162 .1063 .7139 .3774 .1386 .0767
M6c .0251 .0184 .0122 .1063 .1248 .0633
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Table 4.3.2-11
Rosenbaum’s Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.5, Initial Sample Size 18

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 
EB ML

---------|
SS Norm EA

■ .05 - 
EB ML

-------|
SS

LT1s M3a .0004 .0000 .0003 .0007 .0016 .0000 .0006 .0022
(T3e) M3b .0004 .0000 .0003 .0007 .0016 .0000 .0006 .0022

M4 .0004 .0003 .0009 .0016 .0007 .0030
M5 .0004 .0000 .0000 .0003 .0009 .0016 .0000 .0001 .0007 .0029
M6c .0004 .0003 .0006 .0016 .0006 .0020

UT1s M3a .0819 .9033 .1371 .0479 .1401 .9652 .2502 .0910
(Pwr) M3b .0819 .9033 .1371 .0479 .1401 .9652 .2502 .0910

M4 .0819 .1563 .0594 .1401 .2796 .1096
M5 .0819 .8808 .5148 .1535 .0560 .1401 .9524 .7005 .2746 .1038
M6c .0819 .1359 .0451 .1401 .2482 .0869

LT2s M3a .0001 .0000 .0001 .0002 .0016 .0000 .0006 .0022
(T3e) M3b .0001 .0000 .0001 .0002 .0016 .0000 .0006 .0022

M4 .0001 .0001 .0003 .0016 .0007 .0030
M5 .0001 .0000 .0000 .0001 .0003 .0016 .0000 .0001 .0007 .0029
M6c .0001 .0001 .0002 .0016 .0006 .0020

UT2s M3a .0456 .7876 .0685 .0242 .1401 .9652 .2502 .0910
(Pwr) M3b .0456 .7876 .0685 .0242 .1401 .9652 .2502 .0910

M4 .0456 .0796 .0307 .1401 .2796 .1096
M5 .0456 .7589 .3338 .0780 .0286 .1401 .9524 .7005 .2746 .1038
M6c .0456 .0678 .0224 .1401 .2482 .0869
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Table 4.3.2-12
Rosenbaum’s Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.5, Initial Sample Size 24

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 • 
EB ML

---------|
SS Norm EA

■ .05 - 
EB ML

-------|
SS

LT1s M3a .0001 .0000 .0000 .0002 .0014 .0000 .0002 .0020
(T3e) M3b .0001 .0000 .0000 .0002 .0014 .0000 .0002 .0020

M4 .0001 .0001 .0003 .0014 .0003 .0027
M5 .0001 .0000 .0000 .0000 .0003 .0014 .0000 .0000 .0003 .0026
M6c .0001 .0000 .0002 .0014 .0002 .0017

UT1s M3a .0608 .9708 .1363 .0341 .1622 .9976 .3746 .1117
(Pwr) M3b .0608 .9708 .1363 .0341 .1622 .9976 .3746 .1117

M4 .0608 .1582 .0431 .1622 .4156 .1341
M5 .0608 .9506 .6193 .1531 .0394 .1622 .9944 .8858 .4049 .1255
M6c .0608 .1340 .0312 .1622 .3703 .1060

LT2s M3a .0001 .0000 .0000 .0002 .0014 .0000 .0002 .0020
(T3e) M3b .0001 .0000 .0000 .0002 .0014 .0000 .0002 .0020

M4 .0001 .0001 .0003 .0014 .0003 .0027
M5 .0001 .0000 .0000 .0000 .0003 .0014 .0000 .0000 .0003 .0026
M6c .0001 .0000 .0002 .0014 .0002 .0017

UT2s M3a .0608 .9708 .1363 .0341 .1622 .9976 .3746 .1117
(Pwr) M3b .0608 .9708 .1363 .0341 .1622 .9976 .3746 .1117

M4 .0608 .1582 .0431 .1622 .4156 .1341
M5 .0608 .9506 .6193 .1531 .0394 .1622 .9944 .8858 .4049 .1255
M6c .0608 .1340 .0312 .1622 .3703 .1060
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Table 4.3.2-13
Rosenbaum’s Test for Two Groups
Power and Type III Error for a. 01 and .05
Nomina! Effect Size Multiplier 0.5, Initial Sample Size 30

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 
EB ML

---------|
SS Norm EA

■ .05 - 
EB ML

-------|
SS

LT1s M3a .0001 .0000 .0000 .0002 .0013 .0000 .0001 .0017
(T3e) M3b .0001 .0000 .0000 .0002 .0013 .0000 .0001 .0017

M4 .0001 .0000 .0003 .0013 .0001 .0023
M5 .0001 .0000 .0000 .0000 .0002 .0013 .0000 .0000 .0001 .0022
M6c .0001 .0000 .0001 .0013 .0001 .0014

UT1s M3a .0721 .9975 .2173 .0434 .1786 .9999 .4993 .1294
(Pwr) M3b .0721 .9975 .2173 .0434 .1786 .9999 .4993 .1294

M4 .0721 .2511 .0551 .1786 .5460 .1549
M5 .0721 .9928 .8234 .2401 .0492 .1786 .9995 .9637 .5293 .1433
M6c .0721 .2126 .0395 .1786 .4920 .1222

LT2s M3a .0000 .0000 .0000 .0001 .0004 .0000 .0000 .0005
(T3e) M3b .0000 .0000 .0000 .0001 .0004 .0000 .0000 .0005

M4 .0000 .0000 .0001 .0004 .0000 .0008
M5 .0000 .0000 .0000 .0000 .0001 .0004 .0000 .0000 .0000 .0007
M6c .000 .0000 .0001 .0004 .0000 .0004

UT2s M3a .0443 .9917 .1303 .0239 .1152 .9994 .3414 .0761
(Pwr) M3b .0443 .9917 .1303 .0239 .1152 .9994 .6414 .0761

M4 .0443 .1538 .0311 .1152 .3845 .0942
M5 .0443 .9800 .7001 .1465 .0272 .1152 .9979 .9116 .3696 .0857
M6c .0443 .1269 .0213 .1152 .3351 .0706
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Table 4.3.2-14
Rosenbaum’s Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 6

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------1
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0002 .0001 .0006 .0001 .0015 .0002 .0037 .0010
(T3e) M3b .0002 .0001 .0006 .0001 .0015 .0002 .0037 .0010

M4 .0002 .0007 .0002 .0015 .0041 .0015
M5 .0002 .0001 .0007 .0002 .0015 .0003 .0042 .0015
M6c .0002 .0006 .0001 .0015 .0037 .0010

UT1s M3a .0873 .2599 .0565 .0714 .2070 .5749 .1581 .1798
(Pwr) M3b .0873 .2599 .0565 .0714 .2070 .5749 .1581 .1798

M4 .0873 .0608 .0863 .2070 .1673 .2063
M5 .0873 .2917 .0607 .0863 .2070 .6069 .1672 .2042
M6c .0873 .0565 .0707 .2070 .1580 .1781

LT2s M3a .0000 .0000 .0000 .0000 .0002 .0001 .0006 .0001
(T3e) M3b .0000 .0000 .0000 .0000 .0002 .0001 .0006 .0001

M4 .0000 .0000 .0000 .0002 .0007 .0002
M5 .0000 .0000 .0003 .0000 .0002 .0001 .0007 .0002
M6c .0000 .0000 .0000 .0002 .0006 .0001

UT2s M3a .0218 .0558 .0170 .0162 .0873 .2599 .0565 .0714
(Pwr) M3b .0218 .0558 .0170 .0162 .0873 .2599 .0565 .0714

M4 .0218 .0188 .0212 .0873 .0608 .0863
M5 .0218 .0687 .0188 .0212 .0873 .2917 .0607 .0863
M6c .0218 .0170 .0162 .0873 .0565 .0707
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Table 4.3.2-15
Rosenbaum’s Test for Two Groups

Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 12

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0000 .0000 .0002 .0000 .0013 .0000 .0013 .0010
(T3e) M3b .0000 .0000 .0002 .0000 .0013 .0000 .0013 .0010

M4 .0000 .0002 .0001 .0013 .0015 .0013
M5 .0000 .0000 .0003 .0001 .0013 .0000 .0014 .0014
M6c .0000 .0002 .0000 .0013 .0013 .0009

UT1s M3a .1354 .8463 .1458 .1145 .3442 .9858 .5139 .3156
(Pwr) M3b .1354 .8463 .1458 .1145 .3442 .9858 .5139 .3156

M4 .1354 .1586 .1360 .3442 .5371 .3526
M5 .1354 .8526 .1581 .1298 .3442 .9857 .5356 .3424
M6c .1354 .1455 .1112 .3442 .5132 .3111

LT2s M3a .0000 .0000 .0001 .0000 .0002 .0000 .0006 .0002
(T3e) M3b .0000 .0000 .0001 .0000 .0002 .0000 .0006 .0002

M4 .0000 .0001 .0000 .0002 .0006 .0003
M5 .0000 .0000 .0001 .0000 .0002 .0000 .0006 .0003
M6c .0000 .0001 .0000 .0002 .0006 .0002

UT2s M3a .0746 .6690 .0585 .0612 .2244 .9456 .3004 .1968
(Pwr) M3b .0746 .6690 .0585 .0612 .2244 .9456 .3004 .1968

M4 .0746 .0648 .0749 .2244 .3205 .2268
M5 .0746 .6844 .0646 .0713 .2244 .9469 .3196 .2181
M6c .0746 .0584 .0588 .2244 .2999 .1926
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Table 4.3.2-16
Rosenbaum’s Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 18

Alpha 
Distribution 
Tail Mthd

| --------
Norm

---------- .01
EA EB ML

---------
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0000 .0000 .0001 .0000 .0002 .0000 .0001 .0001
(T3e) M3b .0000 .0000 .0001 .0000 .0002 .0000 .0001 .0001

M4 .0000 .0001 .0001 .0002 .0001 .0002
M5 .0000 .0000 .0001 .0001 .0002 .0000 .0001 .0002
M6c .0000 .0001 .0000 .0002 .0001 .0001

UT1s M3a .1998 .9948 .4140 .1815 .2912 .9989 .6020 .0001
(Pwr) M3b .1998 .9948 .4140 .1815 .2912 .9989 .6020 .2763

M4 .1998 .4418 .2115 .2912 .6294 .3135
M5 .1998 .9938 .4380 .1987 .2912 .9985 .6255 .2985
M6c .1998 .4124 .1755 .2912 .6004 .2697

LT2s M3a .0000 .0000 .0000 .0000 .0002 .0000 .0001 .0001
(T3e) M3b .0000 .0000 .0000 .0000 .0002 .0000 .0001 .0001

M4 .0000 .0000 .0000 .0002 .0001 .0001
M5 .0000 .0000 .0000 .0000 .0002 .0000 .0001 .0001
M6c .0000 .0000 .0000 .0002 .0001 .0001

UT2s M3a .1305 .2504 .1137 .2912 .9989 .6020 .2763
(Pwr) M3b .1305 .2504 .1137 .2912 .9989 .6020 .2763

M4 .1305 .2725 .1362 .2912 .6294 .3135
M5 .1305 .9785 .2701 .1264 .2912 .9985 .6255 .2985
M6c .1305 .2493 .1088 .2912 .6004 .2697

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



214

Table 4.3.2-17
Rosenbaum’s Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 24

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

------- |
SS

LT1s M3a .0000 .0000 .0000 .0000 .0002 .0000 .0000 .0001
(T3e) M3b .0000 .0000 .0000 .0000 .0002 .0000 .0000 .0001

M4 .0000 .0000 .0000 .0002 .0000 .0001
M5 .0000 .0000 .0000 .0000 .0002 .0000 .0000 .0001
M6c .0000 .0000 .0000 .0002 .0001 .0001

UT1s M3a .1711 .9996 .4953 .1599 .3351 .+ .8054 .3370
(Pwr) M3b .1711 .9996 .4953 .1599 .3351 ,+ .8054 .3370

M4 .1711 .5269 .1896 .3351 .8259 .3792
M5 .1711 .9993 .5204 .1734 .3351 .+ .8211 .3589
M6c .1711 .4922 .1526 .3351 .8030 .3291

LT2s M3a .0000 .0000 .0000 .0000 .0002 .0000 .0000 .0001
(T3e) M3b .0000 .0000 .0000 .0000 .0002 .0000 .0000 .0001

M4 .0000 .0000 .0000 .0002 .0000 .0001
M5 .0000 .0000 .0000 .0000 .0002 .0000 .0000 .0001
M6c .0000 .0000 .0000 .0002 .0000 .0001

UT2s M3a .1711 .9996 .4953 .1599 .3351 .+ .8054 .3370
(Pwr) M3b .1711 .9996 .4953 .1599 .3351 .+ .8054 .3370

M4 .1711 .5269 .1896 .3351 .8259 .3792
M5 .1711 .9993 .5204 .1734 .3351 .+ .8211.3589
M6c .1711 .4922 .1526 .3351 .8030 .3291

.+ = 1.0000
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Table 4.3.2-18
Rosenbaum’s Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 30

Alpha 
Distribution 
Tail Mthd

| --------

Norm
----------  .01
EA EB ML SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0000 .0001 .0000 .0000 .0001
(T3e) M3b .0000 .0000 .0000 .0000 .0001 .0000 .0000 .0001

M4 .0000 .0000 .0000 .0001 .0000 .0001
M5 .0000 .0000 .0000 .0000 .0001 .0000 .0000 .0001
M6c .0000 .0000 .0000 .0001 .0000 .0001

UT1s M3a .2019 .+ .7028 .2036 .3668 .+ .9147 .3875
(Pwr) M3b .2019 .+ .7028 .2036 .3668 .+ .9147 .6875

M4 .2019 .7312 .2395 .3668 .9261 .4337
M5 .2019 .+ .7222 .2181 .3668 .+ .9221 .4084
M6c .2019 .6982 .1949 .3668 .9124 .3789

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M3b .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

M4 .0000 .0000 .0000 .0000 .0000 .0001
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
M6c .0000 .0000 .0000 .0000 .0000 .0000

UT2s M3a .1443 .+ .5566 .1404 .2755 .+ .8261 .2861
(Pwr) M3b .1443 .+ .5566 .1404 .2755 .+ .8261 .2861

M4 .1443 .5907 .1692 .2755 .8461 .3281
M5 .1443 .+ .5806 .1514 .2755 .+ .8397 .3036
M6c .1443 .5516 .1326 .2755 .8225 .2769

.+ = 1.0000
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Table 4.3.2-19
Rosenbaum’s Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 6

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 ■ 
EB ML

---------|
SS Norm EA

■ .05 - 
EB ML

-------|
SS

LT1s M3a .0000 .0000 .0002 .0000 .0002 .0000 .0015 .0001
(T3e) M3b .0000 .0000 .0002 .0000 .0002 .0000 .0015 .0001

M4 .0000 .0003 .0000 .0002 .0017 .0002
M5 .0000 .0000 .0004 .0003 .0000 .0002 .0001 .0015 .0017 .0002
M6c .0000 .0002 .0000 .0002 .0015 .0001

UT1s M3a .1994 .4438 .1019 .1709 .3803 .7639 .2487 .3439
(Pwr) M3b .1994 .4438 .1019 .1709 .3803 .7639 .2487 .3439

M4 .1994 .1085 .1976 .3803 .2609 .3802
M5 .1994 .4736 .1554 .1085 .1966 .3803 .7834 .4146 .2607 .3761
M6c .1994 .1018 .1698 .3803 .2486 .3420

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0002 .0000
(T3e) M3b .0000 .0000 .0000 .0000 .0000 .0000 .0002 .0000

M4 .0000 .0000 .0000 .0000 .0003 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0004 .0003 .0000
M6c .0000 .0000 .0000 .0000 .0002 .0000

UT2s M3a .0646 .1300 .0364 .0507 .1994 .4438 .1019 .1709
(Pwr) M3b .0646 .1300 .0364 .0507 .1994 .4438 .1019 .1709

M4 .0646 .0396 .0627 .1994 .1085 .1976
M5 .0646 .1478 .0335 .0367 .0638 .1994 .4736 .1554 .1085 .1966
M6c .0646 .0364 .0507 .1994 .1018 .1698
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Table 4.3.2-20
Rosenbaum’s Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 12

Alpha 
Distribution 
Tail Mthd

| --------

Norm EA
- .01 • 
EB ML

---------|
SS Norm EA

- .05 - 
EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0000 .0001 .0000 .0003 .0001
(T3e) M3b .0000 .0000 .0000 .0000 .0001 .0000 .0003 .0001

M4 .0000 .0000 .0000 .0001 .0003 .0001
M5 .0000 .0000 .0000 .0000 .0000 .0001 .0000 .0001 .0003 .0001
M6c .0000 .0000 .0000 .0001 .0003 .0001

UT1s M3a .3232 .9627 .2817 .2945 .5786 .9985 .7054 .5651
(Pwr) M3b .3232 .9627 .2817 .2945 .5786 .9985 .7054 .5651

M4 .3232 .2974 .3323 .5786 .7054 .6047
M5 .3232 .9645 .6600 .2973 .3193 .5786 .9985 .9422 .7054 .5905
M6c .3232 .2812 .2896 .5786 .7054 .5612

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0001 .0000
(T3e) M3b .0000 .0000 .0000 .0000 .0000 .0000 .0001 .0000

M4 .0000 .0000 .0000 .0000 .0001 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0001 .0000
M6c .0000 .0000 .0000 .0000 .0001 .0000

UT2s M3a .2164 .8833 .1347 .1899 .4460 .9911 .4873 .4220
(Pwr) M3b .2164 .8833 .1347 .1899 .4460 .9911 .4873 .4220

M4 .2164 .1453 .2207 .4460 .5056 .4630
M5 .2164 .8901 .4376 .1452 .2105 .4460 .9914 .8382 .5054 .4481
M6c .2164 .1344 .1858 .4460 .4868 .4172
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Table 4.3.2-21
Rosenbaum’s Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 18

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 
EB ML

---------1
SS Norm EA

- .05 - 
EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M3b .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

M4 .0000 .0000 .0000 .0000 .0000 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
M6c .0000 .0000 .0000 .0000 .0000 .0000

UT1s M3a .4414 .9998 .6648 .4334 .5481 .+ .8202 .5522
(Pwr) M3b .4414 .9998 .6648 .4334 .5481 .+ .8202 .5522

M4 .4414 .6828 .4775 .5481 .8326 .5954
M5 .4414 .9997 .9619 .6815 .4549 .5481 .+ .9882 .8317 .5739
M6c .4414 .6636 .4269 .5481 .8194 .5469

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M3b .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

M4 .0000 .0000 .0000 .0000 .0000 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
M6c .0000 .0000 .0000 .0000 .0000 .0000

UT2s M3a .3422 .9987 .4808 .3264 .5481 .+ .8202 .5522
(Pwr) M3b .3422 .9987 .4808 .3264 .5481 .+ .8202 .5522

M4 .3422 .5010 .3684 .5481 .8326 .5954
M5 .3422 .9985 .9015 .5000 .3465 .5481 .+ .9882 .8317 .5739
M6c .3422 .4795 .3194 .5481 .8194 .5469

.+ = 1.0000
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Table 4.3.2-22
Rosenbaum’s Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 24

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 
EB ML SS Norm EA

■ .05 - 
EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M3b .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

M4 .0000 .0000 .0000 .0000 .0000 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
M6c .0000 .0000 .0000 .0000 .0000 .0000

UT1s M3a .4216 .+ .7806 .4292 .6086 .+ .9528 .6369
(Pwr) M3b .4216 .+ .7806 .4292 .6086 .+ .9528 .6369

M4 .4216 .7955 .4764 .6086 .9573 .6832
M5 .4216 .+ .9914 .7939 .4470 .6086 .+ .9994 .9568 .6576
M6c .4216 .7789 .4216 .6086 .9522 .6346

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M3b .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

M4 .0000 .0000 .0000 .0000 .0000 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
M6c .0000 .0000 .0000 .0000 .0000 .0000

UT2s M3a .4216 .+ .7806 .4292 .6086 .+ .9528 .6396
(Pwr) M3b .4216 .+ .7806 .4292 .6086 .+ .9528 .6396

M4 .4216 .7955 .4764 .6086 .9573 .6832
M5 .4216 .+ .9914 .7939 .4470 .6086 .+ .9994 .9568 .6579
M6c .4216 .7789 .4216 .6086 .9522 .6346

.+ = 1.0000
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Table 4.3.2-23
Rosenbaum’s Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 30

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 . 
EB ML

---------|
SS Norm EA

■ .05 - 
EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M3b .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

M4 .0000 .0000 .0000 .0000 .0000 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
M6c .0000 .0000 .0000 .0000 .0000 .0000

UT1s M3a .4762 .+ .9282 .5072 .6480 .+ .9896 .7048
(Pwr) M3b .4762 .+ .9282 .5072 .6480 .+ .9896 .7048

M4 .4762 .9347 .5579 .6480 .9908 .7482
M5 .4762 .+ .9995 .9335 .5232 .6480 .+ .+ .9906 .7212
M6c .4762 .9270 .4998 .6480 .9893 .7003

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M3b .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

M4 .0000 .0000 .0000 .0000 .0000 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
M6c .0000 .0000 .0000 .0000 .0000 .0000

UT2s M3a .3970 .+ .8557 .4159 .5605 .+ .9699 .6048
(Pwr) M3b .3970 .+ .8557 .4159 .5605 .+ .9699 .6048

M4 .3970 .8670 .4666 .5605 .9731 .6533
M5 .3970 .+ .9980 .8654 .4306 .5605 .+ .+ .9725 .6214
M6c .3970 .8538 .4075 .5605 .9693 .5986

.+ = 1.0000
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Table 4.3.2-24
Rosenbaum’s Test for Two Groups
Mean Ranks of Power Results, a .01, 1-sided, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| -------
EA

.—4 th -----
EB ML

- -  I
SS EA

—- 3rd —  
EB ML

------ |
SS EA

—  2nd —  
EB ML

- - I
SS

6 M3a 2.5 3.9 3.5 2.5 4.0 3.9 2.5 3.3 4.0
M3b 2.5 3.9 3.5 2.5 4.0 3.9 2.5 3.3 4.0
M4 1.5 1.5 1.5 1.3 2.61.5
M5 1.0 1.5 1.5 1.0 1.5 1.8 1.0 2.6 1.5
M6c 4.3 5.0 4.0 4.3 3.3 4.0

12 M3a 2.5 3.6 3.5 2.5 3.9 3.5 2.3 4.0 4.0
M3b 2.5 3.6 3.5 2.5 3.9 3.5 2.3 4.0 4.0
M4 1.0 1.0 1.4 1.1 1.5 1.3
M5 1.0 2.0 2.0 1.0 1.6 1.9 1.5 1.5 1.8
M6c 4.8 5.0 4.3 5.0 4.0 4.0

18 M3a 1.5 3.5 3.5 1.6 3.6 3.5 1.8 4.0 3.9
M3b 1.5 3.5 3.5 1.6 3.6 3.5 1.8 4.0 3.9
M4 1.0 1.0 1.0 1.0 1.4 1.1
M5 3.0 2.0 2.0 2.8 2.0 2.0 2.5 1.6 2.3
M6c 5.0 5.0 4.8 5.0 4.0 3.9

24 M3a 1.6 3.5 3.5 1.6 3.5 3.5 1.8 3.5 3.6
M3b 1.6 3.5 3.5 1.6 3.5 3.5 1.8 3.5 3.6
M4 1.0 1.0 1.0 1.0 1.5 1.1
M5 2.8 2.0 2.0 2.8 2.0 2.0 2.5 2.3 2.3
M6c 5.0 5.0 5.0 5.0 4.3 4.4

30 M3a 1.8 3.8 3.5 1.8 3.6 3.5 1.8 3.5 3.4
M3b 1.8 3.8 3.5 1.8 3.6 3.5 1.8 3.5 3.4
M4 1.0 1.0 1.0 1.0 1.5 1.4
M5 2.5 2.0 2.0 2.5 2.0 2.0 2.5 2.6 2.1
M6c 4.5 5.0 4.8 5.0 3.9 4.8
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Table 4.3.2-25
Rosenbaum’s Test for Two Groups

Mean Ranks of Power Results, a .01, 2-sided, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| ----------

EA
....4th -—  
EB ML

. . . . .  | 
SS EA

. . . .  3rd 
EB ML

-------- |
SS

____

EA
—  2nd —  
EB ML

. . . . .  | 
SS

6 M3a 2.5 4.0 4.0 2.5 3.5 4.0 2.4 3.0 3.5
M3b 2.5 4.0 4.0 2.5 3.5 4.0 2.4 3.0 3.5
M4 1.4 1.9 2.1 1.6 3.0 2.3
M5 1.0 1.6 1.1 1.0 2.4 1.4 1.3 3.0 2.3
M6c 4.0 4.0 3.5 4.0 3.0 3.5

12 M3a 2.5 3.6 3.5 2.5 3.6 3.6 2.5 3.5 3.6
M3b 2.5 3.6 3.5 2.5 3.6 3.6 2.5 3.5 3.6
M4 1.3 1.0 1.6 1.0 2.3 1.6
M5 1.0 1.8 2.0 1.0 1.4 2.0 1.0 2.3 1.9
M6c 4.8 5.0 4.8 4.8 3.5 4.3

18 M3a 1.8 3.5 3.5 1.9 3.6 3.5 1.9 3.8 3.6
M3b 1.8 3.5 3.5 1.9 3.6 3.5 1.9 3.8 3.6
M4 1.0 1.0 1.1 1.0 1.9 1.6
M5 2.5 2.0 2.0 2.3 1.9 2.0 2.3 1.9 2.1
M6c 5.0 5.0 4.8 5.0 3.8 4.0

24 M3a 1.6 3.5 3.5 1.6 3.5 3.5 1.8 3.5 3.6
M3b 1.6 3.5 3.5 1.6 3.5 3.5 1.8 3.5 3.6
M4 1.0 1.0 1.0 1.0 1.5 1.1
M5 2.8 2.0 2.0 2.8 2.0 2.0 2.5 2.3 2.3
M6c 5.0 5.0 5.0 5.0 4.3 4.4

30 M3a 1.8 3.5 3.5 1.8 3.6 3.5 1.8 3.5 3.5
M3b 1.8 3.5 3.5 1.8 3.6 3.5 1.8 3.5 3.5
M4 1.0 1.0 1.0 1.0 1.8 1.6
M5 2.5 2.0 2.0 2.5 2.0 2.0 2.5 2.0 2.1
M6c 5.0 5.0 4.8 5.0 4.3 4.3
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Table 4.3.2-26
Rosenbaum’s Test for Two Groups

Mean Ranks of Power Results, a .05, 1-sided, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| . . . . . .

EA
....4 th -----
EB ML

. . . . .  | 
SS EA

—- 3rd —  
EB ML

-------- |
SS EA

—- 2nd 
EB ML

. . . . .  | 
SS

6 M3a 2.5 3.8 3.5 2.5 4.0 3.6 2.5 3.8 3.9
M3b 2.5 3.8 3.5 2.5 4.0 3.6 2.5 3.8 3.9
M4 1.1 1.0 1.5 1.1 1.9 1.4
M5 1.0 1.9 2.0 1.0 1.5 1.9 1.0 1.9 1.6
M6c 4.5 5.0 4.0 4.8 3.8 4.3

12 M3a 1.9 3.5 3.5 2.0 3.8 3.5 2.0 3.9 3.8
M3b 1.9 3.5 3.5 2.0 3.8 3.5 2.0 3.9 3.8
M4 1.0 1.0 1.0 1.0 1.5 1.3
M5 2.3 2.0 2.0 2.0 2.0 2.0 2.0 1.5 1.8
M6c 5.0 5.0 4.5 5.0 4.3 4.5

18 M3a 1.6 3.5 3.5 1.8 3.6 3.5 1.8 4.0 3.9
M3b 1.6 3.5 3.5 1.8 3.6 3.5 1.8 4.0 3.9
M4 1.0 1.0 1.0 1.0 1.4 1.1
M5 2.8 2.0 2.0 2.5 2.0 2.0 2.5 1.6 1.9
M6c 5.0 5.0 4.8 5.0 4.0 4.3

24 M3a 1.8 3.5 3.5 1.8 3.6 3.5 1.8 3.9 3.8
M3b 1.8 3.5 3.5 1.8 3.6 3.5 1.8 3.9 3.8
M4 1.0 1.0 1.1 1.0 1.3 1.3
M5 2.5 2.0 2.0 2.5 1.9 2.0 2.5 1.8 1.8
M6c 5.0 5.0 4.8 5.0 4.3 4.5

30 M3a 1.8 3.5 3.5 1.9 3.5 3.5 1.9 3.6 3.6
M3b 1.8 3.5 3.5 1.9 3.5 3.5 1.9 3.6 3.6
M4 1.0 1.0 1.0 1.0 1.5 1.1
M5 2.5 2.0 2.0 2.3 2.0 2.0 2.3 2.3 1.9
M6c 5.0 5.0 5.0 5.0 4.0 4.8
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Table 4.3.2-27
Rosenbaum’s Test for Two Groups
Mean Ranks of Power Results, a .05, 2-sided, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| ----------4 th ------
EA EB ML

- - -  I
SS

----------3rd —
EA EB ML

------ |
SS

----------2nd —
EA EB ML

. . . .  | 
SS

6 M3a 2.5 3.9 3.5 2.5 3.9 3.9 2.5 3.3 4.0
M3b 2.5 3.9 3.5 2.5 3.9 3.9 2.5 3.3 4.0
M4 1.4 1.6 1.5 1.6 2.6 1.5
M5 1.0 1.6 1.4 1.0 1.5 1.4 1.0 2.6 1.5
M6c 4.3 5.0 4.3 4.3 3.3 4.0

12 M3a 2.5 3.5 3.5 2.4 3.9 3.5 2.1 3.9 3.8
M3b 2.5 3.5 3.5 2.4 3.9 3.5 2.1 3.9 3.8
M4 1.0 1.0 1.1 1.0 1.5 1.3
M5 1.0 2.0 2.0 1.3 1.9 2.0 1.8 1.5 1.8
M6c 5.0 5.0 4.3 5.0 4.3 4.5

18 M3a 1.6 3.5 3.5 1.8 3.6 3.5 1.8 4.0 3.9
M3b 1.6 3.5 3.5 1.8 3.6 3.5 1.8 4.0 3.9
M4 1.0 1.0 1.0 1.0 1.4 1.1
M5 2.8 2.0 2.0 2.5 2.0 2.0 2.5 1.6 1.9
M6c 5.0 5.0 4.8 5.0 4.0 4.3

24 M3a 1.8 3.5 3.5 1.8 3.5 3.5 1.8 3.9 3.8
M3b 1.8 3.5 3.5 1.8 3.5 3.5 1.8 3.9 3.8
M4 1.0 1.0 1.1 1.0 1.3 1.3
M5 2.5 2.0 2.0 2.5 1.9 2.0 2.5 1.8 1.8
M6c 5.0 5.0 5.0 5.0 4.3 4.5

30 M3a 1.8 3.5 3.5 1.8 3.5 3.5 1.9 3.6 3.6
M3b 1.8 3.5 3.5 1.8 3.5 3.5 1.9 3.6 3.6
M4 1.0 1.0 1.1 1.0 1.6 1.1
M5 2.5 2.0 2.0 2.5 1.9 2.0 2.3 2.1 2.3
M6c 5.0 5.0 5.0 5.0 4.0 4.4
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Table 4.3.2-28
Rosenbaum’s Test for Two Groups
Mean Ranks of Power Results, a .01, 1-sided, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| ----------4 th ------
EA EB ML

- - -  I
SS

----------3rd —
EA EB ML

------ |
SS

----------2nd
EA EB ML SS

0.2 M3a 1.9 3.9 3.5 1.9 3.9 3.6 1.9 3.5 3.5
M3b 1.9 3.9 3.5 1.9 3.9 3.6 1.9 3.5 3.5
M4 1.1 1.1 1.2 1.2 2.0 1.5
M5 2.2 1.9 1.9 2.2 1.8 1.8 2.2 2.5 2.5
M6c 4.2 5.0 4.2 4.8 3.5 4.0

0.5 M3a 1.9 3.6 3.5 1.9 3.7 3.6 1.9 3.6 4.0
M3b 1.9 3.6 3.5 1.9 3.7 3.6 1.9 3.6 4.0
M4 1.2 1.2 1.2 1.0 1.5 1.4
M5 2.2 1.8 1.8 2.2 1.8 2.0 2.2 2.1 1.6
M6c 4.8 5.0 4.6 4.8 4.2 4.0

0.8 M3a 2.0 3.6 3.5 2.0 3.7 3.6 2.1 3.7 3.8
M3b 2.0 3.6 3.5 2.0 3.7 3.6 2.1 3.7 3.8
M4 1.0 1.1 1.1 1.1 1.6 1.1
M5 2.0 2.0 1.9 2.0 1.9 1.9 1.8 2.0 1.9
M6c 4.8 5.0 4.6 4.8 4.0 4.4

1.2 M3a 2.1 3.5 3.5 2.2 3.6 3.5 2.1 3.8 3.8
M3b 2.1 3.5 3.5 2.2 3.6 3.5 2.1 3.8 3.8
M4 1.1 1.0 1.2 1.0 1.7 1.1
M5 1.8 1.9 2.0 1.6 1.8 2.0 1.8 1.9 1.9
M6c 5.0 5.0 4.8 5.0 3.8 4.4
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Table 4.3.2-29
Rosenbaum’s Test for Two Groups
Mean Ranks of Power Results, a .01, 2-sided, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| ----------4 th ------
EA EB ML

I
SS

----------3rd —
EA EB ML

------  |
SS

----------2nd
EA EB ML SS

0.2 M3a 2.1 3.7 3.6 2.1 3.7 3.7 1.9 3.2 3.0
3b 2.1 3.7 3.6 2.1 3.7 3.7 1.9 3.2 3.0
M4 1.3 1.2 1.7 1.1 2.7 2.5
M5 1.8 1.7 1.8 1.8 1.9 1.9 2.2 2.7 3.0
M6c 4.6 4.8 4.0 4.6 3.2 3.5

0.5 M3a 1.9 3.6 3.6 1.9 3.4 3.6 1.9 3.5 4.0
M3b 1.9 3.6 3.6 1.9 3.4 3.6 1.9 3.5 4.0
M4 1.1 1.2 1.5 1.1 2.0 1.5
M5 2.2 1.9 1.8 2.2 2.1 1.9 2.2 2.2 1.5
M6c 4.8 4.8 4.6 4.8 3.8 4.0

0.8 M3a 2.0 3.6 3.6 2.0 3.6 3.6 2.2 3.4 3.6
M3b 2.0 3.6 3.6 2.0 3.6 3.6 2.2 3.4 3.6
M4 1.1 1.1 1.2 1.1 1.9 1.5
M5 2.0 1.9 1.9 2.0 1.8 1.9 1.9 2.3 2.1
M6c 4.8 4.8 4.8 4.8 4.0 4.2

1.2 M3a 2.1 3.6 3.6 2.0 3.6 3.6 2.2 3.7 3.7
M3b 2.1 3.6 3.6 2.2 3.6 3.6 2.2 3.7 3.7
M4 1.0 1.2 1.1 1.2 1.7 1.1
M5 1.8 2.0 1.8 1.6 1.9 1.8 1.9 1.9 1.9
M6c 4.8 4.8 4.8 4.8 4.0 4.6
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Table 4.3.2-30
Rosenbaum’s Test for Two Groups
Mean Ranks of Power Results, a .05, 1-sided, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| ----------4th - —

EA EB ML
I

SS
----------3rd —
EA EB ML

----- |
SS

----------2nd —
EA EB ML

..... | 
SS

0.2 M3a 1.9 3.6 3.5 1.9 3.8 3.6 1.9 4.0 3.9
M3b 1.9 3.6 3.5 1.9 3.8 3.6 1.9 4.0 3.9
M4 1.1 1.0 1.1 1.1 1.4 1.5
M5 2.2 1.9 2.0 2.2 1.9 1.9 2.2 1.6 1.5
M6c 4.8 5.0 4.4 4.8 4.0 4.2

0.5 M3a 1.7 3.6 3.5 1.8 3.6 3.5 1.8 3.7 3.8
M3b 1.7 3.6 3.5 1.8 3.6 3.5 1.8 3.7 3.8
M4 1.0 1.0 1.1 1.0 1.5 1.3
M5 2.6 2.0 2.0 2.4 1.9 2.0 2.4 2.1 1.7
M6c 4.8 5.0 4.8 5.0 4.0 4.4

0.8 M3a 1.9 3.5 3.5 2.1 3.6 3.5 2.1 3.9 3.6
M3b 1.9 3.5 3.5 2.1 3.6 3.5 2.1 3.9 3.6
M4 1.0 1.0 1.1 1.0 1.3 1.0
M5 2.2 2.0 2.0 1.8 1.9 2.0 1.8 1.7 2.0
M6c 5.0 5.0 4.8 5.0 4.2 4.8

1.2 M3a 2.1 3.5 3.5 2.1 3.8 3.5 2.1 3.7 3.8
M3b 2.1 3.5 3.5 2.1 3.8 3.5 2.1 3.7 3.8
M4 1.0 1.0 1.2 1.0 1.8 1.1
M5 1.8 2.0 2.0 1.8 1.8 2.0 1.8 1.8 1.9
M6c 5.0 5.0 4.4 5.0 4.0 4.4
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Table 4.3.2-31
Rosenbaum’s Test for Two Groups
Mean Ranks of Power Results, a .05, 2-sided, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| ----------4th -—
EA EB ML

----- I
SS

----------3rd —
EA EB ML

----- |
SS

----------2nd
EA EB ML

.... | 
SS

0.2 M3a 1.9 3.6 3.5 1.9 3.7 3.6 1.9 3.8 3.9
M3b 1.9 3.6 3.5 1.9 3.7 3.6 1.9 3.8 3.9
M4 1.1 1.2 1.2 1.2 1.8 1.4
M5 2.2 1.9 1.8 2.2 1.8 1.8 2.2 1.8 1.9
M6c 4.8 5.0 4.6 4.8 3.8 3.9

0.5 M3a 1.9 3.6 3.5 1.9 3.7 3.6 1.9 3.7 3.8
M3b 1.9 3.6 3.5 1.9 3.7 3.6 1.9 3.7 3.8
M4 1.2 1.2 1.1 1.2 1.5 1.4
M5 2.2 1.8 1.8 2.2 1.9 1.8 2.2 2.1 1.6
M6c 4.8 5.0 4.6 4.8 4.0 4.4

0.8 M3a 2.1 3.6 3.5 2.2 3.7 3.6 2.1 3.6 3.6
M3b 2.1 3.6 3.5 2.2 3.7 3.6 2.1 3.6 3.6
M4 1.0 1.1 1.1 1.1 1.6 1.1
M5 1.8 2.0 1.9 1.6 1.9 1.9 1.8 2.0 1.9
M6c 4.8 5.0 4.6 4.8 4.2 4.8

1.2 M3a 2.2 3.5 3.5 2.1 3.6 3.5 2.1 3.8 3.9
M3b 2.2 3.5 3.5 2.1 3.6 3.5 2.1 3.8 3.9
M4 1.0 1.0 1.3 1.0 1.8 1.1
M5 1.6 2.0 2.0 1.8 1.7 2.0 1.8 1.8 1.9
M6c 5.0 5.0 4.8 5.0 3.8 4.2
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Table 4.3.2-32
Rosenbaum’s Test for Two Groups
Mean Ranks of Power Results, a .01, 1-sided, by
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd
EA

— 4th -—  
EB ML

- - -  I
SS

| --------

EA
—  3rd —  
EB ML SS '' EA

—  2nd 
EB ML

. . . . .  | 
SS

M3a 2.0 3.7 3.5 2.0 3.7 3.6 2.0 3.7 3.8
M3b 2.0 3.7 3.5 2.0 3.7 3.6 2.0 3.7 3.8
M4 1.1 1.1 1.2 1.1 1.7 1.3
M5 2.1 1.9 1.9 2.0 1.8 1.9 2.0 2.1 2.0
M6c 4.7 5.0 4.6 4.9 3.9 4.2

Table 4.3.2-33
Rosenbaum’s Test for Two Groups

Mean Ranks of Power Results, a .01, 2-sided, by
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| --------
EA

—4 th ------
EB ML SS

ii 
_i

tffii 
<

: 
lu ss 1EA

... 2nd 
EB ML

. . . . .  | 
SS

M3a 2.0 3.6 3.6 2.1 3.6 3.6 2.1 3.5 3.6
M3b 2.0 3.6 3.6 2.1 3.6 3.6 2.1 3.5 3.6
M4 1.1 1.2 1.4 1.1 2.1 1.7
M5 2.0 1.9 1.8 1.9 1.9 1.9 1.9 2.3 2.1
M6c 4.8 4.8 4.6 4.8 3.8 4.1
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Table 4.3.2-34
Rosenbaum’s Test for Two Groups
Mean Ranks of Power Results, a .05, 1-sided, by
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| -------
EA

— 4 th -----
EB ML

I
SS

| -------
EA

—  3rd —  
EB ML

------ |
SS

! 
<

 
; 

uj

—  2nd 
EB ML

. . . . .  | 
SS

M3a 1.9 3.6 3.5 2.0 3.7 3.5 2.0 3.8 3.8
M3b 1.9 3.6 3.5 2.0 3.7 3.5 2.0 3.8 3.8
M4 1.0 1.0 1.1 2.0 1.5 1.2
M5 2.2 2.0 2.0 2.1 1.9 2.0 2.1 1.8 1.8
M6c 4.9 5.0 4.6 5.0 4.1 4.5

Table 4.3.2-35
Rosenbaum’s Test for Two Groups
Mean Ranks of Power Results, a .05, 2-sided, by
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| --------
EA

— 4th------
EB ML SS

| ----------3r(j  -—

EA EB ML
- -  I
SS 1 EA

— 2nd 
EB ML

. . . . .  | 
SS

M3a 2.0 3.6 3.5 2.0 3.7 3.6 2.0 3.7 3.8
M3b 2.0 3.6 3.5 2.0 3.7 3.6 2.0 3.7 3.8
M4 1.1 1.1 1.2 1.1 1.7 1.3
M5 2.0 1.9 1.9 2.0 1.8 1.9 2.0 1.9 1.8
M6c 4.9 5.0 4.7 4.9 4.0 4.3
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Table 4.3.2-36
Rosenbaum’s Test for Two Groups 
Analysis of Mean Ranks of Power Results 
Number of First Place Finishes by Distribution 
Across Nominal Alpha, Direction and Number of Groups

Decimal | --------------4th   | | -------------  2nd--------------
Method 3a* 4 5 6b 3a* 4 5 6b

By Initial Sample Size Across Nominal Effect Size Multiplier

EA 6.50 7.00 6.33 7.33
EB
ML 0.00 19.50 0.50 0.00 0.20 15.20 4.20 0.20
SS 0.00 17.50 2.50 0.00 0.00 18.50 1.50 0.00

By Nominal Effect Size Multiplier Across Initial Sample Size

EA 4.67 6.67 4.00 8.00
EB
ML 0.00 16.00 0.00 0.00 0.00 14.00 2.00 0.00
SS 0.00 16.00 0.00 0.00 0.00 15.00 1.00 0.00

Across Nominal Effect Size Multiplier and Initial Sample Size

EA 1.67 0.67 1.17 1.67
EB
ML 0.00 4.00 0.00 0.00 0.00 4.00 0.00 0.00
SS 0.00 4.00 0.00 0.00 0.00 4.00 0.00 0.00

* Note: Results for method 3b were identical to method 3a and are not shown.
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Table 4.3.2-37
Rosenbaum’s Test for Two Groups 
Analysis of Mean Ranks of Power Results 
Across Nominal Alpha, Direction and Distributions

Decimal | -------------4th --------------- | I I l I i f t l I I I I I

3 Q
_

1 1 1 1 1 1-------- |
Method 3a/b* 4 5 6c 3a/b* 4 5 6c

By Initial Sample Size Across Nominal Effect Size Multiplier

MP1i 60 40 60 40 60 40 60 40
N1Mi 16.5 37.0 10.0 0.0 6.53 33.70 13.03 0.20
PoM 0.108 0.925 0.167 0.000 0.109 0.843 0.217 0.005
PoT* 0.108 0.617 0.167 0.000 0.109 0.562 0.217 0.003

By Nominal Effect Size Multiplier Across Initial Sample Size

MP1i 48 32 48 32 48 32 48 32
N1Mi 4.67 32.00 6.67 0.00 4.0 29.0 11.0 0.0
PoM 0.097 1.000 0.139 0.000 0.083 0.906 0.229 0.000
PoT* 0.097 0.667 0.139 0.000 0.083 0.604 0.229 0.000

Across Nominal Effect Size Multiplier and Initial Sample Size

MP1i 12 8 12 8 12 8 12 8
N1Mi 1.67 8.00 0.67 0.00 1.17 8.00 1.67 0.00
PoM 0.139 1.000 0.056 0.000 0.097 1.000 0.139 0.000
PoT* 0.139 0.667 0.056 0.000 0.097 0.667 0.139 0.000

Key: MP1 i: Maximum possible 1st place finishes for each method
N1Mi: Actual number of 1st place finishes for each method (ties count 1/n) 
PoM: Proportion of Maximum Possible { N1 Mi / MP1i}
PoT: Proportion of total 1st place finishes { N1 Mi / £(N1Mi)}

* Note: Results for method 3b were identical to method 3a and are not shown 
but are included in the total 1st place finishes E(N1Mi) for calculating 
PoT.
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4.3.3 -  Tukey’s Quick Test (two groups only)

Based on the Type I error results, power and Type III error results for 

Tukey’s Quick Test are only presented for the combinations of alpha level, 

distribution and method shown in Table 4.3.3-1.

Table 4.3.3-1
Tukey’s Quick Test for Two Groups
Power and Type III Error for a .01 and .05
Method /  Distribution Combinations with Acceptable Type I Error

Alpha | ------------------------- . . .  .01 ------------- ■I----------------... .05 -------- —  I

Dist Norm EA EB ML SS Norm EA EB ML SS
Method

M3a X X X X X X
M3b X X X X X X X
M4 X X X X X X
M5 X X X X X X X X X X

Power results for Tukey’s Quick Test at nominal alpha .01 and .05 are 

summarized in Table 4.3.3-2 and 4.3.3-3. These tables present the range of 

values obtained (minimum and maximum) for 1-tailed power, 2-tailed Type III 

error and 2-tailed power based on the results presented in Tables 4.3.3-4 

through 4.3.3-23.

Power tended to increase monotonically across methods and distributions 

with increases in initial sample size and/or effect size. Likewise, Type III error 

tended to decrease monotonically across methods and distributions with an 

increase in initial sample size and/or effect size. Thus, minimum power (or 

maximum Type III error) usually occurred at initial sample size 6 or 12 at nominal
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ESM 0.2, with maximum power (or minimum Type III error) at initial sample size 

30 and nominal ESM 1.2, if not sooner.

Table 4.3.3-2
Tukey’s Quick Test for Two Groups 
Range of Power and Type III Error for a .01

Min/Max
Dist
Type

Mthd

I ____ ___ I _ mov . II --------
Norm EA

M i l l  I

EB ML
--------I

SS Norm EA
11IC IA

EB ML
I

SS

Pwr 1 -s
M3a .0180 .0152 .0151 .7410 .9999 .8380
M3b .0180 .0197 .0152 .0152 .7410 .9999 .8455
M4 .0180 .0170 .0172 .7410 .9999 .8456
M5 .0180 .0240 .0819 .0171 .0178 .7410 .9291 . + .9999 .8458

T3e 2-s
M3a .0000 .0000 .0000 .0018 .0019 .0014
M3b .0000 .0000 .0000 .0000 .0018 .0019 .0014
M4 .0000 .0000 .0000 .0018 .0021 .0017
M5 .0000 .0000 .0000 .0000 .0000 .0018 .0016 .0050 .0021 .0018

Pwr 2-s
M3a .0098 .0075 .0081 .6893 .9998 .7853
M3b .0098 .0101 .0075 .0081 .6893 .9998 .7914
M4 .0098 .0084 .0095 .6893 .9997 .7930
M5 .0098 .0123 .0373 .0084 .0097 .6893 .9291 . + .9998 .7934

.+ = 1.0000

Tables 4.3.3-4 through 4.3.3-23 give the upper and lower tail results for 

Tukey’s Quick Test for both 1-sided and 2-sided tests for both alpha .01 and .05. 

There is a table for each combination of nominal effect size multiplier {0.2, 0.5, 

0.8, 1.2} and initial sample size {6, 12, 18, 24, 30}. Results are not reported for 

distribution EB with nominal ESM 0.2 as the actual ESM = 0.0 (no shift), which is 

just Type I error. Also for distribution EB, results are not reported for nominal
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ESM 0.8 as the actual ESM = 0.592, the same as the actual ESM for nominal 

ESM of 0.5. Results for the normal distribution are included and are essentially 

identical across methods for a fixed initial sample size, effect size and 

directionality. This is to be expected in the absence of ties and demonstrates 

that the simulations worked correctly.

Table 4.3.3-3
Tukey’s Quick Test for Two Groups 
Range of Power and Type III Error for a .05

Min/Max
Dist
Type

Mthd

I ____ in in ____ I ____II --------
Norm EA EB ML

--------I
SS Norm EA EB ML

I
SS

Pwr 1 -s
M3a .0654 .0591 .0562 .8585 .+ .9461
M3b .0654 .0592 .0564 .8585 .+ .9546
M4 .0654 .0655 .0646 .8585 .+ .9503
M5 .0654 .0871 .3121 .0659 .0652 .8585 .9291 .+ .+ .9493

T3e 2-s
M3a .0000 .0000 .0000 .0079 .0072 .0065
M3b .0000 .0000 .0000 .0079 .0072 .0065
M4 .0000 .0000 .0000 .0079 .0082 .0077
M5 .0000 .0000 .0000 .0000 .0000 .0079 .0061 .0012 .0083 .0079

Pwr 2-s
M3a .0351 .0302 .0298 .7869 .+ .8826
M3b .0351 .0302 .0298 .7869 .+ .8910
M4 .0351 .0328 .0345 .7869 .+ .8898
M5 .0351 .0458 .1690 .0339 .0350 .7869 .9291 .+ .+ .8896

.+ = 1.0000

A ranking analysis of the results is presented in Tables 4.3.3-24 through 

4.3.3-35. These summaries were obtained by ranking the power results from
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Tables 4.3.3-4 through 4.3.3-23 to four decimal places (as reported), to three 

decimal places and to two decimal places.

Table 4.3.3-4
Tukey’s Quick Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.2, Initial Sample Size 6

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS

|----------
Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0038 .0037 .0030 .0168 .0150 .0137
M3b .0038 .0025 .0037 .0030 .0168 .0150 .0138
M4 .0038 .0041 .0037 .0168 .0169 .0163
M5 .0038 .0031 .0042 .0038 .0168 .0122 .0170 .0167

UT1s M3a .0187 .0152 .0156 .0654 .0591 .0562
(Pwr) M3b .0187 .0197 .0152 .0156 .0654 .0592 .0564

M4 .0187 .0170 .0182 .0654 .0655 .0646
M5 .0187 .0240 .0171 .0185 .0654 .0871 .0659 .0652

LT2s M3a .0018 .0019 .0014 .0079 .0072 .0065

—
i

C
O M3b .0018 .0013 .0019 .0014 .0079 .0072 .0065

M4 .0018 .0021 .0017 .0079 .0082 .0077
M5 .0018 .0016 .0021 .0018 .0079 .0061 .0083 .0079

c —
I

ro CO M3a .0098 .0075 .0081 .0351 .0302 .0298
(Pwr) M3b .0098 .0101 .0075 .0081 .0351 .0302 .0298

M4 .0098 .0084 .0095 .0351 .0328 .0345
M5 .0098 .0123 .0084 .0097 .0351 .0458 .0339 .0350
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Table 4.3.3-5
Tukey’s Quick Test for Two Groups

Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.2, Initial Sample Size 12

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0017 .0012 .0015 .0163 .0105 .0127
M3b .0017 .0006 .0012 .0015 .0163 .0110 .0135
M4 .0017 .0014 .0017 .0163 .0126 .0155
M5 .0017 .0007 .0015 .0018 .0163 .0049 .0127 .0160

UT1s M3a .0180 .0184 .0151 .0913 .0999 .0789
(Pwr) M3b .0180 .0322 .0185 .0152 .0913 .1028 .0832

M4 .0180 .0208 .0172 .0913 .1119 .0910
M5 .0180 .0363 .0213 .0178 .0913 .1851 .1132 .0921

LT2s M3a .0008 .0006 .0007 .0078 .0054 .0063
(T3e) M3b .0008 .0003 .0006 .0007 .0078 .0054 .0065

M4 .0008 .0007 .0008 .0078 .0064 .0075
M5 .0008 .0003 .0008 .0008 .0078 .0027 .0064 .0078

UT2s M3a .0099 .0100 .0083 .0549 .0591 .0472
(Pwr) M3b .0099 .0171 .0100 .0083 .0549 .0602 .0488

M4 .0099 .0117 .0095 .0549 .0664 .0540
M5 .0099 .0196 .0116 .0098 .0549 .1132 .0674 .0551
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Table 4.3.3-6
Tukey’s Quick Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.2, Initial Sample Size 18

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML SS

LT1s M3a .0016 .0009 .0013 .0151 .0079 .0113
M3b .0016 .0003 .0010 .0013 .0151 .0085 .0124
M4 .0016 .0012 .0015 .0151 .0098 .0140
M5 .0016 .0003 .0012 .0016 .0151 .0017 .0098 .0144

UT1s M3a .0235 .0280 .0201 .1032 .1265 .0922
(Pwr) M3b .0235 .0817 .0285 .0207 .1032 .1324 .0993

M4 .0235 .0316 .0229 .1032 .1430 .1058
M5 .0235 .0777 .0324 .0237 .1032 .2865 .1436 .1076

LT2s M3a .0007 .0004 .0006 .0072 .0039 .0055
(T3e) M3b .0007 .0001 .0004 .0006 .0072 .0041 .0059

M4 .0007 .0006 .0007 .0072 .0049 .0068
M5 .0007 .0001 .0006 .0007 .0072 .0009 .0049 .0071

UT2s M3a .0138 .0159 .0116 .0653 .0788 .0574
(Pwr) M3b .0138 .0464 .0161 .0118 .0653 .0816 .0607

M4 .0138 .0181 .0130 .0653 .0889 .0658
M5 .0138 .0455 .0186 .0136 .0653 .1972 .0900 .0671
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Table 4.3.3-7
Tukey’s Quick Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.2, Initial Sample Size 24

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML SS

LT1s M3a .0016 .0007 .0012 .0144 .0058 .0100
M3b .0016 .0001 .0008 .0012 .0144 .0066 .0114
M4 .0016 .0009 .0014 .0144 .0076 .0127
M5 .0016 .0001 .0009 .0015 .0144 .0006 .0076 .0132

UT1s M3a .0269 .0365 .0245 .1109 .1539 .1022
(Pwr) M3b .0269 .1765 .0375 .0255 .1109 .1617 .1116

M4 .0269 .0413 .0274 .1109 .1749 .1166
M5 .0269 .1356 .0419 .0284 .1109 .3796 .1750 .1186

LT2s M3a .0007 .0003 .0005 .0070 .0030 .0049
(T3e) M3b .0007 .0001 .0004 .0006 .0070 .0032 .0049

M4 .0007 .0004 .0006 .0070 .0038 .0062
M5 .0007 .0001 .0004 .0007 .0070 .0004 .0038 .0064

UT2s M3a .0160 .0216 .0145 .0715 .0976 .0653
(Pwr) M3b .0160 .1094 .0221 .0150 .0715 .1017 .0700

M4 .0160 .0244 .0161 .0715 .1111 .0741
M5 .0160 .0855 .0250 .0167 .0715 .2879 .1115 .0757
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Table 4.3.3-8
Tukey’s Quick Test for Two Groups
Power and Type III Error for a .01 and .05
Nomina! Effect Size Multiplier 0.2, Initial Sample Size 30

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML SS

LT1s M3a .0015 .0005 .0010 .0137 .0042 .0092
M3b .0015 .0001 .0006 .0011 .0137 .0050 .0105
M4 .0015 .0007 .0012 .0137 .0056 .0114
M5 .0015 .0001 .0007 .0013 .0137 .0003 .0057 .0120

UT1s M3a .0305 .0458 .0281 .1168 .1862 .1104
(Pwr) M3b .0305 .3129 .0472 .0295 .1168 .1958 .1217

M4 .0305 .0523 .0314 .1168 .2124 .1257
M5 .0305 .2075 .0529 .0323 .1168 .4567 .2116 .1278

LT2s M3a .0007 .0003 .0005 .0031 .0011 .0022
(T3e) M3b .0007 .0000 .0003 .0005 .0031 .0012 .0024

M4 .0007 .0003 .0005 .0031 .0015 .0026
M5 .0007 .0000 .0003 .0006 .0031 .0001 .0014 .0028

UT2s M3a .0186 .0277 .0171 .0488 .0745 .0455
(Pwr) M3b .0186 .2188 .0284 .0177 .0488 .0772 .0485

M4 .0186 .0315 .0188 .0488 .0853 .0510
M5 .0186 .1413 .0321 .0195 .0488 .2880 .0855 .0524
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Table 4.3.3-9
Tukey’s Quick Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.5, Initial Sample Size 6

Alpha 
Distribution 
Tail Mthd

| --------

Norm EA
- .01 • 
EB ML

---------|
SS Norm EA

- .05 - 
EB ML

-------|
SS

LT1s M3a .0009 .0009 .0012 .0047 .0036 .0060
M3b .0009 .0004 .0009 .0012 .0047 .0037 .0060
M4 .0009 .0010 .0015 .0047 .0041 .0073
M5 .0009 .0005 .0076 .0010 .0015 .0047 .0018 .0019 .0042 .0075

UT1s M3a .0498 .0478 .0315 .1461 .1686 .1001
(Pwr) M3b .0498 .0871 .0478 .0315 .1461 .1687 .1005

M4 .0498 .0521 .0361 .1461 .1819 .1130
M5 .0498 .0963 .0819 .0522 .0365 .1461 .2539 .3121 .1823 .1139

LT2s M3a .0004 .0005 .0005 .0020 .0017 .0026
(T3e) M3b .0004 .0002 .0005 .0005 .0020 .0017 .0026

M4 .0004 .0005 .0007 .0020 .0019 .0032
M5 .0004 .0003 .0050 .0005 .0007 .0020 .0009 .0012 .0020 .0033

UT2s M3a .0279 .0242 .0170 .0867 .0921 .0566
(Pwr) M3b .0279 .0522 .0242 .0170 .0867 .0921 .0566

M4 .0279 .0265 .0197 .0867 .1000 .0645
M5 .0279 .0583 .0373 .0265 .0200 .0867 .1577 .1690 .1004 .0652
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Table 4.3.3-10
Tukey’s Quick Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.5, Initial Sample Size 12

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 • 
EB ML

---------|
SS

|----------
Norm EA

- .05 - 
EB ML

-------|
SS

LT1s M3a .0002 .0001 .0003 .0030 .0009 .0040
M3b .0002 .0000 .0001 .0003 .0030 .0009 .0043
M4 .0002 .0001 .0004 .0030 .0010 .0053
M5 .0002 .0000 .0000 .0001 .0004 .0030 .0001 .0001 .0011 .0054

UT1s M3a .0691 .1281 .0395 .2302 .3849 .1576
(Pwr) M3b .0691 .2362 .1284 .0398 .2302 .3907 .1650

M4 .0691 .1394 .0443 .2302 .4087 .1760
M5 .0691 .2469 .4692 .1405 .0453 .2302 .5594 .8620 .4102 .1777

LT2s M3a .0001 .0000 .0001 .0012 .0005 .0018
(T3e) M3b .0001 .0000 .0000 .0001 .0012 .0005 .0018

M4 .0001 .0001 .0002 .0012 .0005 .0022
M5 .0001 .0000 .0000 .0001 .0002 .0012 .0000 .0000 .0006 .0023

UT2s M3a .0433 .0801 .0234 .1604 .2799 .1023
(Pwr) M3b .0433 .1521 .0802 .0235 .1604 .2823 .1064

M4 .0433 .0881 .0263 .1604 .2989 .1153
M5 .0433 .1620 .3260 .0891 .0271 .1604 .4651 .7575 .3007 .1170
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Table 4.3.3-11
Tukey’s Quick Test for Two Groups

Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.5, Initial Sample Size 18

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 • 
EB ML

---------|
SS Norm EA

- .05 - 
EB ML SS

LT1s M3a .0001 .0000 .0002 .0021 .0002 .0029
M3b .0001 .0000 .0000 .0003 .0021 .0002 .0032
M4 .0001 .0000 .0003 .0021 .0003 .0038
M5 .0001 .0000 .0000 .0000 .0003 .0021 .0000 .0000 .0003 .0040

UT1s M3a .0999 .2346 .0590 .2724 .5327 .1963
(Pwr) M3b .0999 .5498 .2359 .0605 .2724 .5416 .2090

M4 .0999 .2496 .0650 .2724 .5600 .2177
M5 .0999 .5223 .8662 .2516 .0663 .2724 .6764 .9733 .5602 .2198

LT2s M3a .0000 .0000 .0001 .0008 .0001 .0012
(T3e) M3b .0000 .0000 .0000 .0001 .0008 .0001 .0013

M4 .0000 .0000 .0001 .0008 .0001 .0016
M5 .0000 .0000 .0000 .0000 .0001 .0008 .0000 .0000 .0001 .0017

UT2s M3a .0677 .1694 .0372 .2011 .4181 .1359
(Pwr) M3b .0677 .4475 .1700 .0379 .2011 .4232 .1425

M4 .0677 .1806 .0411 .2011 .4420 .1508
M5 .0677 .4274 .7857 .1829 .0422 .2011 .6490 .9550 .4434 .1527

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



244

Table 4.3.3-12
Tukey’s Quick Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.5, Initial Sample Size 24

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 ■ 
EB ML

---------|
ss Norm EA

■ .05 - 
EB ML

-------|
SS

LT1s M3a .0001 .0000 .0002 .0017 .0001 .0021
M3b .0001 .0000 .0000 .0002 .0017 .0001 .0024
M4 .0001 .0000 .0002 .0017 .0001 .0028
M5 .0001 .0000 .0000 .0000 .0002 .0017 .0000 .0000 .0001 .0030

UT1s M3a .1220 .3361 .0759 .3004 .6689 .2273
(Pwr) M3b .1220 .7149 .3382 .0787 .3004 .6783 .2445

M4 .1220 .3565 .0831 .3004 .6954 .2505
M5 .1220 .6734 .9625 .3571 .0845 .3004 .7138 .9860 .6925 .2527

LT2s M3a .0000 .0000 .0001 .0007 .0000 .0009
(T3e) M3b .0000 .0000 .0000 .0001 .0007 .0000 .0010

M4 .0000 .0000 .0001 .0007 .0000 .0011
M5 .0000 .0000 .0000 .0000 .0001 .0007 .0000 .0000 .0000 .0012

UT2s M3a .0859 .2529 .0498 .2289 .5521 .1627
(Pwr) M3b .0859 .6771 .2541 .0512 .2289 .5582 .1725

M4 .0859 .2687 .0545 .2289 .5790 .1787
M5 .0859 .6307 .9426 .2701 .0557 .2289 .7092 .9820 .5768 .1812
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Table 4.3.3-13
Tukey’s Quick Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.5, Initial Sample Size 30

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 
EB ML

---------1
SS Norm EA

- .05 - 
EB ML

-------|
SS

LT1s M3a .0001 .0000 .0001 .0014 .0000 .0017
M3b .0001 .0000 .0000 .0001 .0014 .0000 .0019
M4 .0001 .0000 .0001 .0014 .0000 .0021
M5 .0001 .0000 .0000 .0000 .0002 .0014 .0000 .0000 .0000 .0024

UT1s M3a .1401 .4554 .0926 .3217 .7873 .2541
(Pwr) M3b .1401 .7650 .4577 .0966 .3217 .7957 .2744

M4 .1401 .4805 .1001 .3217 .8081 .2773
M5 .1401 .7273 .9800 .4767 .1019 .3217 .7345 .9884 .8030 .2796

LT2s M3a .0000 .0000 .0000 .0002 .0000 .0003
(T3e) M3b .0000 .0000 .0000 .0001 .0002 .0000 .0003

M4 .0000 .0000 .0001 .0002 .0000 .0003
M5 .0000 .0000 .0000 .0000 .0001 .0002 .0000 .0000 .0000 .0004

UT2s M3a .1012 .3525 .0625 .1869 .5690 .1334
(Pwr) M3b .1012 .7586 .3538 .0647 .1869 .5727 .1405

M4 .1012 .3741 .0674 .1869 .5955 .1449
M5 .1012 .7164 .9732 .3727 .0691 .1869 .7322 .9844 .5904 .1469
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Table 4.3.3-14
Tukey’s Quick Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 6

Alpha 
Distnbution 
Tail Mthd

| --------

Norm
----------  .01
EA EB ML

---------|
SS

i

Norm
---------  .05
EA EB ML

------- |
SS

LT1s M3a .0002 .0002 .0001 .0011 .0008 .0008
M3b .0002 .0001 .0002 .0001 .0011 .0008 .0008
M4 .0002 .0003 .0002 .0011 .0010 .0011
M5 .0002 .0001 .0003 .0002 .0011 .0003 .0010 .0012

UT1s M3a .1134 .1088 .0992 .2751 .3351 .2499
(Pwr) M3b .1134 .1936 .1088 .0992 .2751 .3352 .2508

M4 .1134 .1163 .1106 .2751 .3522 .2727
M5 .1134 .2063 .1166 .1114 .2751 .4333 .3527 .2738

LT2s M3a .0001 .0001 .0001 .0004 .0004 .0003
(T3e) M3b .0001 .0000 .0001 .0001 .0004 .0004 .0003

M4 .0001 .0001 .0001 .0004 .0005 .0004
M5 .0001 .0001 .0001 .0001 .0004 .0002 .0005 .0004

UT2s M3a .0684 .0572 .0588 .1799 .1997 .1608
(Pwr) M3b .0684 .1337 .0572 .0588 .1799 .1997 .1608

M4 .0684 .0613 .0666 .1799 .2120 .1769
M5 .0684 .1433 .0615 .0674 .1799 .2992 .2124 .1784
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Table 4.3.3-15
Tukey’s Quick Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 12

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0004 .0000 .0003
M3b .0000 .0000 .0000 .0000 .0004 .0001 .0003
M4 .0000 .0000 .0000 .0004 .0001 .0003
M5 .0000 .0000 .0000 .0000 .0004 .0000 .0001 .0003

UT1s M3a .1915 .3936 .1764 .4368 .7597 .4261
(Pwr) M3b .1915 .5233 .3938 .1778 .4368 .7634 .4410

M4 .1915 .4120 .1898 .4368 .7762 .4542
M5 .1915 .5322 .4155 .1918 .4368 .7462 .7791 .4557

LT2s M3a .0000 .0000 .0000 .0001 .0000 .0001
(T3e) M3b .0000 .0000 .0000 .0000 .0001 .0000 .0001

M4 .0000 .0000 .0000 .0001 .0000 .0001
M5 .0000 .0000 .0000 .0000 .0001 .0000 .0000 .0001

UT2s M3a .1356 .2840 .1226 .3448 .6427 .3302
(Pwr) M3b .1356 .3947 .2840 .1230 .3448 .6443 .3381

M4 .1356 .3003 .1324 .3448 .6618 .3531
M5 .1356 .4091 .3034 .1343 .3448 .7091 .6650 .3549
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Table 4.3.3-16
Tukey’s Quick Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 18

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0002 .0000 .0001
M3b .0000 .0000 .0000 .0000 .0002 .0000 .0001
M4 .0000 .0000 .0000 .0002 .0000 .0002
M5 .0000 .0000 .0000 .0000 .0002 .0000 .0000 .0002

UT1s M3a .2752 .6980 .2747 .5123 .9294 .5347
(Pwr) M3b .2752 .8000 .6987 .2796 .5123 .9330 .5567

M4 .2752 .7098 .2902 .5123 .9354 .5624
M5 .2752 .7780 .7160 .2924 .5123 .8003 .9368 .5634

LT2s M3a .0000 .0000 .0000 .0001 .0000 .0000
(T3e) M3b .0000 .0000 .0000 .0000 .0001 .0000 .0000

M4 .0000 .0000 .0000 .0001 .0000 .0001
M5 .0000 .0000 .0000 .0000 .0001 .0000 .0000 .0001

UT2s M3a .2124 .5913 .2080 .4287 .8734 .4419
(Pwr) M3b .2124 .7656 .5916 .2105 .4287 .8757 .4565

M4 .2124 .6046 .2197 .4287 .8810 .4656
M5 .2124 .7458 .6121 .2221 .4287 .7987 .8843 .4675

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



249

Table 4.3.3-17
Tukey’s Quick Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 24

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0001 .0000 .0000
M3b .0000 .0000 .0000 .0000 .0001 .0000 .0000
M4 .0000 .0000 .0000 .0001 .0000 .0001
M5 .0000 .0000 .0000 .0000 .0001 .0000 .0000 .0001

UT1s M3a .3341 .8838 .3575 .5585 .9833 .6131
(Pwr) M3b .3341 .8529 .8846 .3658 .5585 .9852 .6387

M4 .3341 .8877 .3732 .5585 .9846 .6386
M5 .3341 .8292 .8914 .3762 .5585 .8302 .9850 .6390

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M3b .0000 .0000 .0000 .0000 .0000 .0000 .0000

M4 .0000 .0000 .0000 .0000 .0000 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT2s M3a .2692 .8160 .2841 .4823 .9655 .5259
(Pwr) M3b .2692 .8510 .8165 .2891 .4823 .9671 .5449

M4 .2692 .8207 .2961 .4823 .9674 .5493
M5 .2692 .8268 .8268 .2992 .4823 .8301 .9684 .5504

.+ = 1.0000
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Table 4.3.3-18
Tukey’s Quick Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 30

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0001 .0000 .0000
M3b .0000 .0000 .0000 .0000 .0001 .0000 .0000
M4 .0000 .0000 .0000 .0001 .0000 .0000
M5 .0000 .0000 .0000 .0000 .0001 .0000 .0000 .0000

UT1s M3a .3778 .9649 .4300 .5912 .9965 .6742
(Pwr) M3b .3778 .8778 .9654 .4411 .5912 .9971 .7012

M4 .3778 .9653 .4458 .5912 .9967 .6963
M5 .3778 .8545 .9663 .4480 .5912 .8545 .9968 .6969

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M3b .0000 .0000 .0000 .0000 .0000 .0000 .0000

M4 .0000 .0000 .0000 .0000 .0000 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT2s M3a .3131 .9349 .3538 .4479 .9827 .5113
(Pwr) M3b .3131 .8778 .9352 .3612 .4479 .9833 .5274

M4 .3131 .9352 .3666 .4479 .9829 .5305
M5 .3131 .8544 .9375 .3688 .4479 .8545 .9835 .5318

.+ = 1.0000
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Table 4.3.3-19
Tukey’s Quick Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 6

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------1
SS Norm EA

- .05 - 
EB ML

-------|
SS

LT1s M3a .0000 .0001 .0000 .0001 .0002 .0001
M3b .0000 .0000 .0001 .0000 .0001 .0002 .0001
M4 .0000 .0001 .0000 .0001 .0002 .0001
M5 .0000 .0000 .0001 .0001 .0000 .0001 .0001 .0002 .0002 .0001

UT1s M3a .2616 .2044 .2378 .5005 .5221 .4759
(Pwr) M3b .2616 .3150 .2044 .2378 .5005 .5221 .4772

M4 .2616 .2159 .2582 .5005 .5389 .5032
M5 .2616 .3292 .2136 .2159 .2594 .5005 .5906 .5994 .5396 .5044

LT2s M3a .0000 .0000 .0000 .0000 .0001 .0000
(T3e) M3b .0000 .0000 .0000 .0000 .0000 .0001 .0000

M4 .0000 .0001 .0000 .0000 .0001 .0000
M5 .0000 .0000 .0001 .0000 .0000 .0000 .0000 .0002 .0001 .0000

UT2s M3a .1741 .1144 .1546 .3718 .3436 .3454
(Pwr) M3b .1741 .2371 .1144 .1546 .3718 .3436 .3454

M4 .1741 .1218 .1706 .3718 .3591 .3700
M5 .1741 .2489 .1051 .1219 .1719 .3718 .4405 .3885 .3593 .3711
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Table 4.3.3-20
Tukey’s Quick Test for Two Groups

Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 12

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 
EB ML

---------|
SS Norm EA

- .05 - 
EB ML

------- |
SS

LT1s M3a .0000 .0000 .0000 .0000 .0000 .0000
M3b .0000 .0000 .0000 .0000 .0000 .0000 .0000
M4 .0000 .0000 .0000 .0000 .0000 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT1s M3a .4667 .7199 .4622 .7217 .9562 .7391
(Pwr) M3b .4667 .7412 .7200 .4649 .7217 .9571 .7545

M4 .4667 .7347 .4815 .7217 .9603 .7611
M5 .4667 .7425 .8936 .7374 .4834 .7217 .8417 .9936 .9607 .7613

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M3b .0000 .0000 .0000 .0000 .0000 .0000 .0000

M4 .0000 .0000 .0000 .0000 .0000 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT2s M3a .3792 .5899 .3705 .6440 .9075 .6535
(Pwr) M3b .3792 .6316 .5899 .3715 .6440 .9080 .6634

M4 .3792 .6078 .3875 .6440 .9147 .6751
M5 .3792 .6423 .7998 .6104 .3895 .6440 .8320 .9810 .9158 .6761
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Table 4.3.3-21
Tukey’s Quick Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 18

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05 -
EA EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0000 .0000 .0000
M3b .0000 .0000 .0000 .0000 .0000 .0000 .0000
M4 .0000 .0000 .0000 .0000 .0000 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT1s M3a .6115 .9677 .6478 .7966 .9979 .8512
(Pwr) M3b .6115 .8959 .9678 .6542 .7966 .9980 .8661

M4 .6115 .9695 .6627 .7966 .9980 .8652
M5 .6115 .8798 .9984 .9705 .6638 .7966 .8820 .+ .9981 .8648

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M3b .0000 .0000 .0000 .0000 .0000 .0000 .0000

M4 .0000 .0000 .0000 .0000 .0000 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT2s M3a .5382 .9351 .5659 .7439 .9943 .7933
(Pwr) M3b .5382 .8900 .9352 .5702 .7439 .9944 .8060

M4 .5382 .9387 .5800 .7439 .9946 .8088
M5 .5382 .8745 .9952 .9406 .5819 .7439 .8819 .9999 .9948 .8086

.+ = 1.0000
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Table 4.3.3-22
Tukey’s Quick Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 24

Alpha | -----------------  .01------------------- |-------------------  .05----------------
Distribution Norm EA EB ML SS Norm EA EB ML SS 
Tail Mthd

LT1s M3a .0000 .0000 .0000 .0000 .0000 .0000
M3b .0000 .0000 .0000 .0000 .0000 .0000 .0000
M4 .0000 .0000 .0000 .0000 .0000 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT1s M3a .6910 .9981 .7620 .8353 .9999 .9110
(Pwr) M3b .6910 .9250 .9982 .7702 .8353 .9999 .9226

M4 .6910 .9981 .7733 .8353 .9999 .9190
M5 .6910 .9095 .+ .9982 .7737 .8353 .9096 .+ .9999 .9181

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M3b .0000 .0000 .0000 .0000 .0000 .0000 .0000

M4 .0000 .0000 .0000 .0000 .0000 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT2s M3a .6304 .9950 .6956 .7952 .9998 .8710
(Pwr) M3b .6304 .9249 .9950 .7017 .7952 .9998 .8825

M4 .6304 .9949 .7070 .7952 .9998 .8816
M5 .6304 .9095 .+ .9953 .7076 .7952 .9096 .+ .9998 .8808

.+ =  1.0000
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Table 4.3.3-23
Tukey’s Quick Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 30

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 
EB ML

---------
SS Norm EA

.05 - 
EB ML

—  I
ss

LT1s M3a .0000 .0000 .0000 .0000 .0000 .0000
M3b .0000 .0000 .0000 .0000 .0000 .0000 .0000
M4 .0000 .0000 .0000 .0000 .0000 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT1s M3a .7410 .9999 .8380 .8585 .+ .9461
(Pwr) M3b .7410 .9432 .9999 .8455 .8585 .+ .9546

M4 .7410 .9999 .8456 .8585 .+ .9503
M5 .7410 .9291 .+ .9999 .8458 .8585 .9291 .+ .+ .9493

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M3b .0000 .0000 .0000 .0000 .0000 .0000 .0000

M4 .0000 .0000 .0000 .0000 .0000 .0000
M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT2s M3a .6893 .9998 .7853 .7869 .+ .8826
(Pwr) M3b .6893 .9432 .9998 .7914 .7869 .+ .8910

M4 .6893 .9997 .7930 .7869 .+ .8898
M5 .6893 .9291 .+ .9998 .7934 .7869 .9291 .+ .+ .8896

.+ = 1.0000

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



256

Table 4.3.3-24
Tukey’s Quick Test for Two Groups

Mean Ranks of Power Results, a .01, 1-sided, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| ----------4th - —

EA EB ML
..... | 
SS

----------3rd —
EA EB ML

----- |
SS

----------2nd
EA EB ML

..... | 
SS

6 M3a 3.5 3.5 3.5 3.5 3.0 3.3
M3b 1.5 3.5 3.5 1.5 3.5 3.5 1.9 3.0 3.3
M4 1.9 1.9 1.6 1.8 2.0 1.8
M5 1.5 1.1 1.1 1.5 1.4 1.3 1.1 2.0 1.8

12 M3a 4.0 4.0 3.6 3.8 3.3 3.1
M3b 1.8 3.0 3.0 1.8 3.4 3.3 1.9 3.3 3.1
M4 2.0 2.0 1.9 2.0 2.0 2.1
M5 1.3 1.0 1.0 1.3 1.1 1.0 1.1 1.5 1.6

18 M3a 4.0 4.0 3.9 4.0 3.1 3.4
M3b 1.0 3.0 3.0 1.0 3.1 3.0 1.1 2.9 3.1
M4 2.0 2.0 1.9 2.0 2.1 1.8
M5 2.0 1.0 1.0 2.0 1.1 1.0 1.9 1.9 1.8

24 M3a 3.9 4.0 3.6 4.0 3.0 3.6
M3b 1.0 2.6 3.0 1.0 2.9 3.0 1.0 3.0 2.3
M4 2.4 2.0 2.1 1.9 2.0 2.3
M5 2.0 1.1 1.0 2.0 1.4 1.1 2.0 2.0 1.9

30 M3a 1.0 3.6 4.0 3.4 4.0 3.1 3.6
M3b 2.6 3.0 1.0 2.9 2.8 1.0 2.6 2.4
M4 2.0 2.1 2.0 2.1 2.0 2.1 2.0
M5 1.6 1.0 2.0 1.6 1.3 2.0 2.1 2.0

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



257

Table 4.3.3-25
Tukey’s Quick Test for Two Groups
Mean Ranks of Power Results, a .01, 2-sided, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
iSS Mthd

| ---------- 4 th - —

EA EB ML
- - -  I
SS

----------3rd —
EA EB ML

----- |
SS

----------2nd
EA EB ML

..... | 
SS

6 M3a 3.5 3.5 3.3 3.5 3.0 3.0
M3b 2.0 3.5 3.5 2.0 3.3 3.5 1.9 3.0 3.0
M4 1.8 2.0 1.9 1.6 2.0 2.0
M5 1.0 1.3 1.0 1.0 1.6 1.4 1.1 2.0 2.0

12 M3a 3.6 3.9 3.5 3.8 3.3 3.3
M3b 2.0 3.4 3.1 2.0 3.5 3.3 1.9 3.3 3.3
M4 2.0 2.0 1.9 1.9 1.9 1.8
M5 1.0 1.0 1.0 1.0 1.1 1.1 1.1 1.6 1.8

18 M3a 4.0 4.0 3.8 3.9 3.0 3.0
M3b 1.0 3.0 3.0 1.1 3.3 3.1 1.1 3.0 3.0
M4 2.0 2.0 2.0 2.0 2.1 2.0
M5 2.0 1.0 1.0 1.9 1.0 1.0 1.9 1.9 2.0

24 M3a 3.6 4.0 3.5 3.9 2.9 3.6
M3b 1.0 2.9 3.0 1.0 3.0 3.1 1.0 2.9 2.9
M4 2.5 2.0 2.1 2.0 2.9 2.0
M5 2.0 1.0 1.0 2.0 1.4 1.0 2.0 1.4 1.5

30 M3a 3.5 4.0 1.0 3.3 4.0 3.1 3.1
M3b 1.0 2.6 3.0 3.0 3.0 1.0 2.6 2.9
M4 2.4 2.0 2.0 2.0 1.9 2.1 2.0
M5 2.0 1.5 1.0 1.8 1.1 2.0 2.1 2.0
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Table 4.3.3-26
Tukey’s Quick Test for Two Groups
Mean Ranks of Power Results, a .05, 1-sided, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal | ---------- 4 th ----- - - -  I ------—  3rd — ----- | ------- —  2nd ..... |
Distribution EA EB ML SS EA EB ML SS EA EB ML SS
ISS Mthd

6 M3a 3.9 4.0 3.5 3.9 3.5 3.4
M3b 3.1 3.0 3.5 3.1 3.5 3.4
M4 2.0 2.0 1.8 1.9 1.5 1.9
M5 1.0 1.0 1.3 1.1 1.5 1.4

12 M3a 4.0 4.0 4.0 4.0 3.4 3.9
M3b 3.0 3.0 3.0 3.0 3.1 3.1
M4 2.0 2.0 2.0 1.9 1.8 1.6
M5 1.0 1.0 1.0 1.1 1.8 1.4

18 M3a 4.0 4.0 3.6 4.0 3.4 4.0
M3b 2.9 2.5 2.9 2.5 3.1 2.4
M4 2.1 2.0 2.0 2.1 1.8 1.6
M5 1.0 1.5 1.5 1.4 1.8 2.0

24 M3a 3.6 4.0 3.6 4.0 3.5 4.0
M3b 2.4 2.3 2.6 2.3 2.5 2.5
M4 2.1 2.3 1.8 2.0 2.3 1.8
M5 1.9 1.5 2.0 1.8 1.8 1.8

30 M3a 3.6 4.0 3.3 4.0 3.3 3.6
M3b 2.4 2.5 2.8 2.0 2.6 2.6
M4 1.9 2.0 1.9 2.4 1.9 1.9
M5 2.1 1.5 2.1 1.6 2.3 1.9
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Table 4.3.3-27
Tukey’s Quick Test for Two Groups
Mean Ranks of Power Results, a .05, 2-sided, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| ----------4 th ------
EA EB ML

I ------
SS EA

—  3rd —  
EB ML SS ' EA

—  2nd 
EB ML

..... | 
SS

6 M3a 3.5 3.5 3.5 3.5 3.3 3.3
M3b 3.5 3.5 3.5 3.5 3.3 3.3
M4 2.0 2.0 1.6 1.8 1.8 2.3
M5 1.0 1.0 1.4 1.3 1.8 1.3

12 M3a 4.0 4.0 3.9 4.0 3.4 3.8
M3b 3.0 3.0 3.1 3.0 3.4 3.0
M4 2.0 2.0 2.0 2.0 2.0 1.9
M5 1.0 1.0 1.0 1.0 1.3 1.4

18 M3a 4.0 4.0 3.9 4.0 3.4 3.8
M3b 3.0 3.0 3.1 3.0 2.9 3.0
M4 2.0 1.8 1.9 1.9 1.9 1.6
M5 1.0 1.3 1.1 1.1 1.9 1.6

24 M3a 3.6 4.0 3.6 4.0 3.1 3.8
M3b 2.9 2.5 2.8 2.5 2.9 2.8
M4 1.9 2.0 2.0 2.0 2.0 2.0
M5 1.6 1.5 1.6 1.5 2.0 1.5

30 M3a 3.6 4.0 3.6 4.0 3.1 3.6
M3b 2.6 2.5 2.6 2.5 2.9 2.3
M4 2.1 2.0 2.1 2.1 1.9 2.3
M5 1.6 1.5 1.6 1.4 2.1 1.9
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Table 4.3.3-28
Tukey’s Quick Test for Two Groups
Mean Ranks of Power Results, a .01, 1-sided, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| ----------4 th -----
EA EB ML SS

-----------3rd —
EA EB ML

----- |
SS

----------2nd
EA EB ML

..... | 
SS

0.2 M3a 3.9 3.9 3.8 3.8 2.5 2.8
M3b 1.4 3.1 3.1 1.4 3.2 3.2 1.4 2.5 2.4
M4 2.0 2.0 1.7 1.9 2.5 2.4
M5 1.6 1.0 1.0 1.6 1.3 1.1 1.6 2.5 2.4

0.5 M3a 3.9 3.9 3.9 3.8 3.4 3.3
M3b 1.0 3.1 3.1 1.0 3.1 3.2 1.4 3.2 2.9
M4 1.8 2.0 1.7 1.9 1.7 2.1
M5 2.0 1.2 1.0 2.0 1.3 1.1 1.6 1.7 1.7

0.8 M3a 3.9 3.9 3.6 3.9 1.4 3.6 3.8
M3b 1.2 2.9 3.1 1.2 3.2 3.1 3.2 3.1
M4 2.2 2.0 2.2 1.9 1.6 1.8 1.7
M5 1.8 1.0 1.0 1.8 1.0 1.1 1.4 1.4

1.2 M3a 3.9 3.9 3.1 3.9 2.9 3.7
M3b 1.4 3.1 3.1 1.4 3.1 2.9 1.3 2.9 2.9
M4 2.0 2.0 2.1 2.0 2.2 1.7
M5 1.6 1.0 1.0 1.8 1.7 1.2 1.7 2.0 1.7
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Table 4.3.3-29
Tukey’s Quick Test for Two Groups
Mean Ranks of Power Results, a .01, 2-sided, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| ----------4 th - —

EA EB ML
..... | 
SS

----------3rd —
EA EB ML ss 1

----------2nd
EA EB ML

..... | 
SS

0.2 M3a 3.8 3.8 3.3 3.6 2.6 2.8
M3b 1.4 3.2 3.2 1.5 3.3 3.4 1.3 2.6 2.4
M4 1.9 2.0 1.9 1.8 2.6 2.4
M5 1.6 1.1 1.0 1.5 1.5 1.2 1.7 2.6 2.4

0.5 M3a 3.9 3.9 3.8 3.9 3.5 3.0
M3b 1.4 3.1 3.1 1.4 3.2 3.1 1.4 3.5 3.0
M4 1.7 2.0 1.7 1.9 1.5 2.2
M5 1.6 1.3 1.0 1.6 1.3 1.1 1.6 1.5 1.8

0.8 M3a 3.8 3.9 3.6 3.8 3.3 3.7
M3b 1.4 3.1 3.1 1.4 3.2 3.2 1.4 2.9 3.3
M4 2.1 2.0 2.2 1.9 2.2 1.5
M5 1.6 1.0 1.0 1.6 1.0 1.1 1.6 1.6 1.5

1.2 M3a 3.1 3.9 3.1 3.9 2.8 3.3
M3b 1.4 2.9 3.1 1.4 3.1 3.1 1.4 2.8 3.3
M4 2.0 2.0 2.1 1.9 2.5 1.7
M5 1.6 1.0 1.0 1.6 1.7 1.1 1.6 1.9 1.7
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Table 4.3.3-30
Tukey’s Quick Test for Two Groups
Mean Ranks of Power Results, a .05, 1-sided, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal | ----------4 th ------ - - -  I ------—  3rd — ----- | ------- —  2nd ..... |
Distribution EA EB ML SS EA EB ML SS EA EB ML SS
NESM Mthd

0.2 M3a 4.0 4.0 3.9 3.9 3.7 3.7
M3b 3.0 3.0 3.1 3.1 3.3 3.1
M4 1.8 2.0 1.7 1.9 1.6 1.8
M5 1.2 1.0 1.3 1.1 1.4 1.4

0.5 M3a 4.0 4.0 3.9 4.0 3.9 3.9
M3b 3.0 3.0 3.1 3.0 3.0 3.1
M4 1.6 2.0 1.4 2.0 1.3 1.5
M5 1.4 1.0 1.6 1.0 1.8 1.5

0.8 M3a 4.0 4.0 3.6 4.0 3.3 3.9
M3b 2.2 2.8 2.8 2.4 2.9 2.5
M4 2.4 2.2 2.1 2.2 2.1 1.9
M5 1.4 1.0 1.5 1.4 1.7 1.7

1.2 M3a 3.3 4.0 3.0 4.0 2.7 3.6
M3b 2.8 1.8 2.8 1.8 2.7 2.5
M4 2.3 2.0 2.3 2.1 2.3 1.8
M5 1.6 2.2 1.9 2.1 2.3 2.1
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Table 4.3.3-31
Tukey’s Quick Test for Two Groups
Mean Ranks of Power Results, a .05, 2-sided, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal | —  
Distribution EA 
NESM Mthd

----- 4 th -----
EB ML

- -  I ------
SS EA

—  3rd —  
EB ML

------ | --------
SS EA

—  2nd 
EB ML

- - 1 
SS

0.2 M3a 3.9 3.9 3.9 3.9 3.4 3.0
M3b 3.1 3.1 3.1 3.1 3.2 3.0
M4 2.0 2.0 2.0 1.9 1.7 2.6
M5 1.0 1.0 1.0 1.1 1.7 1.4

0.5 M3a 3.9 3.9 3.9 3.9 3.6 3.7
M3b 3.1 3.1 3.1 3.1 3.4 3.0
M4 1.6 2.0 1.5 1.9 1.4 2.0
M5 1.4 1.0 1.5 1.1 1.6 1.3

0.8 M3a 3.9 3.9 3.9 3.9 3.2 3.9
M3b 2.9 3.1 2.8 3.1 2.8 2.9
M4 2.2 2.0 2.2 2.0 2.1 1.6
M5 1.0 1.0 1.1 1.0 1.9 1.6

1.2 M3a 3.3 3.9 3.1 3.9 2.8 3.9
M3b 2.9 2.3 3.1 2.3 2.8 2.5
M4 2.2 1.8 2.0 2.0 2.4 1.8
M5 1.6 2.0 1.8 1.8 2.0 1.8
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Table 4.3.3-32
Tukey’s Quick Test for Two Groups
Mean Ranks of Power Results, a .01, 1-sided, by
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| ---------

EA
— 4th -—  
EB ML

- - -  I
SS

---------

EA
. . . .  3 r d --------

EB ML

I 
CO 
CO EA

.... 2nd 
EB ML

. . . . .  | 
SS

M3a 3.8 3.9 3.6 3.9 3.1 3.4
M3b 1.3 3.0 3.1 1.3 3.2 3.1 1.4 3.0 2.8
M4 2.1 2.0 1.9 1.9 2.1 2.0
M5 1.8 1.2 1.0 1.8 1.3 1.1 1.6 1.9 1.8

Table 4.3.3-33
Tukey’s Quick Test for Two Groups
Mean Ranks of Power Results, a .01, 2-sided, by
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| ----------4 th -------
EA EB ML SS

| ----------3 rd -------
EA EB ML

..... | 
SS EA

... 2nd 
EB ML

..... | 
SS

M3a 3.7 3.9 3.5 3.8 3.1 3.2
M3b 1.4 3.1 3.1 1.4 3.2 3.2 1.4 3.0 3.0
M4 2.1 2.0 2.0 1.9 2.2 2.0
M5 1.6 1.2 1.0 1.6 1.4 1.1 1.6 1.8 1.9
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Table 4.3.3-34
Tukey’s Quick Test for Two Groups
Mean Ranks of Power Results, a .05, 1-sided, by
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| ----------4 th -----
EA EB ML

- - -  I ------
SS EA

—  3rd —  
EB ML ss 1

----------2nd
EA EB ML

..... | 
SS

M3a 3.8 4.0 3.6 4.0 3.4 3.8
M3b 2.8 2.7 3.0 2.6 3.0 2.8
M4 2.0 2.1 1.9 2.1 1.8 1.8
M5 1.4 1.3 1.6 1.4 1.8 1.7

Table 4.3.3-35
Tukey’s Quick Test for Two Groups
Mean Ranks of Power Results, a .05, 2-sided, by
Method and Distribution across Initial Sample Size and Effect Size

Decimal | ----------4 th ------
Distribution EA EB ML 

Mthd

.... | ----------3rd-—

SS EA EB ML SS 1 EA
... 2nd 
EB ML

..... | 
SS

M3a 3.8 3.9 3.7 3.9 3.3 3.6
M3b 3.0 2.9 3.0 2.9 3.1 2.9
M4 2.0 2.0 1.9 2.0 1.9 2.0
M5 1.3 1.3 1.4 1.3 1.8 1.5
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Table 4.3.3-36
Tukey’s Quick Test for Two Groups 
Analysis of Mean Ranks of Power Results 
Number of First Place Finishes by Distribution 
Across Nominal Alpha, Direction and Number of Groups

Decimal | --------------4th   | |   2nd--------------
Method 3a 3b 4 5 3a 3b 4 5

By Initial Sample Size Across Nominal Effect Size Multiplier

EA
EB
ML 0.00 0.00 1.00 19.00 0.00 0.00 7.50 12.50
SS 0.00 0.00 0.00 20.00 0.00 0.00 6.00 14.00

By Nominal Effect Size Multiplier Across Initial Sample Size

EA
EB
ML 0.00 0.00 0.00 16.00 0.25 0.25 4.25 11.25
SS 0.00 0.00 1.00 15.00 0.00 0.67 4.67 10.67

Across Nominal Effect Size Multiplier and Initial Sample Size

EA
EB
ML 0.00 0.00 0.00 4.00 0.00 0.00 0.50 3.50
SS 0.00 0.00 0.00 4.00 0.00 0.00 0.00 4.00
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Table 4.3.3-37
Tukey’s Quick Test for Two Groups 
Analysis of Mean Ranks of Power Results 
Across Nominal Alpha, Direction and Distributions

Decimal \ --------------4th   | |   2nd--------------
Method 3a* 3b* 4 5 3a* 3b* 4 5

By Initial Sample Size across Nominal Effect Size Multiplier

MP1i 40 40 40 40 40 40 40 40
N1Mi 0.0 0.0 1.0 39.0 0.0 0.0 13.5 26.5
PoM 0.000 0.000 0.025 0.975 0.000 0.000 0.338 0.663
PoT 0.000 0.000 0.025 0.975 0.000 0.000 0.338 0.663

By Nominal Effect Size Multiplier across Initial Sample Size

MP1i 32 32 32 32 32 32 32 32
N1Mi 0.0 0.0 1.0 31.0 .25 .92 8.92 21.92
PoM 0.000 0.000 0.031 0.969 0.008 0.029 0.279 0.685
PoT 0.000 0.000 0.031 0.969 0.008 0.029 0.279 0.685

By Initial Sample Size and Nominal Effect Size Multiplier

MP1i 8 8 8 8 8 8 8 8
N1Mi 0.0 0.0 0.0 8.0 0.0 0.0 0.5 7.5
PoM 0.000 0.000 0.000 1.000 0.000 0.000 0.063 0.938
PoT 0.000 0.000 0.000 1.000 0.000 0.000 0.063 0.938

Key: MP1i: Maximum possible 1st place finishes for each method
N1Mi: Actual number of 1st place finishes for each method (ties count 1/n) 
PoM: Proportion of Maximum Possible { N1 Mi / MP1 i }
PoT: Proportion o f total 1st place fin ishes { N1Mi / E (N 1 M i)}

Note: Results for method 3a and 3b are identical, but both are shown.
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4.3.4 -  Wilcoxon-Mann-Whitney Test (two groups only)

Based on the Type I error results, power and Type III error results for the 

Wilcoxon-Mann-Whitney Test are only presented for the combinations of alpha 

level, distribution and method shown in Table 4.3.4-1.

Table 4.3.4-1
Wilcoxon-Mann-Whitney Test for Two Groups
Power and Type III Error for a. 01 and .05
Method /  Distribution Combinations with Acceptable Type I Error

Alpha
Dist
Method

Norm EA
— .01 

EB ML SS
- I ----------------

Norm EA
-  .05 

EB ML
—  I

SS

M3a X X X X X X X X X X
M4 X X X X X X X X
M5 X X X X X X X X X X
M6a X X X X X X X X X X

Power results for the Wilcoxon-Mann-Whitney Test at nominal alpha .01 

and .05 are summarized in Table 4.3.4-2 and 4.3.4-3. These tables present the 

range of values obtained (minimum and maximum) for 1-tailed power, 2-tailed 

Type III error and 2-tailed power based on the results presented in Tables 4.3.4-4 

through 4.3.4-23.

Power tended to increase monotonically across methods and distributions 

with increases in initial sample size and/or effect size. Likewise, Type III error 

tended to decrease monotonically across methods and distributions with an 

increase in initial sample size and/or effect size. Thus, minimum power (or 

maximum Type III error) usually occurred at initial sample size 6 or 12 at nominal
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ESM 0.2, with maximum power (or minimum Type III error) at initial sample size 

30 and nominal ESM 1.2, if not sooner.

Table 4.3.4-2
Wilcoxon-Mann-Whitney Test for Two Groups 
Range of Power and Type III Error for a. 01

Min/Max
Dist
Type

Mthd

1 ____ _ m i n I - mav _ ____ II
Norm EA EB ML

------- I

ss Norm EA
11 Ic iA

EB ML
I

SS

Pwr 1 -s
M3a .0165 .0174 .0532 .0134 .0140 .9821 .9935 .9353 .9566 .9828
M4 .0165 .0731 .0147 .0164 .9821 .9270 .9571 .9828
M5 .0165 .0210 .0663 .0148 .0163 .9821 .9934 .9342 .9569 .9827
M6a .0165 .0174 .0532 .0134 .0140 .9821 .9935 .9953 .9566 .9828

T3e 2-s
M3a .0000 .0000 .0000 .0000 .0000 .0018 .0013 .0003 .0019 .0014
M4 .0000 .0000 .0000 .0000 .0018 .0005 .0021 .0017
M5 .0000 .0000 .0000 .0000 .0000 .0018 .0016 .0005 .0021 .0018
M6a .0000 .0000 .0000 .0000 .0000 .0018 .0013 .0003 .0019 .0014

Pwr 2-s
M3a .0098 .0098 .0281 .0075 .0080 .9653 .9866 .8942 .9249 .9666
M4 .0098 .0381 .0084 .0095 .9653 .8834 .9257 .9667
M5 .0098 .0123 .0373 .0085 .0097 .9653 .9866 .8929 .9254 .9665
M6a .0098 .0098 .0281 .0075 .0080 .9653 .9866 .8942 .9249 .9666

Tables 4.3.4-4 through 4.3.4-23 give the upper and lower tail results for 

the Wilcoxon-Mann-Whitney Test for both 1-sided and 2-sided tests for both 

alpha .01 and .05. There is a table for each combination of nominal effect size 

multiplier {0.2, 0.5, 0.8, 1.2} and initial sample size {6, 12, 18, 24, 30}. Results 

are not reported for distribution EB with nominal ESM 0.2 as the actual ESM = 

0.0 (no shift), which is just Type I error. Also for distribution EB, results are not 

reported for nominal ESM 0.8 as the actual ESM = 0.592, the same as the actual 

ESM for nominal ESM 0.5. Results for the normal distribution are included and
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are essentially identical across methods for a fixed initial sample size, effect size 

and directionality. This is to be expected in the absence of ties and 

demonstrates that the simulations worked correctly.

Table 4.3.4-3
Wilcoxon-Mann-Whitney Test for Two Groups 
Range of Power and Type III Error for a . 05

Min/Max
Dist
Type

Mthd

I _______ _ min . . _______ I - m ay  . ______ I
I --------
Norm EA EB ML

--------I
SS Norm EA

11ICIA

EB ML
-------I
SS

Pwr 1 -s
M3a .0860 .0973 .2573 .0767 .0784 .9976 .9992 .9859 .9918 .9978
M4 .0860 .2900 .0819 .0858 .9976 .9831 .9919 .9978
M5 .0860 .1072 .2731 .0821 .0860 .9976 .9992 .9854 .9919 .9977
M6a .0860 .0973 .2573 .0767 .0784 .9976 .9992 .9859 .9919 .9978

T3e 2-s
M3a .0000 .0000 .0000 .0000 .0000 .0095 .0062 .0013 .0093 .0080
M4 .0000 .0000 .0000 .0000 .0095 .0017 .0102 .0093
M5 .0000 .0000 .0000 .0000 .0000 .0095 .0073 .0015 .0103 .0094
M6a .0000 .0000 .0000 .0000 .0000 .0095 .0062 .0013 .0093 .0080

Pwr 2-s
M3a .0412 .0458 .1376 .0357 .0366 .9937 .9979 .9698 .9814 .9940
M4 .0412 .1654 .0388 .0413 .9937 .9651 .9816 .9939
M5 .0412 .0521 .1532 .0389 .0413 .9937 .9979 .9691 .9815 .9940
M6a .0412 .0458 .1376 .0357 .0366 .9937 .9979 .9698 .9814 .9940

A ranking analysis of the results is presented in Tables 4.3.4-24 through 

4.3.4-35. These summaries were obtained by ranking the power results from 

Tables 4.3.4-3 through 4.3.4-22 to four decimal places (as reported), to three 

decimal places and to two decimal places.
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Table 4.3.4-4
Wilcoxon-Mann-Whitney Test for Two Groups 

Power and Type III Error for a .01 and .05 
Nominal Effect Size Multiplier 0.2, Initial Sample Size 6

Mipna 
Distribution 
Tail Mthd

I -------
Norm

------------ .U I
EA EB ML

---------I
SS Norm

-----------  uo
EA EB ML

-------I
SS

LT1s M3a .0033 .0022 .0033 .0026 .0232 .0161 .0229 .0204

—
I

CO M4 .0033 .0037 .0032 .0232 .0248 .0231
M5 .0033 .0027 .0037 .0032 .0232 .0185 .0249 .0231
M6a .0033 .0022 .0033 .0026 .0232 .0161 .0229 .0204

UT1s M3a .0165 .0174 .0134 .0140 .0860 .0973 .0767 .0784
(Pwr) M4 .0165 .0147 .0164 .0860 .0819 .0858

M5 .0165 .0210 .0148 .0163 .0860 .1072 .0821 .0860
M6a .0165 .0174 .0134 .0140 .0860 .0973 .0767 .0784

LT2s M3a .0018 .0013 .0019 .0014 .0095 .0062 .0093 .0080
(T3e) M4 .0018 .0021 .0017 .0095 .0102 .0093

M5 .0018 .0016 .0021 .0018 .0095 .0073 .0103 .0094
M6a .0018 .0013 .0019 .0014 .0095 .0062 .0093 .0080

UT2s M3a .0098 .0098 .0075 .0080 .0412 .0458 .0357 .0366
(Pwr) M4 .0098 .0084 .0095 .0412 .0388 .0413

M5 .0098 .0123 .0085 .0097 .0412 .0521 .0389 .0413
M6a .0098 .0098 .0075 .0080 .0412 .0458 .0357 .0366

1) For distribution EB, actual ESM = 0.0 (no shift) for Nominal ESM = 0.2. 
Results differ from those for the NORM distribution due to the presence of ties, 
but are not reported since no shift has been introduced.

2) M3a and M6a appear to yield identical results for any given combination of 
alpha level, distribution and direction.
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Table 4.3.4-5
Wilcoxon-Mann-Whitney Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.2, Initial Sample Size 12

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML SS

LT1s M3a .0023 .0014 .0026 .0022 .0154 .0095 .0163 .0141
(T3e) M4 .0023 .0027 .0023 .0154 .0169 .0149

M5 .0023 .0016 .0027 .0023 .0154 .0103 .0170 .0151
M6a .0023 .0014 .0026 .0022 .0154 .0095 .0163 .0141

UT1s M3a .0265 .0366 .0236 .0250 .1066 .1417 .0995 .1033
(Pwr) M4 .0265 .0245 .0265 .1066 .1022 .1069

M5 .0265 .0394 .0248 .0267 .1066 .1471 .1026 .1072
M6a .0265 .0366 .0236 .0250 .1066 .1417 .0995 .1033

LT2s M3a .0010 .0007 .0012 .0009 .0069 .0042 .0075 .0064
(T3e) M4 .0010 .0013 .0010 .0069 .0077 .0069

M5 .0010 .0007 .0013 .0011 .0069 .0046 .0079 .0069
M6a .0010 .0007 .0012 .0009 .0069 .0042 .0075 .0064

UT2s M3a .0140 .0193 .0121 .0129 .0605 .0820 .0549 .0579
(Pwr) M4 .0140 .0126 .0138 .0605 .0568 .0604

M5 .0140 .0211 .0127 .0140 .0605 .0864 .0572 .0607
M6a .0140 .0193 .0121 .0129 .0605 .0820 .0549 .0579
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Table 4.3.4-6
Wilcoxon-Mann-Whitney Test for Two Groups

Power and Type III Error for a. 01 and. 05
Nominal Effect Size Multiplier 0.2, Initial Sample Size 18

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0017 .0009 .0021 .0017 .0127 .0070 .0141 .0122
(T3e) M4 .0017 .0022 .0018 .0127 .0143 .0127

M5 .0017 .0010 .0022 .0018 .0127 .0075 .0145 .0128
M6a .0017 .0009 .0021 .0017 .0127 .0070 .0141 .0112

UT1s M3a .0371 .0570 .0327 .0354 .1393 .1936 .1293 .1357
(Pwr) M4 .0371 .0333 .0366 .1393 .1310 .1382

M5 .0371 .0594 .0336 .0367 .1393 .1974 .1313 .1386
M6a .0371 .0570 .0327 .0354 .1393 .1936 .1293 .1357

LT2s M3a .0008 .0004 .0010 .0007 .0053 .0028 .0060 .0050
(T3e) M4 .0008 .0010 .0008 .0053 .0061 .0052

M5 .0008 .0005 .0011 .0008 .0053 .0031 .0062 .0053
M6a .0008 .0004 .0010 .0007 .0053 .0028 .0060 .0050

UT2s M3a .0211 .0337 .0184 .0204 .0787 .1149 .0717 .0758
(Pwr) M4 .0211 .0188 .0211 .0787 .0727 .0777

M5 .0211 .0356 .0189 .0213 .0787 .1183 .0732 .0779
M6a .0211 .0337 .0184 .0204 .0787 .1149 .0717 .0758
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Table 4.3.4-7
Wilcoxon-Mann-Whitney Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.2, Initial Sample Size 24

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0014 .0006 .0016 .0013 .0101 .0049 .0111 .0098
(T3e) M4 .0014 .0016 .0014 .0101 .0112 .0100

M5 .0014 .0007 .0017 .0014 .0101 .0051 .0114 .0101
M6a .0014 .0006 .0016 .0013 .0101 .0049 .0111 .0098

UT1s M3a .0460 .0769 .0417 .0451 .1600 .2333 .1494 .1579
(Pwr) M4 .0460 .0419 .0460 .1600 .1505 .1598

M5 .0460 .0789 .0424 .0462 .1600 .2362 .1511 .1601
M6a .0460 .0769 .0417 .0451 .1600 .2333 .1494 .1579

LT2s M3a .0006 .0003 .0007 .0006 .0041 .0019 .0047 .0040
(T3e) M4 .0006 .0008 .0007 .0041 .0047 .0041

M5 .0006 .0003 .0008 .0007 .0041 .0021 .0049 .0042
M6a .0006 .0003 .0007 .0006 .0041 .0019 .0047 .0040

UT2s M3a .0271 .0471 .0240 .0264 .0944 .1462 .0869 .0928
(Pwr) M4 .0271 .0242 .0270 .0944 .0976 .0942

M5 .0271 .0488 .0245 .0273 .0944 .1494 .0882 .0945
M6a .0271 .0471 .0240 .0264 .0944 .1462 .0869 .0928
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Table 4.3.4-8
Wilcoxon-Mann-Whitney Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.2, Initial Sample Size 30

Alpha 
Distribution 
Tail Mthd

| . . . . . . .

Norm
----------  .01
EA EB ML

-------------|
SS Norm

---------  .05
EA EB ML

----------|
SS

LT1s M3a .0011 .0004 .0013 .0010 .0084 .0036 .0095 .0080
(T3e) M4 .0011 .0013 .0011 .0084 .0094 .0082

M5 .0011 .0005 .0013 .0011 .0084 .0038 .0096 .0083
M6a .0011 .0004 .0013 .0010 .0084 .0036 .0095 .0080

UT1s M3a .0564 .0978 .0504 .0547 .1840 .2752 .1717 .1815
(Pwr) M4 .0564 .0505 .0555 .1840 .1723 .1829

M5 .0564 .0998 .0509 .0556 .1840 .2775 .1729 .1831
M6a .0564 .0978 .0504 .0547 .1840 .2752 .1717 .1815

LT2s M3a .0004 .0002 .0006 .0004 .0034 .0014 .0039 .0032
(T3e) M4 .0004 .0006 .0005 .0034 .0040 .0033

M5 .0004 .0002 .0006 .0005 .0034 .0015 .0040 .0034
M6a .0004 .0002 .0006 .0004 .0034 .0014 .0039 .0032

UT2s M3a .0320 .0589 .0282 .0308 .1115 .1788 .1022 .1094
(Pwr) M4 .0320 .0283 .0313 .1115 .1025 .1104

M5 .0320 .0607 .0286 .0316 .1115 .1812 .1030 .1107
M6a .0320 .0589 .0282 .0308 .1115 .1788 .1022 .1094

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



276

Table 4.3.4-9
Wilcoxon-Mann-Whitney Test for Two Groups 
Power and Type III Error for a .01 and .05 
Nominal Effect Size Multiplier 0.5, Initial Sample Size 6

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 • 
EB ML

---------|
SS Norm EA

■ .05 - 
EB ML

-------|
SS

LT1s M3a .0008 .0004 .0005 .0008 .0010 .0068 .0031 .0041 .0066 .0091
(T3e) M4 .0008 .0008 .0009 .0012 .0068 .0057 .0072 .0104

M5 .0008 .0005 .0007 .0009 .0013 .0068 .0035 .0051 .0072 .0105
M6a .0008 .0004 .0005 .0008 .0010 .0068 .0031 .0041 .0066 .0091

UT1s M3a .0447 .0791 .0532 .0416 .0285 .1848 .2857 .2573 .1874 .1354
(Pwr) M4 .0447 .0731 .0452 .0327 .1848 .2900 .1970 .1461

M5 .0447 .0874 .0663 .0450 .0327 .1848 .2993 .2731 .1970 .1464
M6a .0447 .0791 .0532 .0416 .0285 .1848 .2857 .2573 .1874 .1354

LT2s M3a .0004 .0002 .0003 .0005 .0005 .0025 .0009 .0013 .0024 .0033
(T3e) M4 .0004 .0005 .0005 .0007 .0025 .0017 .0026 .0039

M5 .0004 .0003 .0005 .0005 .0007 .0025 .0011 .0015 .0026 .0039
M6a .0004 .0002 .0003 .0005 .0005 .0025 .0009 .0013 .0024 .0033

UT2s M3a .0279 .0513 .0281 .0242 .0168 .1001 .1650 .1376 .1002 .0686
(Pwr) M4 .0279 .0381 .0265 .0197 .1001 .1654 .1067 .0763

M5 .0279 .0583 .0373 .0265 .0200 .1001 .1780 .1532 .1067 .0762
M6a .0279 .0513 .0281 .0242 .0168 .1001 .1650 .1376 .1002 .0686
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Table 4.3.4-10
Wilcoxon-Mann-Whitney Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.5, Initial Sample Size 12

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 
EB ML

---------|
SS Norm EA

- .05 - 
EB ML

-------|
SS

LT1s M3a .0002 .0001 .0001 .0003 .0004 .0021 .0005 .0008 .0020 .0040
(T3e) M4 .0002 .0002 .0003 .0005 .0021 .0012 .0021 .0043

M5 .0002 .0001 .0001 .0003 .0005 .0021 .0006 .0010 .0021 .0044 .
M6a .0002 .0001 .0001 .0003 .0004 .0021 .0005 .0008 .0020 .0040

UT1s M3a .1040 .2260 .1900 .1129 .0656 .2906 .4849 .4552 .3137 .2117
(Pwr) M4 .1040 .2211 .1166 .0684 .2906 .4750 .3195 .2172

M5 .1040 .2326 .2015 .1166 .0688 .2906 .4906 .4623 .3198 .2173
M6a .1040 .2260 .1900 .1129 .0656 .2906 .4849 .4552 .3137 .2117

LT2s M3a .0001 .0000 .0000 .0001 .0002 .0008 .0002 .0003 .0008 .0015
(T3e) M4 .0001 .0001 .0001 .0002 .0008 .0005 .0009 .0017

M5 .0001 .0000 .0001 .0001 .0002 .0008 .0002 .0004 .0009 .0017
M6a .0001 .0000 .0000 .0001 .0002 .0008 .0002 .0003 .0008 .0015

UT2s M3a .0627 .1516 .1192 .0674 .0373 .1927 .3615 .3264 .2096 .1321
(Pwr) M4 .0627 .1456 .0699 .0394 .1927 .3531 .2146 .1363

M5 .0627 .1572 .1289 .0701 .0396 .1927 .3681 .3368 .2147 .1367
M6a .0627 .1516 .1192 .0674 .0373 .1927 .3615 .3264 .2096 .1321
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Table 4.3.4-11
Wilcoxon-Mann-Whitney Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.5, Initial Sample Size 18

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 ■ 
EB ML

---------|
SS Norm EA

■ .05 - 
EB ML

-------|
SS

LT1s M3a .0001 .0000 .0000 .0001 .0002 .0010 .0002 .0002 .0009 .0024
(T3e) M4 .0001 .0000 .0001 .0002 .0010 .0004 .0009 .0025

M5 .0001 .0000 .0000 .0001 .0002 .0010 .0002 .0003 .0010 .0025
M6a .0001 .0000 .0000 .0001 .0002 .0010 .0002 .0002 .0009 .0024

UT1s M3a .1723 .3784 .3379 .1932 .1068 .4094 .6563 .6263 .4447 .2997
(Pwr) M4 .1723 .3643 .1961 .1093 .4094 .6322 .4480 .3031

M5 .1723 .3822 .3447 .1961 .1096 .4094 .6584 .6272 .4480 .3035
M6a .1723 .3784 .3379 .1932 .1068 .4094 .6563 .6263 .4447 .2997

LT2s M3a .0000 .0000 .0000 .0000 .0001 .0004 .0001 .0001 .0003 .0009
(T3e) M4 .0000 .0000 .0000 .0001 .0004 .0001 .0003 .0009

M5 .0000 .0000 .0000 .0000 .0001 .0004 .0001 .0001 .0003 .0009
M6a .0000 .0000 .0000 .0000 .0001 .0004 .0001 .0001 .0003 .0009

UT2s M3a .1163 .2891 .2478 .1314 .0678 .2861 .5273 .4916 .3160 .1940
(Pwr) M4 .1163 .2772 .1337 .0696 .2861 .5079 .3194 .1973

M5 .1163 .2928 .2555 .1336 .0700 .2861 .5304 .4952 .3192 .1975
M6a .1163 .2891 .2478 .1314 .0678 .2861 .5273 .4916 .3160 .1940
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Table 4.3.4-12
Wilcoxon-Mann-Whitney Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.5, Initial Sample Size 24

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 • 
EB ML

---------|
SS

|----------
Norm EA

- .05 - 
EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0001 .0001 .0004 .0001 .0001 .0004 .0014
(T3e) M4 .0000 .0000 .0000 .0001 .0004 .0001 .0004 .0014

M5 .0000 .0000 .0000 .0000 .0001 .0004 .0001 .0001 .0004 .0015
M6a .0000 .0000 .0000 .0001 .0001 .0004 .0001 .0001 .0004 .0014

UT1s M3a .2436 .5157 .4710 .2754 .1506 .5019 .7668 .7394 .5432 .3687
(Pwr) M4 .2436 .4896 .2778 .1526 .5019 .7373 .5457 .3709

M5 .2436 .5179 .4741 .2774 .1527 .5019 .7678 .7373 .5454 .3712
M6a .2436 .5157 .4710 .2754 .1506 .5019 .7668 .7394 .5432 .3687

LT2s M3a .0000 .0000 .0000 .0001 .0000 .0001 .0000 .0000 .0001 .0005
(T3e) M4 .0000 .0000 .0000 .0000 .0001 .0001 .0001 .0005

M5 .0000 .0000 .0000 .0000 .0000 .0001 .0000 .0000 .0001 .0005
M6a .0000 .0000 .0000 .0000 .0000 .0001 .0000 .0000 .0001 .0005

UT2s M3a .1729 .4185 .3712 .1985 .1001 .3743 .6589 .6229 .4142 .2547
(Pwr) M4 .1729 .3962 .2003 .1016 .3743 .6296 .4168 .2570

M5 .1729 .4212 .3757 .2003 .1019 .3743 .6603 .6227 .4164 .2572
M6a .1729 .4185 .3712 .1985 .1001 .3743 .6589 .6229 .4142 .2547
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Table 4.3.4-13
Wilcoxon-Mann-Whitney Test for Two Groups

Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.5, Initial Sample Size 30

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 
EB ML

---------|
SS Norm EA

- .05 - 
EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0000 .0000 .0002 .0000 .0000 .0002 .0007
(T3e) M4 .0000 .0000 .0000 .0001 .0002 .0001 .0002 .0007

M5 .0000 .0000 .0000 .0000 .0001 .0002 .0000 .0000 .0002 .0007
M6a .0000 .0000 .0000 .0000 .0000 .0002 .0000 .0000 .0002 .0007

UT1s M3a .3158 .6338 .5893 .3582 .1951 .5865 .8475 .8229 .6322 .4370
(Pwr) M4 .3158 .5988 .3604 .1967 .5865 .8164 .6342 .4385

M5 .3158 .6348 .5894 .3598 .1971 .5865 .8476 .8200 .6335 .4386
M6a .3158 .6338 .5893 .3582 .1951 .5865 .8475 .8229 .6322 .4370

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0001 .0000 .0000 .0001 .0002
(T3e) M4 .0000 .0000 .0000 .0000 .0001 .0000 .0001 .0002

M5 .0000 .0000 .0000 .0000 .0000 .0001 .0000 .0000 .0001 .0002
M6a .0000 .0000 .0000 .0000 .0000 .0001 .0000 .0000 .0001 .0002

UT2s M3a .2266 .5301 .4797 .2625 .1299 .4584 .7613 .7271 .5059 .3145
(Pwr) M4 .2266 .4982 .2644 .1313 .4584 .7261 .5081 .3164

M5 .2266 .5315 .4820 .2639 .1316 .4584 .7618 .7253 .5076 .3165
M6a .2266 .5301 .4797 .2625 .1299 .4584 .7613 .7271 .5059 .3145
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Table 4.3.4-14
Wilcoxon-Mann-Whitney Test for Two Groups 
Power and Type III Error for a .01 and .05 
Nominal Effect Size Multiplier 0.8, Initial Sample Size 6

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0001 .0001 .0002 .0001 .0016 .0007 .0021 .0014
(T3e) M4 .0001 .0002 .0001 .0016 .0023 .0016

M5 .0001 .0001 .0002 .0001 .0016 .0007 .0023 .0017
M6a .0001 .0001 .0002 .0001 .0016 .0007 .0021 .0014

UT1s M3a .1037 .1829 .0949 .0917 .3338 .4857 .3389 .3170
(Pwr) M4 .1037 .1011 .1023 .3338 .3507 .3337

M5 .1037 .1943 .1010 .1021 .3338 .4985 .3507 .3339
M6a .1037 .1829 .0949 .0917 .3338 .4857 .3389 .3170

LT2s M3a .0001 .0000 .0001 .0001 .0005 .0002 .0006 .0004
(T3e) M4 .0001 .0001 .0001 .0005 .0007 .0005

M5 .0001 .0001 .0001 .0001 .0005 .0002 .0007 .0005
M6a .0001 .0000 .0001 .0001 .0005 .0002 .0006 .0004

UT2s M3a .0684 .1330 .0572 .0585 .2046 .3276 .2041 .1889
(Pwr) M4 .0684 .0613 .0666 .2046 .2139 .2038

M5 .0684 .1433 .0615 .0674 .2046 .3432 .2139 .2038
M6a .0684 .1330 .0572 .0585 .2046 .3276 .2041 .1889
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Table 4.3.4-15
Wilcoxon-Mann-Whitney Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 12

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS

|----------
Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0000 .0002 .0000 .0003 .0002
(T3e) M4 .0000 .0000 .0000 .0002 .0003 .0002

M5 .0000 .0000 .0000 .0000 .0002 .0000 .0003 .0002
M6a .0000 .0000 .0000 .0000 .0002 .0000 .0003 .0002

UT1s M3a .2775 .4973 .2959 .2705 .5556 .7607 .5809 .5493
(Pwr) M4 .2775 .3020 .2774 .5556 .5867 .5553

M5 .2775 .5042 .3022 .2774 .5556 .7647 .5869 .5553
M6a .2775 .4973 .2959 .2705 .5556 .7607 .5809 .5493

LT2s M3a .0000 .0000 .0000 .0000 .0001 .0000 .0001 .0001
(T3e) M4 .0000 .0000 .0000 .0000 .0001 .0000 .0001 .0001

M5 .0000 .0000 .0000 .0000 .0001 .0000 .0001 .0001
M6a .0000 .0000 .0000 .0000 .0001 .0000 .0001 .0001

UT2s M3a .1920 .3879 .2032 .1849 .4274 .6529 .4515 .4194
(Pwr) M4 .1920 .2085 .1910 .4274 .4578 .4263

M5 .1920 .3946 .2085 .1912 .4274 .6579 .4580 .4265
M6a .1920 .3879 .2032 .1849 .4274 .6529 .4515 .4194
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Table 4.3.4-16
Wilcoxon-Mann-Whitney Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 18

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0001 .0000
(T3e) M4 .0000 .0000 .0000 .0000 .0001 .0001

M5 .0000 .0000 .0000 .0000 .0000 .0000 .0001 .0001
M6a .0000 .0000 .0000 .0000 .0000 .0000 .0001 .0000

UT1s M3a .4593 .7288 .4921 .4548 .7351 .9065 .7619 .7337
(Pwr) M4 .4593 .4956 .4589 .7351 .7645 .7360

M5 .4593 .7312 .4957 .4587 .7351 .9070 .7642 .7355
M6a .4593 .7288 .4921 .4548 .7351 .9065 .7619 .7337

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M4 .0000 .0000 .0000 .0000 .0000 .0000

M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
M6a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT2s M3a .3607 .6412 .3905 .3563 .6128 .8382 .6446 .6095
(Pwr) M4 .3607 .3940 .3604 .6128 .6478 .6125

M5 .3607 .6439 .3941 .3604 .6128 .8397 .6477 .6125
M6a .3607 .6412 .3905 .3563 .6128 .8382 .6446 .6095
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Table 4.3.4-17
Wilcoxon-Mann-Whitney Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 24

Alpha 
Distribution 
Tail Mthd

| --------

Norm
----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M4 .0000 .0000 .0000 .0000 .0000 .0000

M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
M6a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT1s M3a .6138 .8642 .6506 .6122 .8417 .9627 .8626 .8409
(Pwr) M4 .6138 .6527 .6139 .8417 .8639 .8418

M5 .6138 .8647 .6526 .6139 .8417 .9629 .8636 .8414
M6a .6138 .8642 .6506 .6122 .8417 .9627 .8626 .8409

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M4 .0000 .0000 .0000 .0000 .0000 .0000

M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
M6a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT2s M3a .5144 .8038 .5530 .5120 .7483 .9289 .7784 .7480
(Pwr) M4 .5144 .5555 .5143 .7483 .7799 .7491

M5 .5144 .8045 .5554 .5143 .7483 .9292 .7798 .7493
M6a .5144 .8038 .5530 .5120 .7483 .9289 .7784 .7480
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Table 4.3.4-18
Wilcoxon-Mann-Whitney Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 0.8, Initial Sample Size 30

Alpha 
Distribution 
Tail Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS

|----------
Norm

---------  .05
EA EB ML

------- |
SS

LT1s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M4 .0000 .0000 .0000 .0000 .0000 .0000

M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
M6a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT1s M3a .7345 .9359 .7681 .7344 .9093 .9860 .9238 .9095
(Pwr) M4 .7345 .7693 .7354 .9093 .9245 .9097

M5 .7345 .9359 .7691 .7353 .9093 .9859 .9244 .9094
M6a .7345 .9359 .7681 .7344 .9093 .9860 .9238 .9095

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M4 .0000 .0000 .0000 .0000 .0000 .0000

M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
M6a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT2s M3a .6376 .8959 .6772 .6368 .8437 .9703 .8666 .8432
(Pwr) M4 .6376 .6785 .6379 .8437 .8676 .8438

M5 .6376 .8958 .6784 .6380 .8437 .9703 .8673 .8435
M6a .6376 .8959 .6772 .6368 .8437 .9703 .8666 .8432
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Table4.3.4-19
Wilcoxon-Mann-Whitney Test for Two Groups 

Power and Type III Error for a. 01 and .05 
Nominal Effect Size Multiplier 1.2, Initial Sample Size 6

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 • 
EB ML SS Norm EA

- .05 - 
EB ML

-------|
SS

LT1s M3a .0000 .0000 .0001 .0001 .0000 .0002 .0002 .0011 .0006 .0002
(T3e) M4 .0000 .0001 .0001 .0000 .0002 .0015 .0007 .0002

M5 .0000 .0000 .0001 .0001 .0000 .0002 .0002 .0014 .0007 .0002
M6a .0000 .0000 .0001 .0001 .0000 .0002 .0002 .0011 .0006 .0002

UT1s M3a .2440 .3039 .1557 .1795 .2239 .5750 .6517 .4732 .5053 .5599
(Pwr) M4 .2440 .1707 .1891 .2427 .5750 .4827 .5177 .5775

M5 .2440 .3171 .1719 .1890 .2423 .5750 .6619 .4823 .5175 .5773
M6a .2440 .3039 .1557 .1795 .2239 .5750 .6517 .4732 .5053 .5599

LT2s M3a .0000 .0000 .0001 .0000 .0000 .0001 .0000 .0002 .0001 .0000
(T3e) M4 .0000 .0001 .0001 .0000 .0001 .0002 .0002 .0000

M5 .0000 .0000 .0001 .0000 .0000 .0001 .0000 .0002 .0002 .0001
M6a .0000 .0000 .0001 .0000 .0000 .0001 .0000 .0002 .0001 .0000

UT2s M3a .1741 .2365 .0901 .1144 .1543 .4100 .4900 .3110 .3404 .3914
(Pwr) M4 .1741 .0999 .1218 .1706 .4100 .3201 .3526 .4115

M5 .1741 .2489 .1051 .1219 .1719 .4100 .5058 .3207 .3524 .4113
M6a .1741 .2365 .0901 .1144 .1543 .4100 .4900 .3110 .3404 .3914
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Table 4.3.4-20
Wilcoxon-Mann-Whitney Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 12

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 ■ 
EB ML

---------|
SS Norm EA

- .05 - 
EB ML

-------|
SS

LT1s M3a .0000 .0000 .0001 .0000 .0000 .0001 .0000 .0001 .0000 .0000
(T3e) M4 .0000 .0001 .0000 .0000 .0001 .0001 .0000 .0000

M5 .0000 .0000 .0001 .0000 .0000 .0001 .0000 .0001 .0000 .0000
M6a .0000 .0000 .0001 .0000 .0000 .0001 .0000 .0001 .0000 .0000

UT1s M3a .6182 .7230 .4894 .5307 .6159 .8541 .9046 .7642 .7955 .8546
(Pwr) M4 .6182 .4915 .5378 .6223 .8541 .7647 .7998 .8573

M5 .6182 .7278 .4964 .5375 .6220 .8541 .9065 .7683 .7994 .8569
M6a .6182 .7230 .4894 .5307 .6159 .8541 .9047 .7642 .7955 .8546

LT2s M3a .0000 .0000 .0001 .0000 .0000 .0001 .0000 .0001 .0000 .0000
(T3e) M4 .0000 .0001 .0000 .0000 .0001 .0001 .0000 .0000

M5 .0000 .0000 .0001 .0000 .0000 .0001 .0000 .0001 .0000 .0000
M6a .0000 .0000 .0001 .0000 .0000 .0001 .0000 .0001 .0000 .0000

UT2s M3a .5028 .6214 .3706 .4114 .4974 .7644 .8396 .6505 .6906 .7637
(Pwr) M4 .5028 .3724 .4190 .5054 .7644 .6530 .6964 .7683

M5 .5028 .6274 .3775 .4188 .5053 .7644 .8425 .6568 .6960 .7682
M6a .5028 .6214 .3706 .4114 .4974 .7644 .8396 .6505 .6906 .7637
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Table 4.3.4-21
Wilcoxon-Mann-Whitney Test for Two Groups
Power and Type III Error for a .01 and .05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 18

Alpha 
Distribution 
Tail Mthd

Norm EA
- .01 • 
EB ML

---------|
SS Norm EA

- .05 - 
EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M4 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
M6a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT1s M3a .8454 .9110 .7279 .7689 .8469 .9613 .9803 .9069 .9286 .9626
(Pwr) M4 .8454 .7181 .7719 .8484 .9613 .9009 .9299 .9627

M5 .8454 .9118 .7282 .7713 .8483 .9613 .9804 .9059 .9295 .9626
M6a .8454 .9110 .7279 .7689 .8469 .9613 .9803 .9069 .9286 .9626

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M4 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
M6a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT2s M3a .7746 .8636 .6365 .6832 .7762 .9218 .9576 .8388 .8700 .9229
(Pwr) M4 .7746 .6295 .6870 .7780 .9218 .8322 .8719 .9237

M5 .7746 .8647 .6388 .6863 .7780 .9218 .9580 .8392 .8715 .9235
M6a .7746 .8636 .6365 .6832 .7762 .9218 .9576 .8388 .8700 .9229
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Table 4.3.4-22
Wilcoxon-Mann-Whitney Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 24

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 • 
EB ML

---------|
SS Norm EA

- .05 - 
EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M4 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
M6a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT1s M3a .9450 .9750 .8625 .8967 .9461 .9900 .9959 .9626 .9752 .9903
(Pwr) M4 .9450 .8526 .8980 .9463 .9900 .9579 .9755 .9904

M5 .9450 .9751 .8616 .8975 .9460 .9900 .9959 .9617 .9754 .9902
M6a .9450 .9750 .8625 .8967 .9461 .9900 .9959 .9626 .9752 .9903

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M4 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
M6a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT2s M3a .9095 .9568 .8007 .8433 .9112 .9767 .9901 .9282 .9495 .9774
(Pwr) M4 .9095 .7884 .8452 .9115 .9767 .9216 .9502 .9773

M5 .9095 .9570 .8000 .8445 .9112 .9767 .9901 .9275 .9499 .9773
M6a .9095 .9568 .8007 .8433 .9112 .9767 .9901 .9282 .9495 .9774
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Table 4.3.4-23
Wilcoxon-Mann-Whitney Test for Two Groups
Power and Type III Error for a. 01 and .05
Nominal Effect Size Multiplier 1.2, Initial Sample Size 30

Alpha 
Distribution 
Tail Mthd

| --------
Norm EA

- .01 ■ 
EB ML

---------|
SS Norm EA

■ .05 - 
EB ML

-------|
SS

LT1s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M4 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
M6a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT1s M3a .9821 .9935 .9353 .9566 .9828 .9976 .9992 .9859 .9918 .9978
(Pwr) M4 .9821 .9270 .9571 .9828 .9976 .9831 .9919 .9978

M5 .9821 .9934 .9342 .9569 .9827 .9976 .9992 .9854 .9919 .9977
M6a .9821 .9935 .9353 .9566 .9828 .9976 .9992 .9859 .9918 .9978

LT2s M3a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
(T3e) M4 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

M5 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000
M6a .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

UT2s M3a .9653 .9866 .8942 .9249 .9666 .9937 .9979 .9698 .9814 .9940
(Pwr) M4 .9653 .8834 .9257 .9667 .9937 .9651 .9816 .9939

M5 .9653 .9866 .8929 .9254 .9665 .9937 .9979 .9691 .9815 .9940
M6a .9653 .9866 .8942 .9249 .9666 .9937 .9979 .9698 .9814 .9940
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Table 4.3.4-24
Wilcoxon-Mann-Whitney Test for Two Groups
Mean Ranks of Power Results, a .01, 1-sided, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| -------
EA

— 4 th -----
EB ML

- - -  I
SS

-------
EA

—  3rd —  
EB ML

------ |
SS

| -------
EA

—  2nd 
EB ML

- - 1 
SS

6 M3a 2.5 3.5 3.5 3.5 2.5 3.5 3.5 3.5 2.4 3.5 3.3 3.3
M4 1.5 1.3 1.1 1.5 1.5 1.4 1.5 1.8 1.8
M5 1.0 1.5 1.8 1.9 1.0 1.5 1.5 1.6 1.3 1.5 1.8 1.8
M6a 2.5 3.5 3.5 3.5 2.5 3.5 3.5 3.5 2.4 3.5 3.3 3.3

12 M3a 2.5 3.5 3.5 3.5 2.5 3.5 3.5 3.5 2.1 3.0 3.0 2.8
M4 1.5 1.6 1.6 1.5 1.5 1.6 1.8 2.0 2.3
M5 1.0 1.5 1.4 1.4 1.0 1.5 1.5 1.4 1.8 2.3 2.0 2.3
M6a 2.5 3.5 3.5 3.5 2.5 3.5 3.5 3.5 2.1 3.0 3.0 2.8

18 M3a 2.5 3.0 3.5 3.5 2.5 2.8 3.4 3.5 2.0 2.5 3.0 2.8
M4 2.5 1.6 1.5 2.5 1.8 1.6 2.5 2.0 2.3
M5 1.0 1.5 1.4 1.5 1.0 2.0 1.5 1.4 2.0 2.5 2.0 2.3
M6a 2.5 3.0 3.5 3.5 2.5 2.8 3.4 3.5 2.0 2.5 3.0 2.8

24 M3a 2.5 3.5 3.5 3.3 2.4 2.5 3.3 3.3 2.0 2.5 2.5 2.5
M4 1.5 1.3 1.6 2.5 1.6 1.8 2.5 2.5 2.5
M5 1.0 1.5 1.8 1.9 1.3 2.5 1.9 1.8 2.0 2.5 2.5 2.5
M6a 2.5 3.5 3.5 3.3 2.4 2.5 3.3 3.3 2.0 2.5 2.5 2.5

30 M3a 2.1 2.5 3.5 3.1 2.1 2.3 3.3 3.3 2.0 2.3 2.5 3.0
M4 2.5 1.3 1.8 2.5 1.8 1.8 2.3 2.5 2.0
M5 1.8 2.5 1.8 2.0 1.8 3.0 1.8 1.8 2.0 3.3 2.5 2.0
M6a 2.1 2.5 3.5 3.1 2.1 2.3 3.3 3.3 2.0 2.3 2.5 3.0
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Table 4.3.4-25
Wilcoxon-Mann-Whitney Test for Two Groups
Mean Ranks of Power Results, a .01, 2-sided, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| -------
EA

— 4th 
EB ML

- -  I
SS EA

—  3rd —  
EB ML

------ |
SS EA

—  2nd —  
EB ML

- -  I
SS

6 M3a 2.5 3.5 3.5 3.5 2.5 3.5 3.4 3.5 2.4 3.5 3.0 3.0
M4 1.5 1.9 2.0 1.5 2.0 1.6 1.8 2.0 2.0
M5 2.0 1.5 1.1 1.0 1.0 1.5 1.3 1.4 1.3 1.3 2.0 2.0
M6a 2.5 3.5 3.5 3.5 2.5 3.5 3.4 3.5 2.4 3.5 3.0 3.0

12 M3a 2.5 3.5 3.5 3.5 2.5 3.5 3.5 3.5 2.3 3.3 3.0 3.0
M4 1.5 1.6 1.8 1.5 1.5 1.6 2.0 2.0 2.0
M5 1.0 1.5 1.4 1.3 1.0 1.5 1.5 1.4 1.5 1.5 2.0 2.0
M6a 2.5 3.5 3.5 3.5 2.5 3.5 3.5 3.5 2.3 3.3 3.0 3.0

18 M3a 2.5 3.0 3.5 3.5 2.5 3.0 3.5 3.5 2.1 2.8 2.8 2.5
M4 2.5 1.5 1.8 2.5 1.4 1.5 2.5 2.3 2.5
M5 1.0 1.5 1.5 1.3 1.0 1.5 1.6 1.5 1.8 2.0 2.3 2.5
M6a 2.5 3.0 3.5 3.5 2.5 3.0 3.5 3.5 2.1 2.8 2.8 2.5

24 M3a 2.5 2.5 3.5 3.4 2.4 2.5 3.5 3.4 2.0 2.8 2.9 2.5
M4 2.5 1.4 1.6 2.5 1.6 1.4 2.5 1.9 2.5
M5 1.0 2.5 1.6 1.6 1.3 2.5 1.4 1.9 2.0 2.0 2.4 2.5
M6a 2.5 2.5 3.5 3.4 2.4 2.5 3.5 3.4 2.0 2.8 2.9 2.5

30 M3a 2.1 2.5 3.5 3.3 2.3 2.5 3.3 3.3 2.0 2.8 2.8 2.5
M4 2.5 1.3 1.8 2.5 1.6 1.9 1.8 2.3 2.5
M5 1.8 2.5 1.8 1.8 1.5 2.5 1.9 1.6 2.0 2.8 2.3 2.5
M6a 2.1 2.5 3.5 3.3 2.3 2.5 3.3 3.3 2.0 2.8 2.8 2.5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



293

Table 4.3.4-26
Wilcoxon-Mann-Whitney Test for Two Groups

Mean Ranks of Power Results, a .  05, 1-sided, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| ---------

EA
— 4th 
EB ML

. . . . .  | 
SS EA

—  3rd —  
EB ML

-------- |
SS

—  2nd —  
EB ML

. . . .  | 
SS

6 M3a 2.5 3.5 3.5 3.5 2.5 3.5 3.5 3.5 2.5 3.5 3.3 3.5
M4 1.0 1.5 1.8 1.0 1.5 1.4 1.3 1.8 1.5
M5 1.0 2.0 1.5 1.3 1.0 2.0 1.5 1.6 1.0 1.8 1.8 1.5
M6a 2.5 3.5 3.5 3.5 2.5 3.5 3.5 3.5 2.5 3.5 3.3 3.5

12 M3a 2.5 3.5 3.5 3.5 2.5 3.5 3.5 3.5 2.4 3.0 3.0 3.5
M4 1.5 1.8 1.6 1.5 1.5 1.5 2.0 2.0 1.5
M5 1.0 1.5 1.3 1.4 1.0 1.5 1.5 1.5 1.3 2.0 2.0 1.5
M6a 2.5 3.5 3.5 3.5 2.5 3.5 3.5 3.5 2.4 3.0 3.0 3.5

18 M3a 2.5 2.5 3.5 3.4 2.3 2.5 3.5 3.3 2.1 2.3 2.8 2.8
M4 2.5 1.4 1.5 2.5 1.4 2.0 3.3 2.3 2.3
M5 1.0 2.5 1.6 1.8 1.5 2.5 1.6 1.5 1.8 2.3 2.3 2.3
M6a 2.5 2.5 3.5 3.4 2.3 2.5 3.5 3.3 2.1 2.3 2.8 2.8

24 M3a 2.4 1.5 3.5 3.3 2.3 1.5 3.4 3.1 2.1 2.5 2.8 2.5
M4 3.8 1.3 1.5 3.8 1.3 1.6 2.5 2.3 2.5
M5 1.3 3.3 1.8 2.0 1.5 3.3 2.0 2.1 1.8 2.5 2.3 2.5
M6a 2.4 1.5 3.5 3.3 2.3 1.5 3.4 3.1 2.1 2.5 2.8 2.5

30 M3a 2.1 1.5 3.5 2.9 2.1 1.5 3.0 2.9 2.0 2.3 2.5 2.5
M4 4.0 1.4 1.8 4.0 2.0 1.9 3.3 2.5 2.5
M5 1.8 3.0 1.6 2.5 1.8 3.0 2.0 2.4 2.0 2.3 2.5 2.5
M6a 2.1 1.5 3.5 2.9 2.1 1.5 3.0 2.9 2.0 2.3 2.5 2.5
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Table 4.3.4-27
Wilcoxon-Mann-Whitney Test for Two Groups
Mean Ranks of Power Results, a. 05, 2-sided, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
iSS Mthd

| -------

EA
— 4th 
EB ML

- - -  I
SS -eT

3rd —  
EB ML

------ |
SS EA

—  2nd —  
EB ML

. . . .  | 
SS

6 M3a 2.5 3.5 3.5 3.5 2.5 3.5 3.5 3.5 2.4 3.5 3.3 3.3
M4 1.5 1.5 1.3 1.5 1.4 1.4 1.3 1.8 1.8
M5 1.0 1.5 1.5 1.8 1.0 1.5 1.6 1.6 1.3 1.8 1.8 1.8
M6a 2.5 3.5 3.5 3.5 2.5 3.5 3.5 3.5 2.4 3.5 3.3 3.3

12 M3a 2.5 3.5 3.5 3.5 2.5 3.5 3.5 3.5 2.4 3.3 3.3 3.3
M4 1.5 1.8 1.8 1.5 1.5 1.9 2.0 1.8 1.8
M5 1.0 1.5 1.3 1.3 1.0 1.5 1.5 1.1 1.3 1.5 1.8 1.8
M6a 2.5 3.5 3.5 3.5 2.5 3.5 3.5 3.5 2.4 3.3 3.3 3.3

18 M3a 2.5 3.0 3.5 3.5 2.4 2.8 3.5 3.5 2.1 2.8 2.8 2.8
M4 2.5 1.3 1.6 2.5 1.5 1.6 2.5 2.3 2.3
M5 1.0 1.5 1.8 1.4 1.3 2.0 1.5 1.4 1.8 2.0 2.3 2.3
M6a 2.5 3.0 3.5 3.5 2.4 2.8 3.5 3.5 2.1 2.8 2.8 2.8

24 M3a 2.4 2.0 3.5 3.0 2.3 2.5 3.5 3.5 2.0 2.5 2.9 2.8
M4 2.5 1.3 2.1 2.5 1.3 1.6 2.5 1.9 2.3
M5 1.3 3.5 1.8 1.9 1.5 2.5 1.8 1.4 2.0 2.5 2.4 2.3
M6a 2.4 2.0 3.5 3.0 2.3 2.5 3.5 3.5 2.0 2.5 2.9 2.8

30 M3a 2.3 1.5 3.5 3.1 2.3 1.5 3.5 3.3 2.0 2.5 2.5 2.8
M4 3.5 1.3 2.3 3.5 1.5 2.0 2.5 2.5 2.3
M5 1.5 3.5 1.8 1.5 1.5 3.5 1.5 1.5 2.0 2.5 2.5 2.3
M6a 2.3 1.5 3.5 3.1 2.3 1.5 3.5 3.3 2.0 2.5 2.5 2.8
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Table 4.3.4-28
Wilcoxon-Mann-Whitney Test for Two Groups
Mean Ranks of Power Results, a .01, 1-sided, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| ----------

EA
-—4th -—  
EB ML

- - -  I
SS

----------

EA
. . . .  3rd —

EB ML SS EA
—- 2nd 
EB ML

. . . . .  | 
SS

0.2 M3a 2.5 3.5 3.5 2.5 3.2 3.5 2.0 2.5 2.9
M4 2.0 1.8 2.0 1.5 2.5 2.1
M5 1.0 1.0 1.2 1.0 1.6 1.5 2.0 2.5 2.1
M6a 2.5 3.5 3.5 2.5 3.2 3.5 2.0 2.5 2.9

0.5 M3a 2.5 3.5 3.5 3.5 2.5 3.4 3.5 3.5 2.1 3.2 3.1 2.5
M4 1.0 1.2 1.9 1.0 1.4 1.7 1.1 1.9 2.5
M5 1.0 2.0 1.8 1.1 1.0 2.2 1.6 1.3 1.8 2.5 1.9 2.5
M6a 2.5 3.5 3.5 3.5 2.5 3.4 3.5 3.5 2.1 3.2 3.1 2.5

0.8 M3a 2.4 3.5 3.5 2.4 3.5 3.5 2.1 2.9 3.3
M4 1.4 1.2 1.5 1.5 2.1 1.7
M5 1.2 1.6 1.8 1.2 1.5 1.5 1.8 2.1 1.7
M6a 2.4 3.5 3.5 2.4 3.5 3.5 2.1 2.9 3.3

1.2 M3a 2.3 2.9 3.5 3.0 2.2 2.4 3.3 3.1 2.2 2.3 2.9 2.7
M4 2.8 1.0 1.2 3.2 1.6 1.8 3.1 2.1 2.3
M5 1.4 1.4 2.0 2.8 1.6 2.0 1.8 2.0 1.6 2.3 2.1 2.3
M6a 2.3 2.9 3.5 3.0 2.2 2.4 3.3 3.1 2.2 2.3 2.9 2.7
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Table 4.3.4-29
Wilcoxon-Mann-Whitney Test for Two Groups
Mean Ranks of Power Results, a .01, 2-sided, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| ---------

EA
— 4th 
EB ML

- - -  I 
SS

---------

EA
—  3rd —  
EB ML

-------- |
SS

---------

EA
—  2nd 
EB ML

. . . . .  | 
SS

0.2 M3a 2.5 3.5 3.5 2.5 3.3 3.4 2.1 2.5 2.5
M4 2.0 2.0 2.2 1.8 2.5 2.5
M5 1.0 1.0 1.0 1.0 1.2 1.4 1.8 2.5 2.5
M6a 2.5 3.5 3.5 2.5 3.3 3.4 2.1 2.5 2.5

0.5 M3a 2.5 3.5 3.5 3.5 2.5 3.5 3.5 3.5 2.2 3.4 2.7 2.5
M4 1.0 1.4 2.0 1.0 1.5 1.7 1.1 2.3 2.5
M5 1.0 2.0 1.6 1.0 1.0 2.0 1.5 1.3 1.6 2.1 2.3 2.5
M6a 2.5 3.5 3.5 3.5 2.5 3.5 3.5 3.5 2.2 3.4 2.7 2.5

0.8 M3a 2.3 3.5 3.5 2.4 3.5 3.5 2.1 2.9 2.9
M4 1.5 1.8 1.5 1.5 2.1 2.1
M5 1.4 1.5 1.2 1.2 1.5 1.5 1.8 2.1 2.1
M6a 2.3 3.5 3.5 2.4 3.5 3.5 2.1 2.9 2.9

1.2 M3a 2.4 2.5 3.5 3.2 2.3 2.5 3.4 3.3 2.2 2.6 3.4 2.9
M4 3.2 1.2 1.3 3.2 1.3 1.4 3.1 1.4 2.1
M5 1.2 1.8 1.8 2.3 1.4 1.8 1.9 2.0 1.6 1.7 1.8 2.1
M6a 2.4 2.5 3.5 3.2 2.3 2.5 3.4 3.3 2.2 2.6 3.4 2.9
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Table 4.3.4-30
Wilcoxon-Mann-Whitney Test for Two Groups
Mean Ranks of Power Results, a .05, 1-sided, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| ----------

EA
— 4th 
EB ML

- - -  I
SS EA

. . . .  3rd —

EB ML
----------|
SS

----------

EA
—  2nd 
EB ML

. . . . .  | 
SS

0.2 M3a 2.5 3.5 3.5 2.5 3.4 3.5 2.4 2.5 2.9
M4 2.0 2.0 1.9 1.6 2.5 2.1
M5 1.0 1.0 1.0 1.0 1.3 1.4 1.2 2.5 2.1
M6a 2.5 3.5 3.5 2.5 3.4 3.5 2.4 2.5 2.9

0.5 M3a 2.5 2.7 3.5 3.5 2.4 2.7 3.5 3.5 2.2 2.8 3.3 2.9
M4 2.1 1.4 2.0 2.1 1.4 1.6 1.9 1.7 2.1
M5 1.0 2.5 1.6 1.0 1.2 2.5 1.6 1.4 1.6 2.5 1.7 2.1
M6a 2.5 2.7 3.5 3.5 2.4 2.7 3.5 3.5 2.2 2.8 3.3 2.9

0.8 M3a 2.3 3.5 3.3 2.2 3.4 3.1 2.1 2.9 3.1
M4 1.3 1.3 1.3 1.5 2.1 1.9
M5 1.4 1.7 2.1 1.6 1.9 2.3 1.8 2.1 1.9
M6a 2.3 3.5 3.3 2.2 3.4 3.1 2.1 2.9 3.1

1.2 M3a 2.3 2.3 3.5 2.9 2.2 2.3 3.2 2.9 2.2 2.6 2.7 2.9
M4 3.0 1.1 1.2 3.0 1.5 2.0 3.0 2.3 2.1
M5 1.4 2.4 1.9 3.0 1.6 2.4 2.1 2.2 1.6 1.8 2.3 2.1
M6a 2.3 2.3 3.5 2.9 2.2 2.3 3.2 2.9 2.2 2.6 2.7 2.9
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Table 4.3.4-31
Wilcoxon-Mann-Whitney Test for Two Groups
Mean Ranks of Power Results, a .05, 2-sided, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| -------
EA

-—4th
EB ML

- - -  I
SS

-------
EA

. . . .  3rd —

EB ML
------ |
SS

-------
EA

.... 2nd 
EB ML

. . . . .  | 
SS

0.2 M3a 2.5 3.5 3.5 2.5 3.5 3.5 2.2 2.8 2.5
M4 2.0 1.9 1.4 1.8 2.0 2.5
M5 1.0 1.0 1.1 1.0 1.6 1.2 1.6 2.4 2.5
M6a 2.5 3.5 3.5 2.5 3.5 3.5 2.2 2.8 2.5

0.5 M3a 2.5 2.9 3.5 3.5 2.5 3.0 3.5 3.5 2.2 3.2 2.9 3.5
M4 1.4 1.3 1.8 1.4 1.4 1.8 1.3 2.1 1.5
M5 1.0 2.8 1.7 1.2 1.0 2.6 1.6 1.2 1.6 2.3 2.1 1.5
M6a 2.5 2.9 3.5 3.5 2.5 3.0 3.5 3.5 2.2 3.2 2.9 3.5

0.8 M3a 2.4 3.5 3.5 2.3 3.5 3.5 2.2 3.1 2.9
M4 1.3 1.4 1.5 1.6 1.9 2.1
M5 1.2 1.7 1.6 1.4 1.5 1.4 1.6 1.9 2.1
M6a 2.4 3.5 3.5 2.3 3.5 3.5 2.2 3.1 2.9

1.2 M3a 2.3 2.5 3.5 2.8 2.2 2.5 3.5 3.3 2.1 2.6 2.9 2.9
M4 3.2 1.0 2.1 3.2 1.4 1.6 3.0 2.1 2.1
M5 1.4 1.8 2.0 2.3 1.6 1.8 1.6 1.8 1.8 1.8 2.1 2.1
M6a 2.3 2.5 3.5 2.8 2.2 2.5 3.5 3.3 2.1 2.6 2.9 2.9
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Table 4.3.4-32
Wilcoxon-Mann-Whitney Test for Two Groups
Mean Ranks of Power Results, a .01, 1-sided, by
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| --------

EA
— 4th 
EB ML

. . . . .  | 
SS

| --------

EA
—  3rd —  
EB ML ss 1' EA

—  2nd 
EB ML

. . . . .  | 
SS

M3a 2.5 3.2 3.5 3.4 2.4 2.9 3.4 3.4 2.1 2.8 2.9 2.9
M4 1.9 1.4 1.5 2.1 1.6 1.6 2.1 2.2 2.2
M5 1.1 1.7 1.6 1.7 1.2 2.1 1.6 1.6 1.8 2.4 2.2 2.2
M6a 2.5 3.2 3.5 3.4 2.4 2.9 3.4 3.4 2.1 2.8 2.9 2.9

Table 4.3.4-33
Wilcoxon-Mann-Whitney Test for Two Groups

Mean Ranks of Power Results, a .01, 2-sided, by
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| -------
EA

— 4th ------
EB ML SS

| -------
EA

—  3rd-----
EB ML

- - -  I
SS 1 EA

— 2nd 
EB ML

. . . . .  | 
SS

M3a 2.4 3.0 3.5 3.4 2.4 3.0 3.4 3.4 2.2 3.0 2.9 2.7
M4 2.1 1.5 1.8 2.1 1.6 1.6 2.1 2.1 2.3
M5 1.2 1.9 1.5 1.4 1.2 1.9 1.5 1.6 1.7 1.9 2.2 2.3
M6a 2.4 3.0 3.5 3.4 2.4 3.0 3.4 3.4 2.2 3.0 2.9 2.7
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Table 4.3.4-34
Wilcoxon-Mann-Whitney Test for Two Groups

Mean Ranks of Power Results, a .05, 1-sided, by
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| ----------

EA
— 4th 
EB ML

- -  I
SS

| ----------

EA
—  3rd —  
EB ML ss 11 EA

—  2nd 
EB ML

. . . . .  | 
SS

M3a 2.4 2.5 3.5 3.3 2.3 2.5 3.4 3.3 2.2 2.7 2.9 3.0
M4 2.6 1.5 1.6 2.6 1.5 1.7 2.5 2.2 2.1
M5 1.2 2.5 1.6 1.8 1.4 2.5 1.7 1.8 1.6 2.2 2.2 2.1
M6a 2.4 2.5 3.5 3.3 2.3 2.5 3.4 3.3 2.2 2.7 2.9 3.0

Table 4.3.4-35
Wilcoxon-Mann-Whitney Test for Two Groups

Mean Ranks of Power Results, a .05, 2-sided, by
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| -------
EA

— 4 th ------
EB ML SS

| -------
EA

—  3rd-----
EB ML

- -  I
SS 1 EA

— 2nd 
EB ML

. . . . .  | 
SS

M3a 2.4 2.7 3.5 3.3 2.4 2.8 3.5 3.5 2.2 2.9 2.9 3.0
M4 2.3 1.4 1.8 2.3 1.4 1.7 2.2 2.0 2.1
M5 1.2 2.3 1.6 1.6 1.3 2.2 1.6 1.4 1.7 2.1 2.1 2.1
M6a 2.4 2.7 3.5 3.3 2.4 2.8 3.5 3.5 2.2 2.9 2.9 3.0
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Table 4.3.4-36
Wilcoxon-Mann-Whitney Test for Two Groups 
Analysis of Mean Ranks of Power Results 
Number of First Place Finishes by Distribution 
Across Nominal Alpha, Direction and Number of Groups

Decimal | --------------4th   | | -------------  2nd--------------
Method 3a 4 5 6a 3a 4 5 6a

By Initial Sample Size Across Nominal Effect Size Multiplier

EA 0.00 20.00 0.00 2.67 14.67 2.67
EB 0.00 8.50 11.50 0.00 2.25 6.58 8.92 2.25
ML 0.00 12.50 7.50 0.00 1.00 10.00 8.00 1.00
SS 0.00 8.50 11.50 0.00 1.50 8.50 8.50 1.50

By Nominal Effect Size Multiplier Across Initial Sample Size

EA 0.00 16.00 0.00 0.33 15.33 0.33
EB 0.00 4.00 4.00 0.00 0.33 4.33 3.33 0.33
ML 0.00 11.50 4.50 0.00 0.75 8.25 6.25 0.75
SS 0.00 7.00 9.00 0.00 1.00 7.00 7.00 1.00

Across Nominal Effect Size Multiplier and Initial Sample Size

EA 0.00 4.00 0.00 0.00 4.00 0.00
EB 0.33 0.50 2.83 0.33 0.00 1.00 3.00 0.00
ML 0.00 3.50 0.50 0.00 0.00 3.00 1.00 0.00
SS 0.00 2.00 2.00 0.00 0.00 2.00 2.00 0.00
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Table 4.3.4-37
Wilcoxon-Mann-Whitney Test for Two Groups 
Analysis of Mean Ranks of Power Results 
Across Nominal Alpha, Direction and Distributions

Decimal | --------------4th   | |   2nd--------------
Method 3a 4 5 6a 3a 4 5 6a

By Initial Sample Size across Nominal Effect Size Multiplier

MP1i 80 60 80 80 80 60 80 80
N1Mi 0.0 29.5 50.5 0.0 7.42 25.08 40.08 7.42
PoM 0.000 0.492 0.631 0.000 0.093 0.418 0.501 0.093
PoT 0.000 0.369 0.631 0.000 0.093 0.314 0.501 0.093

By Nominal Effect Size Multiplier across Initial Sample Size

MP1i 56 40 56 56 56 40 56 56
N1Mi 0.0 22.5 33.5 0.0 2.42 19.58 31.92 2.42
PoM 0.000 0.563 0.598 0.000 0.043 0.490 0.570 0.043
PoT 0.000 0.402 0.598 0.000 0.043 0.348 0.567 0.043

By Initial Sample Size and Nominal Effect Size Multiplier

MP1i 16 12 16 16 16 12 16 16
N1Mi 0.33 6.00 9.33 0.33 0.0 6.0 10.0 0.0
PoM 0.021 0.500 0.583 0.021 0.000 0.500 0.625 0.000
PoT 0.021 0.375 0.583 0.021 0.000 0.375 0.625 0.000

Key: MP1i: Maximum possible 1st place finishes for each method
N1 Mi: Actual number of 1st place finishes for each method (ties count 1/n) 
PoM: Proportion of Maximum Possible { N1 Mi / MP1 i }
PoT: Proportion of total 1st place finishes { N1Mi / E(N1Mi)}
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4.3.5 -  Kruskal-Wallis Test (three to six groups)

Based on the Type I error results, power results for the Kruskal-Wallis 

Test are only presented for the combinations of alpha level, distribution and 

method shown in Table 4.3.5-1. Only power results for the H statistic are 

reported as the Type I error results based on the continuity corrected Hc statistic 

were generally inflated, relative to the results based on the H statistic, and often 

exceeded the upper robust tolerance limit across distributions, methods and 

initial sample sizes.

Table 4.3.5-1
Kruskal-Wallis Test for Three to Six Groups
Power and Type III Error for a .01 and .05
Method /  Distribution Combinations with Acceptable Type I Error

Alpha | ------
Dist Norm 
Method

EA
— .01 

EB ML ss
-I—

Norm EA
-  .05 

EB ML
—  I

ss

Three Groups
M3a x X X X X
M4 x X X X X X X
M5 x X X X X X X X X X
M6a x X X X X X X X X X

Four Groups
M3a x X X X X X
M4 x X X X X X X X
M5 x X X X X X X X X X
M6a x X X X X X X X X X

Five Groups
M3a x X X X X
M4 x X X X X X X X
M5 x X X X X X X X X X
M6a x X X X X X X X X X

Six Groups
M3a x X X X
M4 x X X X X X X X
M5 x X X X X X X X X X
M6a x X X X X X X X X X
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Power results for the Kruskal-Wallis Test at nominal alpha .01 and .05 are 

summarized in Table 4.3.5-2 and 4.3.5-3. These tables present the range of 

values obtained (minimum and maximum) based on the results presented in 

Tables 4.3.5-4 through 4.3.5-23.

Table 4.3.5-2
Kruskal-Wallis Test for Three to Six Groups 
Range of Power for a. 01

Min/Max | ----------------- m in------------------ | -------------------- m ax-----------
(ISS = 6, NESM = 0.2) (ISS = 24, NESM = 1.2)

Dist Norm EA EB* ML SS Norm EA EB ML SS
Grps | Mthd

Three Groups 
M3a .0185 .0160 .+ .+
M4 .0185 .1151 .0155 .+ .+ .+
M5 .0185 .0278 .1229 .0164 .0187 .+ .+ .+ .+ .+
M6a .0185 .0257 .1137 .0158 .0172 .+ .+ .+ .+ .+

Four Groups 
M3a .0296 .0248 .0295 .+ .+ .+
M4 .0296 .2756 .0233 .0257 .+ .+ .+ .+
M5 .0296 .0509 .3035 .0250 .0296 .+ .+ .+ .+ .+
M6a .0296 .0488 .2930 .0245 .0284 .+ .+ .+ .+ .+

Five Groups 
M3a .0492 .1028 .1461 .+ .+ .+
M4 .0492 .6191 .0958 .1256 .+ .+ .+ .+
M5 .0492 .0891 .6501 .0121 .1413 .+ .+ .+ .+ .+
M6a .0492 .0867 .6434 .1018 .1396 .+ .+ .+ .+ .+

Six Groups 
M3a .0876 .0614 .+ .+
M4 .0876 .9617 .0597 .0815 .+ .+ .+ .+
M5 .0876 .1515 .9599 .0612 .0871 .+ .+ .+ .+ .+
M6a .0876 .1484 .9645 .0608 .0608 .+ .+ .+ .+ .+

* ESM = 0.5, .+ = 1.0000
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Table 4.3.5-3
Kruskal-Wallis Test for Three to Six Groups
Range of Power for a .05

Min/Max | ----------------- m in------------------ | -------------------- m ax-----------
(ISS = 6, NESM = 0.2) (ISS = 24, NESM = 1.2)

Dist
Grps | Mthd

Norm EA EB* ML SS Norm EA EB ML SS

Three Groups
M3a .0780 .0712 .0769 .+ .+ .+
M4 .0780 .3193 .0690 .0712 .+ .+ .+ .+
M5 .0780 .1027 .3349 .0726 .0783 .+ .+ .+ .+ .+
M6a .0780 .0973 .3221 .0703 .0742 .+ .+ .+ .+ .+

Four Groups
M3a .1107 .0986 .1119 .+ .+ .+
M4 .1107 .5544 .0936 .0094 .+ .+ .+ .+
M5 .1170 .1581 .5838 .0986 .1106 .+ .+ .+ .+ .+
M6a .1170 .1542 .5779 .0977 .1080 .+ .+ .+ .+ .+

Five Groups
M3a .1654 .1369 .+ .+
M4 .1654 .8697 .1313 .1515 .+ .+ .+ .+
M5 .1654 .2395 .8835 .1367 .1646 .+ .+ .+ .+ .+
M6a .1654 .2352 .8861 .1357 .1615 .+ .+ .+ .+ .+

Six Groups
M3a .2479 .1924 .+ .+
M4 .2479 .9971 .1877 .2346 .+ .+ .+ .+
M5 .2479 .3457 .9969 .1921 .2470 .+ .+ .+ .+ .+
M6a .2479 .3418 .9979 .1909 .2438 .+ .+ .+ .+ .+

*ESM = 0.5, .+ = 1.0000

Up to the maximum of 1.0000, power tended to increase monotonically 

across methods and distributions with increases in initial sample size and/or 

effect size. Thus, minimum power usually occurred at initial sample size 6 or 12 

at nominal ESM 0.2, with maximum power at initial sample size 24 and nominal 

ESM 1.2, if not sooner. Power results typically reached 1.0000 prior to a nominal 

effect size multiplier of 1.2 and initial sample size of 24. This was because the
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effect shift was applied between each pair of adjacent groups. Thus for six 

groups at nominal effect size multiplier 0.2, the nominal effect size multiplier 

between groups 1 and 6 (lowest and highest scores) was actually 1.0, 

irrespective of the sample size. At nominal effect size multiplier 1.2, the nominal 

effect size multiplier between these same two groups was 6.0. Under these 

conditions the test was going to be very powerful even with small sample sizes.

Tables 4.3.5-4 through 4.3.5-23 give the omnibus power results for the 

Kruskal-Wallis Test for both alpha .01 and .05 for three to six groups. There is a 

table for each combination of number of groups {3, 4, 5, 6} and nominal effect 

size multiplier {0.2, 0.5, 0.8, 1.2}. Results are not reported for distribution EB 

with nominal ESM 0.2 as the actual ESM = 0.0 (no shift), which is just Type I 

error. Also for distribution EB, results are not reported for nominal ESM 0.8 as 

the actual ESM = 0.592, the same as the actual ESM for nominal ESM 0.5. 

Results for the normal distribution are included and are essentially identical 

across methods for a fixed initial sample size and effect size. This is to be 

expected in the absence of ties and demonstrates that the simulations worked 

correctly.

A ranking analysis of the results is presented in Tables 4.3.5-24 through 

4.3.5-35. These summaries were obtained by ranking the power results from 

Tables 4.3.5-3 through 4.3.5-22 to four decimal places (as reported), to three 

decimal places and to two decimal places.
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Table 4.3.5-4
Kruskal-Wallis Test (Three Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.2

Alpha 
Distribution 
ISS Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

6 M3a .0185 .0160 .0780 .0712 .0769
M4 .0185 .0155 .0780 .0690 .0712
M5 .0185 .0278 .0164 .0187 .0780 .1027 .0726 .0783
M6a .0185 .0257 .0158 .0172 .0780 .0973 .0703 .0742

12 M3a .0336 .0286 .1179 .1072 .1215
M4 .0336 .0262 .1179 .0998 .1053
M5 .0336 .0598 .0287 .0334 .1179 .1791 .1069 .1184
M6a .0336 .0578 .0284 .0325 .1179 .1762 .1061 .1165

18 M3a .0512 .0433 .1585 .1419 .1651
M4 .0512 .0389 .1585 .1304 .1407
M5 .0512 .1002 .0430 .0512 .1585 .2556 .1406 .1578
M6a .0512 .0985 .0429 .0504 .1585 .2536 .1402 .1565

24 M3a .0711 .0599 .2019 .1803 .2134
M4 .0711 .0534 .2019 .1656 .1812
M5 .0711 .1469 .0594 .0709 .2019 .3361 .1783 .2019
M6a .0711 .1451 .0591 .0702 .2019 .3341 .1779 .2006
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Table 4.3.5-5
Kruskal-Wallis Test (Three Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.5

Alpha 
Distribution 
ISS Mthd

| --------
Norm EA

- .01 ■ 
EB ML

---------|
SS Norm EA

■ .05 - 
EB ML

-------|
SS

6 M3a
M4
M5
M6a

.0891

.0891

.0891

.0891
.1889
.1848

.1151

.1229

.1137

.0817

.0797

.0833

.0813
.0537
.0510

.2541

.2541

.2541

.2541
.4096
.4027

.3193

.3349

.3221

.2493

.2435

.2519

.2476

.1735

.1590

.1752

.1692

12 M3a
M4
M5
M6a

.2728

.2728

.2728

.2728
.5169
.5158

.3968

.4073

.4026

.2734

.2618

.2734

.2726
.1518
.1501

.5205

.5205

.5205

.5205
.7514
.7515

.6537

.6665

.6655

.5259

.5104

.5247

.5243

.3600

.3241

.3531

.3514

18 M3a
M4
M5
M6a

.4781

.4781

.4781

.4781
.7681
.7683

.6474

.6596

.6589

.4833

.4666

.4821

.4820
.2777
.2764

.7198

.7198

.7198

.7198
.9122
.9126

.8414

.8516

.8529

.7251

.7102

.7235

.7235

.5284

.4833

.5161

.5153

24 M3a
M4
M5
M6a

.6556

.6556

.6556

.6556
.9042
.9047

.8140

.8257

.8266

.6617

.6450

.6600

.6600
.4082
.4073

.8501

.8501

.8501

.8501
.9730
.9734

.9345

.9413

.9426

.8542

.8432

.8527

.8529

.6702

.6250

.6549

.6548
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Table 4.3.5-6
Kruskal-Wallis Test (Three Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.8

Alpha 
Distribution 
ISS Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

6 M3a .2939 .2691 .5719 .5620 .5749
M4 .2939 .2632 .5719 .5515 .5486
M5 .2939 .4587 .2724 .2943 .5719 .7226 .5641 .5747
M6a .2939 .4543 .2683 .2880 .5719 .7185 .5597 .5691

12 M3a .7523 .7457 .9133 .9130 .9197
M4 .7523 .7323 .9133 .9056 .9027
M5 .7523 .8952 .7453 .7563 .9133 .9719 .9122 .9161
M6a .7523 .8955 .7450 .7563 .9133 .9722 .9124 .9165

18 M3a .9430 .9408 .9872 .9869 .9892
M4 .9430 .9352 .9872 .9851 .9852
M5 .9430 .9878 .9403 .9452 .9872 .9981 .9867 .9881
M6a .9430 .9878 .9404 .9457 .9872 .9981 .9867 .9883

24 M3a .9897 .9893 .9985 .9985 .9989
M4 .9897 .9879 .9985 .9982 .9983
M5 .9897 .9990 .9891 .9907 .9985 .9999 .9984 .9987
M6a .9897 .9990 .9891 .9908 .9985 .9999 .9984 .9988
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Table 4.3.5-7
Kruskal-Wallis Test (Three Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 1.2

Alpha 
Distribution 
ISS Mthd

| ---------

Norm EA
- .01 
EB ML SS

----------

Norm EA
.05 - 

EB ML
------- |
SS

6 M3a .7052 .6406 .9077 .8946 .9181
M4 .7052 .5660 .6317 .9077 .8750 .8866 .9058
M5 .7052 .7222 .6188 .6444 .7152 .9077 .9089 .8934 .8949 .9164
M6a .7052 .7193 .6040 .6397 .7107 .9077 .9076 .9024 .8933 .9158

12 M3a .9918 .9901 .9991 .9990 .9994
M4 .9918 .9904 .9884 .9991 .9993 .9988 .9991
M5 .9918 .9906 .9897 .9899 .9934 .9991 .9988 .9991 .9990 .9993
M6a .9918 .9907 .9940 .9900 .9937 .9991 .9988 .9997 .9990 .9994

18 M3a .9999 .9999 .+ .+ .+
M4 .9999 .+ .9999 .+ .+ .+ .+
M5 .9999 .9999 .9999 .9999 .9999 .+ .+ .+ .+ .+
M6a .9999 .9999 .+ .9999 .9999 .+ .+ .+ .+ .+

24 M3a .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

+ = 1.0000
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Table 4.3.5-8
Kruskal-Wallis Test (Four Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.2

Alpha 
Distribution 
ISS Mthd

| --------
Norm

---------- .01
EA EB ML SS Norm

---------  .05
EA EB ML

-------|
SS

6 M3a .0296 .0248 .0295 .1107 .0986 .1119
M4 .0296 .0233 .0257 .1107 .0936 .0994
M5 .0296 .0509 .0250 .0296 .1107 .1581 .0986 .1106
M6a .0296 .0488 .0245 .0284 .1107 .1542 .0977 .1080

12 M3a .0682 .0542 .0698 .1997 .1719 .2065
M4 .0682 .0493 .0577 .1997 .1599 .1777
M5 .0682 .1300 .0540 .0680 .1997 .3112 .1711 .2002
M6a .0682 .1278 .0537 .0667 .1997 .3084 .1703 .1979

18 M3a .1198 .0932 .1251 .2949 .2487 .3076
M4 .1198 .0841 .1026 .2949 .2304 .2651
M5 .1198 .2373 .0924 .1194 .2949 .4633 .2465 .2944
M6a .1198 .2354 .0921 .1181 .2949 .4615 .2461 .2929

24 M3a .1818 .1409 .1925 .3905 .3302 .4112
M4 .1818 .1272 .1592 .3905 .3071 .3576
M5 .1818 .3556 .1393 .1819 .3905 .5986 .3269 .3908
M6a .1818 .3540 .1390 .1805 .3905 .5975 .3264 .3896
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Table 4.3.5-9
Kruskal-Wallis Test (Four Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.5

Alpha | -----------------  .01------------------- |-------------------  .05----------------
Distribution Norm EA EB ML SS Norm EA EB ML SS 
/SS Mthd

6 M3a .2476 .2179 .1350 .5049 .4726 .3402
M4 .2476 .2756 .2097 .1201 .5049 .5544 .4591 .3100
M5 .2476 .4192 .3035 .2182 .1345 .5049 .6717 .5838 .4716 .3366
M6a .2476 .4173 .2930 .2169 .1318 .5049 .6707 .5779 .4710 .3337

12 M3a .6808 .6401 .4289 .8721 .8488 .6864
M4 .6808 .7718 .6235 .3867 .8721 .9250 .8375 .6434
M5 .6808 .8653 .7821 .6391 .4218 .8721 .9597 .9277 .8477 .6770
M6a .6808 .8655 .7830 .6389 .4203 .8721 .9597 .9297 .8477 .6767

18 M3a .9088 .8843 .6977 .9761 .9676 .8786
M4 .9088 .9582 .8743 .6528 .9761 .9918 .9637 .8491
M5 .9088 .9821 .9577 .8833 .6869 .9761 .9968 .9912 .9671 .8702
M6a .9088 .9823 .9597 .8834 .6866 .9761 .9969 .9921 .9672 .8706

24 M3a .9801 .9708 .8647 .9965 .9944 .9596
M4 .9801 .9943 .9671 .8324 .9965 .9993 .9934 .9448
M5 .9801 .9983 .9939 .9703 .8548 .9965 .9998 .9991 .9942 .9545
M6a .9801 .9983 .9945 .9704 .8552 .9965 .9998 .9993 .9943 .9548
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Table 4.3.5-10
Kruskal-Wallis Test (Four Groups), Power for a . 01 and .05
Nominal Effect Size Multiplier 0.8

Alpha 
Distribution 
ISS Mthd

| ---------

Norm
----------  .01
EA EB ML

----------

SS Norm
---------  .05
EA EB ML

------- |
SS

6 M3a .7285 .7480 .7401 .9122 .9349 .9216
M4 .7285 .7338 .7136 .9122 .9279 .9065
M5 .7285 .4587 .7469 .7361 .9122 .9506 .9341 .9187
M6a .7285 .4543 .7468 .7360 .9122 .9510 .9343 .9193

12 M3a .9939 .9975 .9956 .9993 .9998 .9996
M4 .9939 .9970 .9937 .9993 .9998 .9994
M5 .9939 .9982 .9974 .9951 .9993 .9999 .9998 .9996
M6a .9939 .9983 .9975 .9953 .9993 .9999 .9998 .9996

18 M3a .+ .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+

24 M3a .+ .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+

+ = 1.0000
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Table 4.3.5-11
Kruskal-Wallis Test (Four Groups), Power for a . 01 and .05
Nominal Effect Size Multiplier 1.2

Alpha 
Distribution 
ISS Mthd

| --------
Norm EA

- .01 
EB ML

---------
SS Norm EA

.05
EB ML

-------|
SS

6 M3a .9898 .9965 .9943 .9992 .+ .9997
M4 .9898 .9971 .9956 .9925 .9992 .+ .9999 .9995
M5 .9898 .9851 .9970 .9963 .9938 .9992 .9986 .+ .+ .9996
M6a .9898 .9854 .9992 .9964 .9941 .9992 .9987 .+ .+ .9997

12 M3a .+ .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+

M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

18 M3a .+ .+ .+ .+ .+ .+

M4 .+ .+ .+ .+ .+ .+ .+ .+

M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

24 M3a .+ .+ .+ .+ .+ .+

M4 .+ .+ .+ .+ .+ .+ .+ .+

M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

+ = 1.0000

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



315

Table 4.3.5-12
Kruskal-Wallis Test (Five Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.2

Alpha 
Distribution 
ISS Mthd

| -----------

Norm
----------  .01
EA EB ML

. . . . . . . .  |
SS Norm

---------  .05
EA EB ML

--------- |
SS

6 M3a .0492 .0380 .0494 .1654 .1369
M4 .0492 .0363 .0439 .1654 .1313 .1515
M5 .0492 .0891 .0381 .0492 .1654 .2395 .1367 .1646
M6a .0492 .0867 .0377 .0474 .1654 .2352 .1357 .1615

12 M3a .1416 .1028 .1461 .3349 .2690
M4 .1416 .0958 .1256 .3349 .2553 .3080
M5 .1416 .2578 .1021 .1413 .3349 .4903 .2675 .3344
M6a .1416 .2555 .1018 .1396 .3349 .4888 .2669 .3322

18 M3a .2678 .1931 .2797 .5064 .4113
M4 .2678 .1798 .2432 .5064 .3913 .4754
M5 .2678 .4614 .1914 .2678 .5064 .6994 .4083 .5066
M6a .2678 .4595 .1910 .2663 .5064 .6989 .4079 .5051

24 M3a .4067 .2994 .4258 .6525 .5415
M4 .4067 .2807 .3757 .6525 .5188 .6230
M5 .4067 .6537 .2965 .4062 .6525 .8377 .5372 .6530
M6a .4067 .6429 .2962 .4049 .6525 .8373 .5368 .6520
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Table 4.3.5-13
Kruskal-Wallis Test (Five Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.5

Alpha 
Distribution 
ISS Mthd

| -------
Norm 5 I - .01 

EB ML
--------
SS Norm

IlI1! 
<

 
i 

LD
i - .05 - 

EB ML
------ |
SS

6 M3a .5414 .4829 .3116 .7948 .7592
M4 .5414 .6191 .4711 .2889 .7948 .8697 .7480 .5560
M5 .5414 .6972 .6501 .4824 .3087 .7948 .8821 .8835 .7584 .5810
M6a .5414 .6968 .6434 .4817 .3059 .7948 .8821 .8861 .7579 .5789

12 M3a .9592 .9422 .7928 .9921 .9881
M4 .9592 .9920 .9364 .7621 .9921 .9993 .9863 .9143
M5 .9592 .9879 .9909 .9416 .7855 .9921 .9982 .9990 .9879 .9263
M6a .9592 .9880 .9928 .9416 .7855 .9921 .9982 .9994 .9879 .9265

18 M3a .9984 .9972 .9643 .9999 .9997
M4 .9984 .+ .9967 .9536 .9999 .+ .9997 .9899
M5 .9984 .9999 .9999 .9971 .9610 .9999 .+ .+ .9997 .9919
M6a .9984 .9999 .+ .9972 .9614 .9999 .+ .+ .9997 .9920

24 M3a .+ .9999 .9957 .+ .+
M4 .+ .+ .9999 .9936 .+ .+ .+ .9991
M5 .+ .+ .+ .9999 .9950 .+ .+ .+ .+ .9993
M6a .+ .+ .+ .9999 .9999 .+ .+ .+ .+ .9993

+ = 1.0000
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Table 4.3.5-14
Kruskal-Wallis Test (Five Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.8

Alpha 
Distribution 
ISS Mthd

| ---------

Norm
---------- .01
EA EB ML

----------

SS
----------

Norm
---------- .05
EA EB ML

------- 1
SS

6 M3a .9744 .9932 .9809 .9970 .9998
M4 .9744 .9922 .9770 .9970 .9997 .9974
M5 .9744 .9860 .9930 .9797 .9970 .9985 .9998 .9979
M6a .9744 .9863 .9931 .9803 .9970 .9985 .9998 .9980

12 M3a .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+

18 M3a .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+

24 M3a .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+

+ = 1.0000
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Table 4.3.5-15
Kruskal-Wallis Test (Five Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 1.2

Alpha 
Distribution 
ISS Mthd

| -------
Norm EA

— .01 
EB ML SS

■I--------
Norm EA

-  .05 
EB ML

--------- |
SS

6 M3a .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

12 M3a .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

18 M3a .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

24 M3a .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

+ = 1.0000
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Table 4.3.5-16
Kruskal-Wallis Test (Six Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.2

Alpha | -----------------  .01------------------- |-------------------  .05----------------
Distribution Norm EA EB ML SS Norm EA EB ML SS 
/SS Mthd

6 M3a .0876 .0614 .2479 .1924
M4 .0876 .0597 .0815 .2479 .1877 .2346
M5 .0876 .1515 .0612 .0871 .2479 .3457 .1921 .2470
M6a .0876 .1484 .0608 .0848 .2479 .3418 .1909 .2438

12 M3a .2804 .1889 .5265 .4093
M4 .2804 .1813 .2633 .5265 .3972 .5057
M5 .2804 .4456 .1879 .2808 .5265 .6866 .4073 .5273
M6a .2804 .4432 .1873 .2788 .5265 .6852 .4067 .5256

18 M3a .5085 .3594 .7439 .6093
M4 .5085 .3459 .4866 .7439 .5942 .7251
M5 .5085 .7119 .3569 .5093 .7439 .8804 .6062 .7445
M6a .5085 .7109 .3564 .5082 .7439 .8802 .6057 .7437

24 M3a .7037 .5340 .8765 .7618
M4 .7037 .5174 .6838 .8765 .7477 .8649
M5 .7037 .8766 .5303 .7042 .8765 .9616 .7582 .8776
M6a .7037 .8764 .5300 .7039 .8765 .9616 .7581 .8775
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Table 4.3.5-17
Kruskal-Wallis Test (Six Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.5

Alpha 
Distribution 
ISS Mthd

| --------

Norm > 
| I I I ■- .01 

EB ML
----------

SS
----------

Norm

1IIl! 
<

i 
LD

1 - .05 - 
EB ML

------- 1
SS

6 M3a .8467 .8184 .9603 .9546
M4 .8467 .9617 .8107 .5728 .9603 .9971 .9509 .8120
M5 .8467 .9061 .9599 .8175 .5867 .9603 .9771 .9969 .9540 .8233
M6a .8467 .9060 .9645 .8173 .5844 .9603 .9773 .9979 .9541 .8230

12 M3a .9992 .9992 .+ .+
M4 .9992 .+ .9990 .9698 .+ .+ .9999 .9946
M5 .9992 .9998 .+ .9991 .9734 .+ .+ .+ .+ .9954
M6a .9992 .9998 .+ .9992 .9736 .+ .+ .+ .+ .9955

18 M3a .+ .+ .+ .+
M4 .+ .+ .+ .9992 .+ .+ .+ .9999
M5 .+ .+ .+ .+ .9994 .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .9994 .+ .+ .+ .+ .+

24 M3a .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

+ = 1.0000
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Table 4.3.5-18
Kruskal-Wallis Test (Six Groups), Power for a . 01 and .05
Nominal Effect Size Multiplier 0.8

Alpha 
Distribution 
ISS Mthd

| -------
Norm

---------- .01
EA EB ML SS Norm EA

-  .05 
EB ML

-------- |
SS

6 M3a .9997 .+ .+ .+
M4 .9997 .+ .9999 .+ .+ .+
M5 .9997 .9999 .+ .9999 .+ .+ .+ .+
M6a .9997 .9999 .+ .9999 .+ .+ .+ .+

12 M3a .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+

18 M3a .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+

24 M3a .+ .+ .+ .+
M4 ,+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+

+ = 1.0000
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Table 4.3.5-19
Kruskal-Wallis Test (Six Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 1.2

Alpha 
Distribution 
ISS Mthd

| -------
Norm > 

| i i— .01 
EB ML SS

■I---------
Norm

i 
<

: 
lu

i -  .05 
EB ML

---------|
SS

6 M3a .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

12 M3a .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

18 M3a .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

24 M3a .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

+ = 1.0000
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Table 4.3.5-20
Kruskal-Wallis Test
Mean Ranks of Power Results for Three Groups, a .01, by 
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| ---------

EA
— 4th -----
EB ML

- - -  I
SS

---------

EA
—  3rd —  
EB ML

-------- |
SS EA

—  2nd —  
EB ML

. . . .  | 
SS

6 M3a 2.0 2.1 2.3
M4 2.5 1.0 2.5 3.6 2.3 3.3
M5 1.0 1.0 1.0 1.0 1.0 1.0 1.4 1.0 1.3 1.3 2.3 1.4
M6a 2.0 2.5 3.0 2.0 2.0 2.5 2.9 2.0 1.8 2.5 2.3 1.6

12 M3a 1.4 1.9 2.3
M4 2.5 4.0 2.8 4.0 2.3 3.3
M5 1.5 2.0 1.9 1.4 1.4 1.8 1.9 1.5 1.5 1.5 2.3 1.5
M6a 1.5 1.5 2.8 1.6 1.6 1.5 2.3 1.5 1.5 2.3 2.3 1.5

18 M3a 1.4 1.6 2.4
M4 2.3 3.6 2.3 3.6 2.5 2.9
M5 1.5 2.0 2.4 1.4 1.4 2.0 2.4 1.4 1.5 1.8 2.4 1.5
M6a 1.5 1.8 2.6 1.6 1.6 1.8 2.4 1.6 1.5 1.8 2.4 1.5

24 M3a 1.4 1.6 2.3
M4 2.5 3.6 2.5 3.6 2.5 3.3
M5 1.5 2.0 2.4 1.4 1.5 2.0 2.4 1.3 1.5 1.8 2.3 1.5
M6a 1.5 1.5 2.6 1.6 1.5 1.5 2.4 1.8 1.5 1.8 2.3 1.5
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Table 4.3.5-21
Kruskal-Wallis Test
Mean Ranks of Power Results for Four Groups, a .01, by 
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| ---------

EA
— 4th 
EB ML

. . . . .  | 
SS EA

—  3rd —  
EB ML

-------- |
SS EA

—  2nd 
EB ML

. . . . .  | 
SS

6 M3a 1.5 1.3 1.4 1.5 2.4 2.0
M4 2.5 4.0 4.0 2.8 3.8 4.0 2.5 3.4 3.3
M5 1.3 2.0 1.8 2.0 1.1 1.8 2.3 1.9 1.5 1.5 1.9 2.4
M6a 1.8 1.5 2.8 2.8 1.9 1.5 2.6 2.6 1.5 2.0 2.4 2.4

12 M3a 1.5 1.4 1.8 1.4 2.4 1.9
M4 2.5 3.6 3.6 2.5 3.5 3.6 2.5 2.9 3.6
M5 1.6 2.0 2.4 2.4 1.5 2.0 2.6 2.3 1.5 1.8 2.4 2.3
M6a 1.4 1.5 2.5 2.6 1.5 1.5 2.1 2.8 1.5 1.8 2.4 2.3

18 M3a 1.8 1.8 1.8 1.8 2.3 1.8
M4 2.0 3.3 3.3 2.3 3.3 3.3 2.0 3.3 3.3
M5 1.5 2.5 2.5 2.3 1.4 2.3 2.5 2.4 1.5 2.0 2.3 2.5
M6a 1.5 1.5 2.5 2.8 1.6 1.5 2.5 2.6 1.5 2.0 2.3 2.5

24 M3a 1.8 1.8 1.8 1.8 2.4 2.1
M4 2.0 3.3 3.3 2.3 3.3 3.3 2.0 2.9 3.3
M5 1.4 2.5 2.5 2.3 1.4 2.3 2.5 2.4 1.4 2.0 2.4 2.5
M6a 1.6 1.5 2.5 2.8 1.6 1.5 2.5 2.6 1.6 2.0 2.4 2.1
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Table 4.3.5-22
Kruskal-Wallis Test
Mean Ranks of Power Results for Five Groups, a .01, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| --------

EA
-—4th
EB ML

. . . . .  | 
SS EA

—  3rd —  
EB ML

-------- |
SS EA

—  2nd 
EB ML SS

6 M3a 1.6 1.4 1.9 1.5 2.4 2.3
M4 2.5 3.6 3.6 2.5 3.6 3.6 2.5 2.9 3.3
M5 1.4 1.5 2.1 2.4 1.4 1.5 2.3 2.1 1.5 1.5 2.4 2.3
M6a 1.6 2.0 2.6 2.6 1.6 2.0 2.3 2.8 1.5 2.0 2.4 2.3

12 M3a 1.8 1.8 2.0 1.8 2.5 2.0
M4 2.0 3.3 3.3 2.0 3.3 3.3 2.0 2.5 3.3
M5 1.5 2.5 2.4 2.4 1.4 2.5 2.4 2.4 1.5 2.0 2.5 2.4
M6a 1.5 1.5 2.6 2.6 1.6 1.5 2.4 2.6 1.5 2.0 2.5 2.4

18 M3a 1.9 1.8 2.1 1.8 2.4 2.0
M4 1.8 3.3 3.3 2.0 2.9 3.3 2.0 2.9 3.3
M5 1.4 2.5 2.5 2.5 1.4 2.0 2.5 2.4 1.5 2.0 2.4 2.4
M6a 1.6 1.8 2.4 2.5 1.6 2.0 2.5 2.6 1.5 2.0 2.4 2.4

24 M3a 2.1 2.0 2.1 2.0 2.4 2.0
M4 2.0 2.9 3.3 2.0 2.9 3.3 2.0 2.9 3.3
M5 1.4 2.0 2.4 2.5 1.4 2.0 2.4 2.5 1.4 2.0 2.4 2.3
M6a 1.6 2.0 2.6 2.3 1.6 2.0 2.6 2.3 1.8 2.0 2.4 2.5
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Table 4.3.5-23
Kruskal-Wallis Test
Mean Ranks of Power Results for Six Groups, a .01, by 
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

EA
— 4th 
EB ML

- - -  I
SS EA

—  3rd —  
EB ML SS 1EA

—  2nd 
EB ML SS

6 M3a 1.8 2.1 2.4
M4 2.0 3.3 2.5 2.0 3.3 2.5 2.0 2.9 2.4
M5 1.3 2.5 2.3 1.5 1.4 2.5 2.1 1.5 1.5 2.0 2.4 1.5
M6a 1.8 1.5 2.8 2.0 1.6 1.5 2.5 2.0 1.5 2.0 2.4 2.1

12 M3a 1.9 2.1 2.4
M4 2.0 3.3 2.5 2.0 2.9 2.5 2.0 2.9 2.3
M5 1.4 2.0 2.5 1.8 1.4 2.0 2.5 1.8 1.4 2.0 2.4 1.9
M6a 1.6 2.0 2.4 1.8 1.6 2.0 2.5 1.8 1.6 2.0 2.4 1.9

18 M3a 2.1 2.1 2.4
M4 2.0 2.9 2.5 2.0 2.9 2.3 2.0 2.9 2.3
M5 1.4 2.0 2.4 1.6 1.4 2.0 2.4 1.8 1.5 2.0 2.4 1.9
M6a 1.6 2.0 2.6 1.9 1.6 2.0 2.6 2.0 1.5 2.0 2.4 1.9

24 M3a 2.1 2.1 2.4
M4 2.0 2.9 2.3 2.0 2.9 2.3 2.0 2.9 2.3
M5 1.4 2.0 2.4 1.8 1.5 2.0 2.5 1.9 1.5 2.0 2.4 1.9
M6a 1.6 2.0 2.6 2.0 1.5 2.0 2.5 1.9 1.5 2.0 2.4 1.9
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Table 4.3.5-24
Kruskal-Wallis Test
Mean Ranks of Power Results for Three Groups, a .05, by 
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| --------

EA
— 4 th -----
EB ML

I
SS EA

—  3rd —  
EB ML

------- |
SS EA

—  2nd 
EB ML

. . . .  | 
SS

6 M3a 2.0 1.5 1.9 1.6 2.3 2.0
M4 3.0 4.0 4.0 3.0 4.0 4.0 2.8 3.3 3.4
M5 1.0 1.5 1.0 1.5 1.0 1.5 1.1 1.5 1.5 1.5 2.3 2.1
M6a 2.0 1.5 3.0 3.0 2.0 1.5 3.0 2.9 1.5 1.8 2.3 2.5

12 M3a 1.3 1.1 1.5 1.4 2.0 1.9
M4 2.5 4.0 4.0 2.8 3.6 3.6 2.5 3.3 3.6
M5 1.6 2.0 2.3 2.5 1.5 1.8 2.1 2.4 1.5 1.8 2.4 2.3
M6a 1.4 1.5 2.5 2.4 1.5 1.5 2.8 2.6 1.5 1.8 2.4 2.3

18 M3a 1.4 1.4 1.8 1.4 2.0 1.8
M4 2.5 3.6 3.6 2.5 3.6 3.6 2.5 3.3 3.3
M5 1.5 2.0 2.4 2.4 1.5 2.0 2.1 2.3 1.4 1.8 2.4 2.5
M6a 1.5 1.5 2.6 2.6 1.5 1.5 2.5 2.8 1.6 1.8 2.4 2.5

24 M3a 1.4 1.4 1.4 1.6 2.3 1.8
M4 2.5 3.6 3.6 2.5 3.4 3.6 2.5 3.3 3.3
M5 1.5 2.0 2.5 2.4 1.4 2.0 2.6 2.3 1.4 1.8 2.3 2.5
M6a 1.5 1.5 2.5 2.6 1.6 1.5 2.6 2.5 1.6 1.8 2.3 2.5
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Table 4.3.5-25
Kruskal-Wallis Test
Mean Ranks of Power Results for Four Groups, a .05, by 
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| -------
EA

-—4th
EB ML

I
SS EA

— . 3rcj —  
EB ML

------ |
SS EA

—- 2nd 
EB ML

“ “  I
SS

6 M3a 1.5 1.1 1.4 1.4 2.3 2.0
M4 2.5 3.6 4.0 2.5 4.0 3.6 2.5 3.3 3.6
M5 1.3 1.5 2.3 2.5 1.3 1.5 2.0 2.3 1.4 1.8 2.3 2.0
M6a 1.8 2.0 2.6 2.4 1.8 2.0 2.6 2.8 1.6 1.8 2.3 2.4

12 M3a 1.8 1.6 1.8 1.6 2.3 1.8
M4 2.5 3.3 3.6 2.5 3.3 3.6 2.0 3.3 3.3
M5 1.4 2.0 2.4 2.1 1.4 2.0 2.4 2.3 1.5 2.0 2.3 2.5
M6a 1.6 1.5 2.6 2.65 1.6 1.5 2.6 2.5 1.5 2.0 2.3 2.5

18 M3a 1.8 1.8 1.8 1.8 2.3 1.8
M4 2.0 3.3 3.3 2.0 3.3 3.3 2.0 3.3 3.3
M5 1.5 2.5 2.5 2.5 1.4 2.5 2.4 2.5 1.5 2.0 2.3 2.5
M6a 1.5 1.5 2.5 2.5 1.6 1.5 2.6 2.5 1.5 2.0 2.3 2.5

24 M3a 1.8 1.8 2.0 1.8 2.4 1.8
M4 1.8 3.3 3.3 2.0 3.3 3.3 2.0 2.9 3.3
M5 1.4 2.5 2.5 2.5 1.4 2.0 2.3 2.4 1.5 2.0 2.4 2.5
M6a 1.6 1.8 2.5 2.5 1.6 2.0 2.5 2.6 1.5 2.0 2.4 2.5
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Table 4.3.5-26
Kruskal-Wallis Test
Mean Ranks of Power Results for Five Groups, a .05, by 
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| ----------

EA
— 4th -----
EB ML

- - -  I
SS EA

—  3rd —
EB ML

--------- |
SS EA

—  2nd 
EB ML

. . . . .  | 
SS

6 M3a 1.6 1.9 2.3
M4 2.5 3.6 2.8 1.5 3.3 2.8 2.5 3.3 2.5
M5 1.4 2.0 2.1 1.5 1.4 2.5 2.3 1.4 1.5 2.0 2.3 1.8
M6a 1.6 1.5 2.6 1.8 1.6 2.0 2.6 1.9 1.5 1.5 2.3 1.8

12 M3a 1.8 2.0 2.4
M4 2.0 3.3 2.5 2.0 3.3 2.5 2.0 2.9 2.5
M5 1.4 2.5 2.4 1.8 1.4 2.0 2.3 1.8 1.5 2.0 2.4 1.8
M6a 1.6 1.5 2.6 1.8 1.6 2.0 2.5 1.8 1.5 2.0 2.4 1.8

18 M3a 2.1 2.1 2.4
M4 2.0 2.9 2.5 2.0 2.9 2.5 2.0 2.9 2.3
M5 1.4 2.0 2.4 1.8 1.5 2.0 2.5 1.8 1.5 2.0 2.4 1.9
M6a 1.6 2.0 2.6 1.8 1.5 2.0 2.5 1.8 1.5 2.0 2.4 1.9

24 M3a 2.1 2.1 2.4
M4 1.0 2.9 2.5 2.0 2.9 2.3 2.0 2.9 2.3
M5 1.4 2.0 2.4 1.6 1.5 2.0 2.5 1.8 1.5 2.0 2.4 1.9
M6a 1.6 2.0 2.6 1.9 1.5 2.0 2.5 2.0 1.5 2.0 2.4 1.9
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Table 4.3.5-27
Kruskal-Wallis Test

Mean Ranks of Power Results for Six Groups, a .05, by 
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| --------

EA
-—4th
EB ML

- - -  I
SS EA

—- 3rd —  
EB ML

--------|
SS EA

.... 2nd 
EB ML

. . . . .  | 
SS

6 M3a 1.8 1.9 2.5
M4 2.0 3.3 2.5 2.3 3.3 2.5 2.0 2.5 2.5
M5 1.5 2.5 2.5 1.6 1.4 2.3 2.3 1.6 1.4 2.0 2.5 1.6
M6a 1.5 1.5 2.5 1.9 1.6 1.5 2.6 1.9 1.6 2.0 2.5 1.9

12 M3a 2.0 2.1 2.4
M4 2.0 3.3 2.5 2.0 2.9 2.4 2.0 2.9 2.5
M5 1.4 2.0 2.3 1.8 1.4 2.0 2.5 1.9 1.5 2.0 2.4 1.8
M6a 1.6 2.0 2.5 1.8 1.6 2.0 2.5 1.8 1.5 2.0 2.4 1.8

18 M3a 2.1 2.1 2.4
M4 2.0 2.9 2.5 2.0 2.9 2.3 2.0 2.9 2.3
M5 1.4 2.0 2.4 1.6 1.5 2.0 2.5 1.8 1.5 2.0 2.4 1.9
M6a 1.6 2.0 2.6 1.9 1.5 2.0 2.5 2.0 1.5 2.0 2.4 1.9

24 M3a 2.1 2.1 2.4
M4 2.0 2.9 2.3 2.0 2.9 2.3 2.0 2.9 2.3
M5 1.5 2.0 2.4 1.8 1.5 2.0 2.5 1.9 1.5 2.0 2.4 1.9
M6a 1.5 2.0 2.6 2.0 1.5 2.0 2.5 1.9 1.5 2.0 2.4 1.9
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Table 4.3.5-28
Kruskal-Wallis Test
Mean Ranks of Power Results for Three Groups, a  .01, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| -------
EA

— 4th 
EB ML

- - -  I
SS

| -------
EA

—  3rd —  
EB ML

------ |
SS EA

—  2nd —  
EB ML

—  I
SS

0.2 M3a 1.5 1.8 2.4
M4 4.0 3.6 2.9
M5 1.0 1.5 1.0 1.0 2.1 1.1 1.5 2.4 1.5
M6a 2.0 3.0 2.0 2.0 2.5 1.9 1.5 2.4 1.5

0.5 M3a 1.4 1.5 2.1
M4 2.8 4.0 2.8 4.0 2.5 3.6
M5 1.5 1.3 1.8 1.0 1.4 1.3 2.0 1.0 1.4 1.4 2.1 1.5
M6a 1.5 2.0 2.9 2.0 1.6 2.0 2.5 2.0 1.6 2.1 2.1 1.5

0.8 M3a 1.3 1.8 2.3
M4 4.0 4.0 3.3
M5 1.5 2.1 1.6 1.5 1.9 1.5 1.4 2.3 1.5
M6a 1.5 2.6 1.4 1.5 2.4 1.5 1.6 2.3 1.5

1.2 M3a 2.0 2.3 2.4
M4 2.1 3.3 2.3 3.3 2.3 2.9
M5 1.5 2.3 2.3 1.5 1.4 2.1 2.0 1.5 1.5 1.8 2.4 1.4
M6a 1.5 1.6 2.5 1.5 1.6 1.6 2.5 1.5 1.5 2.0 2.4 1.6
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Table 4.3.5-29
Kruskal-Wallis Test
Mean Ranks of Power Results for Four Groups, a. 01, by 
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| --------

EA
..._4th -—  
EB ML

. . . . .  | 
SS EA

—  3rd —  
EB ML

--------|
SS EA

—  2nd 
EB ML

. . . . .  | 
SS

0.2 M3a 1.3 1.3 1.5 1.1 2.4 1.9
M4 4.0 4.0 4.0 4.0 3.4 3.6
M5 1.0 1.8 1.8 1.0 2.3 1.9 1.4 1.9 2.3
M6a 2.0 3.0 3.0 2.0 2.3 3.0 1.6 2.4 2.3

0.5 M3a 1.3 1.0 1.1 1.1 2.1 1.1
M4 2.5 4.0 4.0 2.8 4.0 4.0 2.5 3.6 4.0
M5 1.6 2.3 2.3 2.0 1.5 2.0 2.3 2.1 1.5 1.6 2.1 2.6
M6a 1.4 1.3 2.5 3.0 1.5 1.3 2.6 2.8 1.5 1.9 2.1 2.3

0.8 M3a 1.9 1.8 1.9 1.8 2.4 2.3
M4 3.3 3.3 3.1 3.3 2.9 3.3
M5 1.5 2.5 2.5 1.4 2.8 2.5 1.5 2.4 2.3
M6a 1.5 2.4 2.5 1.6 2.3 2.5 1.5 2.4 2.3

1.2 M3a 2.1 2.1 2.1 2.4 2.5 2.5
M4 2.0 2.9 2.9 2.1 2.6 2.9 2.0 2.5 2.5
M5 1.6 2.3 2.6 2.6 1.5 2.1 2.6 2.4 1.5 2.0 2.5 2.5
M6a 1.4 1.8 2.4 2.4 1.5 1.8 2.6 2.4 1.5 2.0 2.5 2.5
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Table 4.3.5-30
Kruskal-Wallis Test
Mean Ranks of Power Results for Five Groups, a .01, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| ----------

EA
— 4th 
EB ML

- - -  I
SS EA

. . . .  3rd —

EB ML
----------|
SS EA

—  2nd 
EB ML

. . . . .  | 
SS

0.2 M3a 1.3 1.0 1.3 1.1 2.3 1.3
M4 4.0 4.0 4.0 4.0 3.3 4.0
M5 1.0 1.8 2.0 1.0 2.3 1.9 1.4 2.3 2.3
M6a 2.0 3.0 3.0 2.0 2.5 3.0 1.6 2.3 2.5

0.5 M3a 1.5 1.3 2.0 1.3 2.4 2.0
M4 2.1 3.6 4.0 2.3 3.3 4.0 2.3 2.9 4.0
M5 1.5 2.3 2.5 2.6 1.5 2.0 2.4 2.5 1.5 1.8 2.4 2.0
M6a 1.5 1.6 2.4 2.1 1.5 1.8 2.4 2.3 1.5 2.0 2.4 2.0

0.8 M3a 2.1 2.1 2.4 2.1 2.5 2.5
M4 2.9 2.9 2.9 2.9 2.5 2.5
M5 1.6 2.6 2.6 1.5 2.4 2.5 1.5 2.5 2.5
M6a 1.4 2.4 2.4 1.5 2.4 2.5 1.5 2.5 2.5

1.2 M3a 2.5 2.5 2.5 2.5 2.5 2.5
M4 2.0 2.5 2.5 2.0 2.5 2.5 2.0 2.5 2.5
M5 1.5 2.0 2.5 2.5 1.5 2.0 2.5 2.5 1.5 2.0 2.5 2.5
M6a 1.5 2.0 2.5 2.5 1.5 2.0 2.5 2.5 1.5 2.0 2.5 2.5
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Table 4.3.5-31
Kruskal-Wallis Test
Mean Ranks of Power Results for Six Groups, a. 01, by 
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| ------
EA

— 4 th -----
EB ML

- - -  I
SS EA

.... 3rcj —  
EB ML

----- |
SS EA

—- 2nd 
EB ML

- -  I
SS

0.2 M3a 1.0 1.3 2.1
M4 4.0 3.0 4.0 3.0 3.6 2.9
M5 1.0 2.0 1.0 1.1 2.3 1.1 1.4 2.1 1.4
M6a 2.0 3.0 2.0 1.9 2.5 1.9 1.6 2.1 1.8

0.5 M3a 1.9 2.3 2.4
M4 2.0 3.3 2.8 2.0 2.9 2.5 2.0 2.9 2.3
M5 1.4 2.3 2.5 1.6 1.5 2.3 2.3 1.8 1.5 2.0 2.4 1.8
M6a 1.6 1.8 2.4 1.6 1.5 1.8 2.6 1.8 1.5 2.0 2.4 2.0

0.8 M3a 2.5 2.5 2.5
M4 2.5 2.0 2.5 2.0 2.5 2.0
M5 1.5 2.5 2.0 1.5 2.5 2.0 1.5 2.5 2.0
M6a 1.5 2.5 2.0 1.5 2.5 2.0 1.5 2.5 2.0

1.2 M3a 2.5 2.5 2.5
M4 2.0 2.5 2.0 2.0 2.5 2.0 2.0 2.5 2.0
M5 1.5 2.0 2.5 2.0 1.5 2.0 2.5 2.0 1.5 2.0 2.5 2.0
M6a 1.5 2.0 2.5 2.0 1.5 2.0 2.5 2.0 1.5 2.0 2.5 2.0
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Table 4.3.5-32
Kruskal-Wallis Test
Mean Ranks of Power Results for Three Groups, a .05, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| ----------

EA
-—4 th -----
EB ML

- - -  I
SS EA

—- 3rd —  
EB ML

---------|
SS EA

—- 2nd 
EB ML

. . . .  | 
SS

0.2 M3a 1.3 1.3 1.5 1.3 2.1 1.4
M4 4.0 4.0 4.0 4.0 3.6 3.4
M5 1.0 1.8 1.8 1.0 1.6 1.8 1.3 2.1 2.6
M6a 2.0 3.0 3.0 2.0 2.9 3.0 1.8 2.1 2.6

0.5 M3a 1.3 1.3 1.3 1.3 1.5 1.4
M4 3.0 4.0 4.0 3.0 4.0 4.0 2.9 4.0 4.0
M5 1.8 1.5 2.1 1.8 1.6 1.5 2.0 1.9 1.5 1.4 2.3 2.1
M6a 1.3 1.5 2.6 3.0 1.4 1.5 2.8 2.9 1.5 1.8 2.3 2.5

0.8 M3a 1.3 1.0 1.5 1.4 2.4 2.3
M4 4.0 4.0 3.8 4.0 2.9 3.3
M5 1.5 2.3 2.8 1.4 2.1 2.3 1.5 2.4 2.3
M6a 1.5 2.5 2.3 1.6 2.6 2.4 1.5 2.4 2.3

1.2 M3a 2.3 1.9 2.3 2.1 2.5 2.4
M4 2.3 3.3 3.3 2.4 2.9 2.9 2.3 2.5 2.9
M5 1.4 2.3 2.0 2.5 1.4 2.1 2.3 2.5 1.5 2.0 2.5 2.4
M6a 1.6 1.5 2.5 2.4 1.6 1.5 2.6 2.5 1.5 1.8 2.5 2.4
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Table 4.3.5-33
Kruskal-Wallis Test

Mean Ranks of Power Results for Four Groups, a .05, by 
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| -------
EA

.—4 th -----
EB ML

- - -  I
SS EA

—  3rd —  
EB ML

------ |
SS EA

—  2nd 
EB ML

I
SS

0.2 M3a 1.1 1.0 1.1 1.0 2.0 1.3
M4 4.0 4.0 4.0 4.0 4.0 4.0
M5 1.0 1.9 2.0 1.0 1.9 2.0 1.4 2.0 2.4
M6a 2.0 3.0 3.0 2.0 3.0 3.0 1.6 2.0 2.4

0.5 M3a 1.0 1.0 1.3 1.0 2.1 1.1
M4 2.4 4.0 4.0 2.5 4.0 4.0 2.3 3.6 4.0
M5 1.5 2.3 2.6 2.5 1.4 2.5 2.3 2.5 1.5 1.9 2.1 2.3
M6a 1.5 1.4 2.4 2.5 1.6 1.5 2.5 2.5 1.5 1.9 2.1 2.6

0.8 M3a 2.1 2.0 2.1 2.0 2.5 2.4
M4 2.9 3.3 2.9 3.3 2.5 2.9
M5 1.6 2.6 2.5 1.5 2.5 2.4 1.5 2.5 2.4
M6a 1.4 2.4 2.3 1.5 2.5 2.4 1.5 2.5 2.4

1.2 M3a 2.5 2.3 2.4 2.5 2.5 2.5
M4 2.0 2.5 2.9 2.0 2.9 2.5 2.0 2.5 2.5
M5 1.4 2.0 2.5 2.6 1.5 2.0 2.4 2.5 1.5 2.0 2.5 2.5
M6a 1.6 2.0 2.5 2.3 1.5 2.0 2.4 2.5 1.5 2.0 2.5 2.5
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Table 4.3.5-34
Kruskal-Wallis Test
Mean Ranks of Power Results for Five Groups, a .05, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| -------
EA

— 4 th -----
EB ML

- -  I
SS EA

. . . . 3rd —  
EB ML

------ |
SS EA

—  2nd 
EB ML

- - 1 
SS

0.2 M3a 1.0 1.1 2.0
M4 4.0 3.0 4.0 3.0 4.0 3.0
M5 1.0 2.0 1.0 1.3 2.1 1.0 1.5 2.0 1.5
M6a 2.0 3.0 2.0 1.8 2.8 2.0 1.5 2.0 1.5

0.5 M3a 1.8 2.0 2.4
M4 2.3 3.3 3.0 1.8 3.3 2.8 2.3 2.9 2.5
M5 1.5 2.3 2.4 1.6 1.5 2.3 2.4 1.8 1.5 2.0 2.4 1.8
M6a 1.5 1.5 2.6 1.4 1.5 2.0 2.4 1.5 1.5 1.8 2.4 1.8

0.8 M3a 2.4 2.5 2.5
M4 2.9 2.3 2.5 2.3 2.5 2.0
M5 1.5 2.4 2.0 1.5 2.5 1.9 1.5 2.5 2.0
M6a 1.5 2.4 1.8 1.5 2.5 1.9 1.5 2.5 2.0

1.2 M3a 2.5 2.5 2.5
M4 2.0 2.5 2.0 2.0 2.5 2.0 2.0 2.5 2.0
M5 1.5 2.0 2.5 2.0 1.5 2.0 2.5 2.0 1.5 2.0 2.5 2.0
M6a 1.5 2.0 2.5 2.0 1.5 2.0 2.5 2.0 1.5 2.0 2.5 2.0
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Table 4.3.5-35
Kruskal-Wallis Test
Mean Ranks of Power Results for Six Groups, a .05, by 
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| ----------

EA
— 4 th -----
EB ML

I
SS EA

—  3rd —  
EB ML

--------- |
SS EA

—  2nd 
EB ML

. . . . .  | 
SS

0.2 M3a 1.0 1.1 2.1
M4 4.0 3.0 4.0 3.0 3.6 3.0
M5 1.1 2.0 1.0 1.3 2.3 1.1 1.4 2.1 1.4
M6a 1.9 3.0 2.0 1.8 2.6 1.9 1.6 2.1 1.6

0.5 M3a 2.0 2.1 2.5
M4 2.0 3.3 2.8 2.1 2.9 2.4 2.0 2.5 2.5
M5 1.6 2.3 2.5 1.8 1.5 2.1 2.5 2.0 1.5 2.0 2.5 1.8
M6a 1.4 1.8 2.3 1.5 1.5 1.8 2.5 1.6 1.5 2.0 2.5 1.8

0.8 M3a 2.5 2.5 2.5
M4 2.5 2.0 2.5 2.0 2.5 2.0
M5 1.5 2.5 2.0 1.5 2.5 2.0 1.5 2.5 2.0
M6a 1.5 2.5 2.0 1.5 2.5 2.0 1.5 2.5 2.0

1.2 M3a 2.5 2.5 2.5
M4 2.0 2.5 2.0 2.0 2.5 2.0 2.0 2.5 2.0
M5 1.5 2.0 2.5 2.0 1.5 2.0 2.5 2.0 1.5 2.0 2.5 2.0
M6a 1.5 2.0 2.5 2.0 1.5 2.0 2.5 2.0 1.5 2.0 2.5 2.0
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Table 4.3.5-36
Kruskal-Wallis Test
Mean Ranks of Power Results for Three Groups, a. 01, by 
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| ----------

EA
-—4th
EB ML SS EA

—- 3rd —  
EB ML SS * m 

i
> 

i i—- 2nd 
EB ML

. . . . .  | 
SS

M3a 1.5 1.8 2.3
M4 2.4 3.8 2.5 3.7 2.4 3.2
M5 1.4 1.8 1.9 1.3 1.3 1.7 2.0 1.3 1.4 1.6 2.3 1.5
M6a 1.6 1.8 2.8 1.7 1.7 1.8 2.5 1.7 1.6 2.1 2.3 1.5

Table 4.3.5-37
Kruskal-Wallis Test

Mean Ranks of Power Results for Four Groups, a .01, by 
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| ---------

EA
— 4th 
EB ML SS

| ---------

EA
. . . .  3rcj 
EB ML SS 1EA

... 2nd 
EB ML

. . . . .  | 
SS

M3a 1.6 1.5 1.7 1.6 2.3 1.9
M4 2.3 3.5 3.5 2.4 3.4 3.5 2.3 3.1 3.3
M5 1.4 2.3 2.3 2.2 1.3 2.1 2.5 2.2 1.5 1.8 2.2 2.4
M6a 1.6 1.5 2.6 2.7 1.7 1.5 2.4 2.7 1.5 1.9 2.3 2.3
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Table 4.3.5-38
Kruskal-Wallis Test
Mean Ranks of Power Results for Five Groups, a .01, by 
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| ----------

EA
— 4th 
EB ML

. . . . .  | 
SS EA

—  3rd —  
EB ML ss 11 EA

—  2nd 
EB ML

. . . . .  | 
SS

M3a 1.8 1.7 2.0 1.8 2.4 2.1
M4 2.1 3.3 3.3 2.1 3.2 3.3 2.1 2.8 3.3
M5 1.4 2.1 2.3 2.4 1.4 2.0 2.4 2.3 1.5 1.9 2.4 2.3
M6a 1.6 1.8 2.6 2.5 1.6 1.9 2.4 2.6 1.5 2.0 2.4 2.4

Table 4.3.5-39
Kruskal-Wallis Test
Mean Ranks of Power Results for Six Groups, a .01, by 
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| -------
EA

— 4th —  
EB ML SS

| -------
EA

. . . .  3rd----------|
EB ML SS 1 EA

... 2nd 
EB ML

. . . . .  | 
SS

M3a 2.0 2.1 2.4
M4 2.0 3.1 2.4 2.0 3.0 2.4 2.0 2.9 2.3
M5 1.3 2.1 2.4 1.7 1.4 2.1 2.4 1.7 1.5 2.0 2.4 1.8
M6a 1.7 1.9 2.6 1.9 1.6 1.9 2.5 1.9 1.5 2.0 2.4 1.9
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Table 4.3.5-40
Kruskal-Wallis Test
Mean Ranks of Power Results for Three Groups, a. 05, by 
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| ---------

EA
— 4th 
EB ML

- - -  I
SS EA

—  3rd —  
EB ML ss 1EA

—  2nd 
EB ML

. . . . .  | 
SS

M3a 1.5 1.3 1.6 1.5 2.1 1.8
M4 2.6 3.8 3.8 2.7 3.7 3.7 2.6 3.3 3.4
M5 1.4 1.9 2.0 2.2 1.3 1.8 2.0 2.1 1.4 1.7 2.3 2.3
M6a 1.6 1.5 2.7 2.7 1.7 1.5 2.7 2.7 1.6 1.8 2.3 2.4

Table 4.3.5-41
Kruskal-Wallis Test
Mean Ranks of Power Results for Four Groups, a ,05, by 
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| ---------

EA
— 4th 
EB ML SS

| ---------

EA
—  3rd 
EB ML ss 1EA

. . .  2nd 
EB ML

. . . . .  | 
SS

M3a 1.7 1.6 1.7 1.6 2.3 1.8
M4 2.2 3.3 3.5 2.3 3.4 3.4 2.1 3.2 3.3
M5 1.4 2.1 2.4 2.4 1.3 2.0 2.3 2.3 1.5 1.9 2.3 2.4
M6a 1.6 1.7 2.6 2.5 1.7 1.8 2.6 2.6 1.5 1.9 2.3 2.5
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Table 4.3.5-42
Kruskal-Wallis Test
Mean Ranks of Power Results for Five Groups, a .05, by 
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| --------

EA
— 4th 
EB ML

- - -  I
SS

--------

EA
—  3rd —  
EB ML ss 1EA

—  2nd —- 
EB ML

. . . . .  | 
SS

M3a 1.9 2.0 2.3
M4 2.1 3.2 2.6 1.9 3.1 2.5 2.1 3.0 2.4
M5 1.4 2.1 2.3 1.7 1.4 2.1 2.4 1.7 1.5 2.0 2.3 1.8
M6a 1.6 1.8 2.6 1.8 1.6 2.0 2.5 1.8 1.5 1.9 2.3 1.8

Table 4.3.5-43
Kruskal-Wallis Test
Mean Ranks of Power Results for Six Groups, a .05, by 
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| ------
EA

-—4th
EB ML SS

| ------
EA

.... 3 rd----------|
EB ML SS EA

— 2nd 
EB ML

..... | 
SS

M3a 2.0 2.1 2.4
M4 2.0 3.1 2.4 2.1 3.0 2.3 2.0 2.8 2.4
M5 1.4 2.1 2.4 1.7 1.4 2.1 2.4 1.8 1.5 2.0 2.4 1.8
M6a 1.6 1.9 2.6 1.9 1.6 1.9 2.5 1.9 1.5 2.0 2.4 1.8
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Table 4.3.5-44
Kruskal-Wallis Test
Analysis of Mean Ranks of Power Results
Number of First Place Finishes by Distribution
Across Nominal Alpha and Groups (.01 4, .01 5, .05 3, .05 4)

Decimal | --------------4th   | |   2nd--------------
Method 3a 4 5 6a 3a 4 5 6a

By Initial Sample Size Across Nominal Effect Size Multiplier

EA 11.50 4.50 10.50 5.50
EB 3.33 2.83 9.83 2.67 8.17 5.17
ML 16.00 0.00 0.00 0.00 6.25 0.25 5.25 4.25
SS 16.00 0.00 0.00 0.00 14.33 0.00 0.83 0.83

By Nominal Effect Size Multiplier Across Initial Sample Size

EA 8.50 7.50 10.00 6.00
EB 0.67 1.17 6.17 1.00 4.50 2.50
ML 13.50 0.50 1.50 0.50 5.17 1.50 5.17 4.17
SS 14.75 0.25 0.25 0.75 9.67 1.00 2.67 2.67

Across Nominal Effect Size Multiplier and Initial Sample Size

EA 4.00 0.00 2.50 1.50
EB 0.00 0.00 4.00 0.00 3.50 0.50
ML 4.00 0.00 0.00 0.00 1.67 0.00 1.67 0.67
SS 4.00 0.00 0.00 0.00 4.00 0.00 0.00 0.00
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Table 4.3.5-45
Kruskal-Wallis Test
Analysis of Mean Ranks of Power Results 
Number of First Place Finishes by Distribution 
Across Nominal Alpha and Groups (.01 6, .05 5, .05 6)

Decimal | -------------- 4th   | |   2nd--------------
Method 3a 4 5 6a 3a 4 5 6a

By Initial Sample Size Across Nominal Effect Size Multiplier

EA 11.00 1.00 7.00 5.00
EB 2.67 2.67 6.67 3.67 4.67 3.67
ML 12.00 0.00 0.00 0.00 3.92 0.25 3.92 3.92
SS 0.00 10.00 2.00 0.00 7.00 5.00

By Nominal Effect Size Multiplier Across Initial Sample Size

EA 7.50 4.50 7.00 5.00
EB 1.00 1.00 4.00 1.67 1.67 2.67
ML 7.58 1.25 1.58 1.58 3.42 1.75 3.42 3.42
SS 1.67 5.17 5.17 2.00 6.50 3.50

Across Nominal Effect Size Multiplier and Initial Sample Size

EA 3.00 0.00 1.50 1.50
EB 0.00 0.00 3.00 0.67 0.67 1.67
ML 3.00 0.00 0.00 0.00 1.00 0.00 1.00 1.00
SS 0.00 3.00 0.00 0.00 2.00 1.00
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Table 4.3.5-46
Kruskal-Wallis Test
Analysis of Mean Ranks of Power Results
Across Nominal Alpha and Groups (.01 4, .01 5, .05 3, .05 4) and Distributions

Decimal | --------------4th   | |   2nd--------------
Method 3a 4 5 6a 3a 4 5 6a

By Initial Sample Size across Nominal Effect Size Multiplier

MP1i 32 48 64 64 32 48 64 64
N1Mi 32.00 3.33 14.33 14.33 20.58 2.92 24.75 15.75
PoM 1.000 0.069 0.224 0.224 0.643 0.061 0.387 0.246
PoT 0.500 0.052 0.224 0.224 0.322 0.046 0.387 0.246

By Nominal Effect Size Multiplier across Initial Sample Size

MP1i 56 40 56 56 56 40 56 56
N1Mi 28.25 1.42 11.42 14.92 14.83 3.50 22.33 15.33
PoM 0.883 0.035 0.204 0.266 0.464 0.088 0.399 0.274
PoT 0.504 0.025 0.204 0.266 0.265 0.063 0.399 0.274

By Initial Sample Size and Nominal Effect Size Multiplier

MP1i 8 12 16 16 8 12 16 16
N1Mi 8.0 0.0 4.0 4.0 5.67 0.00 7.67 2.67
PoM 1.000 0.000 0.250 0.250 0.708 0.000 0.479 0.167
PoT 0.500 0.000 0.250 0.250 0.354 0.000 0.479 0.167

Key: MP1i: Maximum possible 1st place finishes for each method
N1Mi: Actual number of 1st place finishes for each method (ties count 1/n) 
PoM: Proportion of Maximum Possible { N1 Mi I MP1 i }
PoT: Proportion of total 1st place finishes { N1 Mi / 2(N 1 M i)}
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Table 4.3.4-47
Kruskal-Wallis Test
Analysis of Mean Ranks of Power Results
Across Nominal Alpha and Groups (.01 6, .05 5, .05 6) and Distributions

Decimal | --------------4th   | |   2nd--------------
Method 3a 4 5 6a 3a 4 5 6a

By Initial Sample Size across Nominal Effect Size Multiplier

MP1i 12 36 48 48 12 36 48 48
N1 Mi 12.00 2.67 23.67 9.67 3.92 3.92 22.58 17.58
PoM 1.000 0.074 0.493 0.201 0.326 0.109 0.470 0.366
PoT 0.250 0.056 0.493 0.201 0.082 0.082 0.470 0.366

By Nominal Effect Size Multiplier across Initial Sample Size

MP1i 12 30 42 42 12 30 42 42
N1Mi 7.58 3.92 15.25 15.25 < 3.42 5.42 18.58 14.58
PoM 0.632 0.131 0.363 0.363 0.285 0.181 0.442 0.347
PoT 0.181 0.093 0.363 0.363 0.081 0.129 0.442 0.347

By Initial Sample Size and Nominal Effect Size Multiplier

MP1i 3 9 12 12 3 9 12 12
N1Mi 3.0 0.0 6.0 3.0 1.00 0.67 5.17 5.17
PoM 1.000 0.000 0.500 0.250 0.333 0.074 0.431 0.431
PoT 0.250 0.000 0.500 0.250 0.083 0.056 0.431 0.431

Key: MP1i: Maximum possible 1st place finishes for each method
N1Mi: Actual number of 1st place finishes for each method (ties count 1/n) 
PoM: Proportion of Maximum Possible { N1 Mi / MP1 i }
PoT: Proportion of total 1st place finishes { N1Mi / £(N1Mi)}
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4.3.6 -  Terpstra-Jonckheere Test (three to six groups)

Based on the Type I error results, power results for the Terpstra- 

Jonckheere Test are only presented for the combinations of alpha level, 

distribution and method shown in Table 4.3.6-1.

Table 4.3.6-1
Terpstra-Jonckheere Test for Three to Six Groups
Power and Type III Error for a. 01 and .05
Method /  Distribution Combinations with Acceptable Type I Error

Alpha | ------
Dist Norm 
Method

EA
— .01 

EB ML SS
- I —

Norm EA
--  .05 

EB ML
—  I

SS

Three Groups
M3a X X X X X
M4 X X X X X
M5 X X X X X
M6a X X X X X

Four Groups
M3a x X X X X X X X X X
M4 x X X X X X X X X X
M5 x X X X X X X X X X
M6a x X X X X X X X X X

Five Groups
M3a x X X X X X X X X X
M4 x X X X X X X X X X
M5 x X X X X X X X X X
M6a x X X X X X X X X X

Six Groups
M3a x X X X X X X X X X
M4 x X X X X X X X X X
M5 x X X X X X X X X X
M6a x X X X X X X X X X

Power results for the Terpstra-Jonckheere Test at nominal alpha .01 and 

.05 are summarized in Table 4.3.6-2 and 4.3.6-3. These tables present the 

range of values obtained (minimum and maximum) based on the results
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presented in Tables 4.3.6-4 through 4.3.6-23. The concept of Type III error does 

not apply to the Terpstra-Jonckheere Test as it is an inherently directional test 

against an ordered alternative hypothesis.

Table 4.3.6-2
Terpstra-Jonckheere Test for Three to Six Groups 
Range of Power for a .01

Min/Max | ----------------- m in------------------ | -------------------- m ax----------------
(ISS = 2, NESM = 0.2) (ISS = 10, NESM = 1.2)

Dist Norm EA EB* ML SS Norm EA EB ML SS
Grps | Mthd

Three Groups 
M3a 
M4 
M5 
M6a

Four Groups
M3a .0178 .0203 .0905 .0136 .0130 .+ .+ .+ .+ .+
M4 .0178 .0284 .1135 .0166 .0181 .+ .+ .+ .+ .+
M5 .0178 .0284 .1104 .0163 .0179 .+ .+ .+ .+ .+
M6a .0178 .0203 .0905 .0136 .0130 .+ .+ .+ .+ .+

Five Groups
M3a .0514 .0723 .3074 .0401 .0439 .+ .+ .+ .+ .+
M4 .0514 .0857 .3414 .0465 .0536 .+ .+ .+ .+ .+
M5 .0514 .0838 .3401 .0453 .0518 .+ .+ .+ .+ .+
M6a .0514 .0723 .3074 .0401 .0439 .+ .+ .+ .+ .+

Six Groups
M3a .0867 .1289 .6120 .0648 .0777 .+ .+ .+ .+ .+
M4 .0867 .1483 .6534 .0740 .0921 .+ .+ .+ .+ .+
M5 .0867 .1408 .6362 .0711 .0868 .+ .+ .+ .+ .+
M6a .0867 .1289 .6120 .0648 .0777 .+ .+ .+ .+ .+

* ESM = 0.5, .+ = 1.0000
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Table 4.3.6-3
Terpstra-Jonckheere Test for Three to Six Groups
Range of Power for a  .05

Min/Max

Dist
Grps | Mthd

i . m a y  — I
(ISS = 

Norm EA

11 h i i |

2, NESM = 0.2)
EB* ML SS

(ISS = 10, 
Norm EA

11ICIA

NESM
EB

= 1.2) 
ML

I

SS

Three Groups 
M3a .0640 .0652 .1654 .0544 .0510 .9996 .9996 .9999 .9996 .9998
M4 .0640 .0837 .2040 .0610 .0637 .9996 .9995 .9997 .9996 .9997
M5 .0640 .0815 .1957 .0611 .0641 .9996 .9995 .9996 .9996 .9998
M6a .0640 .0652 .1654 .0544 .0510 .9996 .9996 .9999 .9996 .9998

Four Groups
M3a .1308 .1538 .3973 .1097 .1132 . + . + . + .+ .+
M4 .1308 .1687 .4237 .1191 .1258 . + . + . + . + . +

M5 .1308 .1749 .4388 .1206 .1310 . + . + . + . + . +

M6a .1308 .1538 .3973 .1097 .1132 . + . + . + . + . +

Five Groups
M3a .1680 .2154 .6308 .1387 .1521 . + . + . + . + . +

M4 .1680 .2319 .6358 .1506 .1659 .+ . + . + . + . +

M5 .1680 .2336 .6548 .1504 .1678 . + . + . + . + . +

M6a .1680 .2154 .6308 .1387 .1521 . + . + . + . + . +

Six Groups
M3a .2428 .3159 .9082 .1967 .2285 . + . + .+ .+ .+
M4 .2428 .3386 .9132 .2118 .2473 .+ .+ .+ .+ .+
M5 .2428 .3308 .9065 .2082 .2431 .+ .+ .+ .+ .+
M6a .2428 .3159 .9082 .1967 .2285 .+ .+ .+ .+ .+

* ESM = 0.5, .+ = 1.0000

Up to the maximum of 1.0000, power tended to increase monotonically 

across methods and distributions with increases in initial sample size and/or 

effect size. Thus, minimum power usually occurred at initial sample size 2 at 

nominal ESM 0.2, with maximum power at initial sample size 10 and nominal 

ESM 1.2, if not sooner. Power results typically reached 1.0000 prior to a nominal 

effect size multiplier of 1.2 and initial sample size of 10. This was because the
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effect shift was applied between each pair of adjacent groups. Thus for six 

groups at nominal effect size multiplier 0.2, the nominal effect size multiplier 

between groups 1 and 6 (lowest and highest scores) was actually 1.0, 

irrespective of the sample size. At nominal effect size multiplier 1.2, the nominal 

effect size multiplier between these same two groups was 6.0. Under these 

conditions the test was going to be very powerful even with small sample sizes.

Tables 4.3.6-4 through 4.3.6-23 give the power results for the Terpstra- 

Jonckheere Test for both alpha .01 and .05. There is a table for each 

combination of number of groups {3, 4, 5, 6}, and nominal effect size multiplier 

{0.2, 0.5, 0.8, 1.2}. Each table covers all methods for initial sample sizes {2, 4, 6, 

8, 10}. Results are not reported for distribution EB with nominal ESM 0.2 as the 

actual ESM = 0.0 (no shift), which is just Type I error. Also for distribution EB, 

results are not reported for nominal ESM 0.8 as the actual ESM = 0.592, the 

same as the actual ESM for nominal ESM 0.5. Results for the normal distribution 

are included and are essentially identical across methods for a fixed initial 

sample size and effect size. This is to be expected in the absence of ties and 

demonstrates that the simulations worked correctly.

A ranking analysis of the results is presented in Tables 4.3.6-24 through 

4.3.6-35. These summaries were obtained by ranking the power results from 

Tables 4.3.6-3 through 4.3.6-22 to four decimal places (as reported), to three 

decimal places and to two decimal places.
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Table 4.3.6-4
Terpstra-Jonckheere Test (Three Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.2

Alpha 
Distribution 
ISS Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------- .05
EA EB ML

-------|
SS

2 M3a .0640 .0652 .0544 .0510
M4 .0640 .0837 .0610 .0637
M5 .0640 .0815 .0611 .0641
M6a .0640 .0652 .0544 .0510

4 M3a .0322 .0416 .0265 .0279 .1203 .1503 .1053 .1102
M4 .0322 .0450 .0283 .0296 .1203 .1526 .1086 .1106
M5 .0322 .0477 .0294 .0320 .1203 .1631 .1131 .1202
M6a .0322 .0412 .0265 .0279 .1203 .1503 .1053 .1102

6 M3a .0418 .0628 .0359 .0390 .1556 .2114 .1395 .1488
M4 .0418 .0628 .0361 .0377 .1556 .2037 .1382 .1421
M5 .0418 .0679 .0382 .0421 .1556 .2199 .1448 .1553
M6a .0418 .0628 .0359 .0390 .1556 .2114 .1395 .1488

8 M3a .0549 .0889 .0469 .0523 .1801 .2569 .1621 .1751
M4 .0549 .0851 .0457 .0487 .1801 .2424 .1580 .1641
M5 .0549 .0933 .0487 .0548 .1801 .2630 .1660 .1802
M6a .0549 .0889 .0469 .0523 .1801 .2569 .1621 .1751

10 M3a .0623 .1067 .0541 .0603 .2101 .3050 .1914 .2065
M4 .0623 .1000 .0519 .0554 .2101 .2843 .1852 .1921
M5 .0623 .1102 .0556 .0624 .2101 .3096 .1946 .2106
M6a .0623 .1067 .0541 .0603 .2101 .3050 .1914 .2065
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Table 4.3.6-5
Terpstra-Jonckheere Test (Three Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.5

Alpha | -----------------  .01------------------- |-------------------  .05----------------
Distribution Norm EA EB ML SS Norm EA EB ML SS 
/SS Mthd

2 M3a .1437 .2056 .1654 .1374 .0926
M4 .1437 .2307 .2040 .1484 .1120
M5 .1437 .2299 .1957 .1484 .1120
M6a .1437 .2056 .1654 .1374 .0926

4 M3a .1272 .2342 .1736 .1216 .0749 .3377 .4919 .4302 .3337 .2360
M4 .1272 .2389 .1856 .1276 .0788 .3377 .4904 .4339 .3409 .2360
M5 .1272 .2504 .1944 .1305 .0842 .3377 .5081 .4502 .3471 .2512
M6a .1272 .2342 .1736 .1216 .0749 .3377 .4919 .4302 .3337 .2360

6 M3a .2097 .3906 .3162 .2102 .1259 .4770 .6737 .6152 .4828 .3453
M4 .2097 .3796 .3188 .2122 .1225 .4770 .6585 .6057 .4829 .3334
M5 .2097 .4001 .3279 .2178 .1327 .4770 .6804 .6208 .4915 .3545
M6a .2097 .3906 .3162 .2102 .1259 .4770 .6737 .6152 .4828 .3453

8 M3a .3054 .5413 .4593 .3121 .1869 .5826 .7861 .7344 .5913 .4283
M4 .3054 .5191 .4553 .3099 .1774 .5826 .7668 .7220 .5871 .4103
M5 .3054 .5468 .4662 .3179 .1924 .5826 .7892 .7356 .5967 .4345
M6a .3054 .5413 .4593 .3121 .1869 .5826 .7861 .7344 .5913 .4283

10 M3a .3835 .6496 .5663 .3945 .2349 .6777 .8670 .8241 .6892 .5125
M4 .3835 .6215 .5582 .3892 .2212 .6777 .8487 .8118 .6831 .4912
M5 .3835 .6527 .5698 .3989 .2394 .6777 .8681 .8232 .6925 .5165
M6a .3835 .6496 .5663 .3945 .2349 .6777 .8670 .8241 .6892 .5125

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



353

Table 4.3.6-6
Terpstra-Jonckheere Test (Three Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.8

Mipna 
Distribution 
ISS Mthd

I --------
Norm

------------ .U I
EA EB ML

---------I
SS Norm

-----------  .uo
EA EB ML

-------I
SS

2 M3a .2659 .3585 .2484 .2322
M4 .2659 .3832 .2621 .2658
M5 .2659 .3835 .2623 .2656
M6a .2659 .3585 .2484 .2322

4 M3a .3270 .4908 .3090 .3069 .6274 .7585 .6178 .6139
M4 .3270 .4946 .3185 .3158 .6274 .7572 .6244 .6130
M5 .3270 .5084 .3241 .3278 .6274 .7699 .6321 .6301
M6a .3270 .4908 .3090 .3069 .6274 .7585 .6178 .6139

6 M3a .5397 .7276 .5322 .5314 .8145 .9119 .8143 .8120
M4 .5397 .7171 .5339 .5231 .8145 .9053 .8130 .8019
M5 .5397 .7348 .5425 .5416 .8145 .9145 .8201 .8167
M6a .5397 .7256 .5322 .5314 .8145 .9119 .8143 .8120

8 M3a .7169 .8726 .7195 .7152 .9073 .9672 .9106 .9079
M4 .7169 .8604 .7156 .7012 .9073 .9624 .9079 .8991
M5 .7169 .8747 .7248 .7196 .9073 .9676 .9127 .9091
M6a .7169 .8726 .7195 .7152 .9073 .9672 .9106 .9079

10 M3a .8252 .9399 .8288 .8261 .9576 .9894 .9598 .9588
M4 .8252 .9307 .8239 .8125 .9576 .9869 .9878 .9533
M5 .8252 .9405 .8315 .8278 .9576 .9895 .9606 .9591
M6a .8252 .9399 .8288 .8261 .9576 .9894 .9598 .9588
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Table 4.3.6-7
Terpstra-Jonckheere Test (Three Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 1.2

Alpha | -----------------  .01------------------- |-------------------  .05----------------
Distribution Norm EA EB ML SS Norm EA EB ML SS 
/SS Mthd

2 M3a .4715 .4981 .3108 .3822 .4325
M4 .4715 .5206 .3533 .3990 .4732
M5 .4715 .5209 .3537 .3991 .4728
M6a .4715 .4981 .3108 .3822 .4325

4 M3a .6741 .7125 .5345 .5877 .6607 .9034 .9089 .8682 .8758 .9036
M4 .6741 .7149 .5270 .5988 .6701 .9034 .9077 .8502 .8784 .9031
M5 .6741 .7267 .5711 .6049 .6801 .9034 .9144 .8741 .8840 .9096
M6a .6741 .7125 .5345 .5877 .6607 .9034 .9089 .8682 .8758 .9036

6 M3a .9022 .9146 .8548 .8674 .9064 .9843 .9846 .9839 .9804 .9861
M4 .9022 .9094 .8404 .8670 .9020 .9843 .9829 .9779 .9795 .9846
M5 .9022 .9176 .8553 .8732 .9094 .9843 .9852 .9800 .9813 .9864
M6a .9022 .9146 .8548 .8674 .9064 .9843 .9846 .9839 .9804 .9861

8 M3a .9775 .9801 .9704 .9688 .9804 .9975 .9974 .9983 .9969 .9980
M4 .9775 .9771 .9641 .9674 .9782 .9975 .9969 .9972 .9966 .9976
M5 .9775 .9805 .9661 .9699 .9806 .9975 .9974 .9971 .9970 .9980
M6a .9775 .9801 .9704 .9688 .9804 .9975 .9974 .9983 .9969 .9980

10 M3a .9949 .9953 .9944 .9929 .9959 .9996 .9996 .9999 .9996 .9998
M4 .9949 .9941 .9924 .9922 .9951 .9996 .9995 .9997 .9996 .9997
M5 .9949 .9953 .9921 .9931 .9959 .9996 .9996 .9996 .9996 .9998
M6a .9949 .9953 .9944 .9929 .9959 .9996 .9996 .9999 .9996 .9998
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Table 4.3.6-8
Terpstra-Jonckheere Test (Four Groups), Power for a . 01 and .05
Nominal Effect Size Multiplier 0.2

Alpha 
Distribution 
ISS Mthd

| --------
Norm

----------  .01
EA EB ML SS Norm

---------  .05
EA EB ML

-------|
SS

2 M3a .0178 .0203 .0136 .0130 .1308 .1538 .1097 .1132
M4 .0178 .0284 .0166 .0181 .1308 .1687 .1191 .1258
M5 .0178 .0284 .0163 .0179 .1308 .1749 .1206 .1310
M6a .0178 .0203 .0136 .0130 .1308 .1538 .1097 .1132

4 M3a .0615 .0947 .0502 .0570 .1807 .2494 .1570 .1726
M4 .0615 .0961 .0524 .0579 .1807 .2455 .1593 .1696
M5 .0615 .1020 .0537 .0616 .1807 .2594 .1637 .1814
M6a .0615 .0947 .0502 .0570 .1807 .2494 .1570 .1726

6 M3a .0848 .1440 .0699 .0814 .2594 .3684 .2277 .2538
M4 .0848 .1386 .0699 .0781 .2594 .3525 .2251 .2420
M5 .0848 .1490 .0723 .0851 .2594 .3747 .2322 .2594
M6a .0848 .1440 .0699 .0814 .2594 .3684 .2277 .2538

8 M3a .1187 .2078 .0977 .1152 .3208 .4595 .2833 .3173
M4 .1187 .1953 .0955 .1082 .3208 .4354 .2772 .3007
M5 .1187 .2121 .0998 .1184 .3208 .4632 .2865 .3211
M6a .1187 .2078 .0977 .1152 .3208 .4595 .2833 .3173

10 M3a .1549 .2733 .1275 .1512 .3811 .5419 .3360 .3772
M4 .1549 .2533 .1235 .1409 .3811 .5111 .3277 .3571
M5 .1549 .2766 .1292 .1537 .3811 .5442 .3388 .3802
M6a .1549 .2733 .1275 .1512 .3811 .5419 .3360 .3772
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Table 4.3.6-9
Terpstra-Jonckheere Test (Four Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.5

Alpha 
Distribution 
ISS Mthd

| --------
Norm EA

- .01 ■ 
EB ML

---------|
SS Norm EA

■ .05 - 
EB ML

-------|
SS

2 M3a .0771 .1435 .0905 .0697 .0386 .3688 .4841 .3973 .3421 .2482
M4 .0771 .1677 .1135 .0781 .0509 .3688 .5050 .4237 .3580 .2688
M5 .0771 .1677 .1104 .0772 .0503 .3688 .5100 .4388 .3603 .2759
M6a .0771 .1435 .0905 .0697 .0386 .3688 .4841 .3973 .3421 .2482

4 M3a .3504 .5451 .4467 .3309 .2106 .6174 .7754 .7185 .5996 .4473
M4 .3504 .5438 .4464 .3385 .2119 .6174 .7706 .7098 .6038 .4414
M5 .3504 .5555 .4606 .3421 .2208 .6174 .7817 .7250 .6098 .4584
M6a .3504 .5451 .4467 .3309 .2106 .6174 .7754 .7185 .5996 .4473

6 M3a .5439 .7604 .6825 .5261 .3448 .8120 .9247 .9013 .8015 .6423
M4 .5439 .7477 .6741 .5261 .3352 .8120 .9175 .8944 .7995 .6270
M5 .5439 .7638 .6850 .5322 .3511 .8120 .9257 .8994 .8051 .6468
M6a .5439 .7604 .6825 .5261 .3448 .8120 .9247 .9013 .8015 .6423

8 M3a .7152 .8915 .8455 .7004 .4897 .9077 .9744 .9653 .9010 .7657
M4 .7152 .8791 .8386 .6970 .4732 .9077 .9698 .9620 .8986 .7498
M5 .7152 .8923 .8439 .7036 .4936 .9077 .9744 .9630 .9025 .7673
M6a .7152 .8915 .8455 .7004 .4897 .9077 .9744 .9653 .9010 .7657

10 M3a .8328 .9550 .9317 .8222 .6176 .9566 .9919 .9886 .9530 .8513
M4 .8328 .9464 .9272 .8181 .5985 .9566 .9898 .9872 .9511 .8375
M5 .8328 .9553 .9291 .8237 .6198 .9566 .9919 .9874 .9533 .8518
M6a .8328 .9550 .9317 .8222 .6176 .9566 .9919 .9886 .9530 .8513
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Table 4.3.6-10
Terpstra-Jonckheere Test (Four Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.8

Alpha 
Distribution 
ISS Mthd

| --------

Norm
----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

2 M3a .2146 .3352 .1847 .1817 .6643 .7454 .6448 .6363
M4 .2146 .3647 .1995 .2178 .6643 .7600 .6609 .6608
M5 .2146 .3638 .1987 .2141 .6643 .7646 .6647 .6668
M6a .2146 .3352 .1847 .1817 .6643 .7454 .6448 .6363

4 M3a .7745 .8751 .7832 .7734 .9324 .9672 .9467 .9346
M4 .7745 .8728 .7871 .7731 .9324 .9654 .9466 .9315
M5 .7745 .8801 .7927 .7812 .9324 .9685 .9496 .9364
M6a .7745 .8751 .7832 .7734 .9324 .9672 .9467 .9346

6 M3a .9421 .9790 .9580 .9463 .9919 .9976 .9960 .9930
M4 .9421 .9763 .9565 .9423 .9919 .9971 .9957 .9919
M5 .9421 .9794 .9592 .9470 .9919 .9976 .9961 .9929
M6a .9421 .9790 .9580 .9463 .9919 .9976 .9960 .9930

8 M3a .9894 .9975 .9946 .9906 .9990 .9998 .9997 .9993
M4 .9894 .9969 .9941 .9892 .9990 .9998 .9997 .9991
M5 .9894 .9976 .9948 .9905 .9990 .9998 .9997 .9992
M6a .9894 .9975 .9946 .9906 .9990 .9998 .9997 .9993

10 M3a .9984 .9997 .9982 .9986 .9990 .9998 .9997 .9993
M4 .9984 .9996 .9994 .9984 .9999 .+ .+ .+
M5 .9984 .9997 .9995 .9986 .9999 .+ .+ .+

M6a .9984 .9997 .9995 .9986 .9990 .9998 .9997 .9993

+ = 1.0000
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Table 4.3.6-11
Terpstra-Jonckheere Test (Four Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 1.2

Alpha 
Distribution 
ISS Mthd

| ---------

Norm EA
- .01 
EB ML

----------

SS
----------

Norm m 
!

> 
! 1 1 1 1 .05 - 

EB ML
------- |

SS

2 M3a .4979 .5339 .2820 .3890 .4556 .9159 .9055 .9141 .9031 .9105
M4 .4979 .5619 .3416 .4125 .5071 .9159 .9129 .9020 .9106 .9213
M5 .4979 .5616 .3675 .4109 .4999 .9159 .9154 .9126 .9127 .9222
M6a .4979 .5339 .2820 .3890 .4556 .9159 .9055 .9141 .9031 .9105

4 M3a .9866 .9851 .9959 .9902 .9896 .9988 .9985 .+ .9997 .9993
M4 .9866 .9841 .9924 .9905 .9895 .9988 .9983 .9999 .9997 .9992
M5 .9866 .9859 .9920 .9910 .9900 .9988 .9986 .9998 .9997 .9993
M6a .9866 .9851 .9959 .9902 .9896 .9988 .9985 .+ .9997 .9993

6 M3a .9997 .9997 .+ .+ .9999 .+ .+ .+ .+ .+
M4 .9997 .9996 .+ .+ .9999 .+ .+ .+ .+ .+
M5 .9997 .9997 .+ .+ .9999 .+ .+ .+ .+ .+
M6a .9997 .9997 .+ .+ .9999 .+ .+ .+ .+ .+

8 M3a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

10 M3a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a 

+ = 1.0000

.+ .+ .+ .+ .+ .+ .+ .+ .+ .+
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Table 4.3.6-12
Terpstra-Jonckheere Test (Five Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.2

Alpha 
Distribution 
ISS Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

2 M3a .0514 .0723 .0401 .0439 .1680 .2154 .1387 .1521
M4 .0514 .0857 .0465 .0536 .1680 .2319 .1506 .1659
M5 .0514 .0838 .0453 .0518 .1680 .2336 .1504 .1678
M6a .0514 .0723 .0401 .0439 .1680 .2154 .1387 .1521

4 M3a .1028 .1699 .0811 .0974 .3005 .4109 .2559 .2924
M4 .1028 .1740 .0848 .1006 .3005 .4104 .2602 .2923
M5 .1028 .1766 .0847 .1026 .3005 .4184 .2624 .3001
M6a .1028 .1699 .0811 .0974 .3005 .4109 .2559 .2924

6 M3a .1816 .3010 .1451 .1776 .4218 .5703 .3632 .4171
M4 .1816 .2959 .1467 .1762 .4218 .5594 .3634 .4103
M5 .1816 .3060 .1478 .1817 .4218 .5735 .3674 .4212
M6a .1816 .3010 .1451 .1776 .4218 .5703 .3632 .4171

8 M3a .2534 .4142 .2021 .2499 .5193 .6845 .4510 .5153
M4 .2534 .4003 .2020 .2449 .5193 .6673 .4491 .5052
M5 .2534 .4169 .2043 .2529 .5193 .6858 .4536 .5180
M6a .2534 .4142 .2021 .2499 .5193 .6845 .4510 .5153

10 M3a .3299 .5236 .2647 .3282 .6040 .7728 .5286 .6027
M4 .3299 .5022 .2632 .3203 .6040 .7526 .5255 .5915
M5 .3299 .5254 .2666 .3306 .6040 .7728 .5304 .6041
M6a .3299 .5236 .2647 .3282 .6040 .7728 .5286 .6027
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Table 4.3.6-13
Terpstra-Jonckheere Test (Five Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.5

Alpha 
Distribution 
ISS Mthd

| --------
Norm EA

- .01 ■ 
EB ML

---------|
SS Norm EA

- .05 - 
EB ML

-------|
SS

2 M3a .2790 .4143 .3074 .2411 .1561 .5684 .6849 .6308 .5256 .3960
M4 .2790 .4427 .3414 .2605 .1803 .5684 .7020 .6358 .5441 .4175
M5 .2790 .4381 .3401 .2577 .1757 .5684 .7026 .6548 .5448 .4199
M6a .2790 .4143 .3074 .2411 .1561 .5684 .6849 .6308 .5256 .3960

4 M3a .6564 .8144 .7862 .6235 .4332 .8875 .9505 .9609 .8760 .7351
M4 .6564 .8143 .7835 .6303 .4385 .8875 .9493 .9567 .8773 .7330
M5 .6564 .8183 .7878 .6313 .4418 .8875 .9514 .9572 .8791 .7397
M6a .6564 .8144 .7862 .6235 .4332 .8875 .9505 .9609 .8760 .7351

6 M3a .8880 .9622 .9692 .8747 .6942 .9761 .9938 .9974 .9737 .8960
M4 .8880 .9595 .9671 .8745 .6902 .9761 .9930 .9968 .9732 .8918
M5 .8880 .9626 .9654 .8766 .6970 .9761 .9937 .9965 .9740 .8966
M6a .8880 .9622 .9692 .8747 .6942 .9761 .9938 .9974 .9737 .8960

8 M3a .9668 .9930 .9964 .9620 .8436 .9953 .9992 .9999 .9947 .9604
M4 .9668 .9918 .9960 .9614 .8383 .9953 .9991 .9998 .9945 .9576
M5 .9668 .9930 .9954 .9623 .8443 .9953 .9992 .9997 .9947 .9604
M6a .9668 .9930 .9964 .9620 .8436 .9953 .9992 .9999 .9947 .9604

10 M3a .9914 .9989 .9997 .9901 .9276 .9991 .+ .+ .9990 .9858
M4 .9914 .9986 .9996 .9898 .9235 .9991 .9999 .+ .9990 .9846
M5 .9914 .9988 .9995 .9902 .9272 .9991 .9999 .+ .9990 .9856
M6a 

+ = 1.0000

.9914 .9989 .9997 .9901 .9276 .9991 .+ .+ .9990 .9858
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Table 4.3.6-14
Terpstra-Jonckheere Test (Five Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.8

Alpha 
Distribution 
ISS Mthd

| ---------

Norm
---------- .01
EA EB ML

----------

SS Norm
---------  .05
EA EB ML

------- |
SS

2 M3a .6546 .7483 .6426 .6316 .8956 .9306 .9191 .8920
M4 .6546 .7685 .6673 .6686 .8956 .9356 .9266 .9025
M5 .6546 .7662 .6648 .6593 .8956 .9369 .9272 .9017
M6a .6546 .7483 .6426 .6316 .8956 .9306 .9191 .8920

4 M3a .9786 .9920 .9929 .9821 .9982 .9995 .9998 .9988
M4 .9786 .9914 .9930 .9823 .9982 .9994 .9998 .9987
M5 .9786 .9923 .9933 .9824 .9982 .9995 .9999 .9987
M6a .9786 .9920 .9929 .9821 .9982 .9995 .9998 .9988

6 M3a .9996 .9999 .+ .9997 .+ .+ .+ .+
M4 .9996 .9999 .+ .9997 .+ .+ .+ .+
M5 .9996 .9999 .+ .9997 .+ .+ .+ .+
M6a .9996 .9999 .+ .9997 .+ .+ .+ .+

8 M3a .+ .+ .+ .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+

10 M3a .+ .+ .+ .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+

+ = 1.0000

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



362

Table 4.3.6-15
Terpstra-Jonckheere Test (Five Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 1.2

Alpha 
Distribution 
ISS Mthd

| --------
Norm EA

- .01 
EB ML

---------
SS Norm EA

.05 - 
EB ML

------- |
SS

2 M3a .9446 .9374 .9667 .9468 .9461 .9952 .9947 .+ .9984 .9964
M4 .9446 .9450 .9677 .9546 .9570 .9952 .9953 .9996 .9987 .9972
M5 .9446 .9444 .9555 .9530 .9529 .9952 .9954 .9993 .9986 .9969
M6a .9446 .9374 .9667 .9468 .9461 .9952 .9947 .+ .9984 .9964

4 M3a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

6 M3a .+ .+ .+ .+ .+ .+ .+ .+ .+ ,+
M4 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ t+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+

8 M3a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

10 M3a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

+ = 1.0000
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Table 4.3.6-16
Terpstra-Jonckheere Test (Six Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.2

Alpha 
Distribution 
ISS Mthd

| --------
Norm

----------  .01
EA EB ML

---------|
SS Norm

---------  .05
EA EB ML

-------|
SS

2 M3a .0867 .1289 .0648 .0777 .2428 .3159 .1967 .2285
M4 .0867 .1483 .0740 .0921 .2428 .3386 .2118 .2473
M5 .0867 .1408 .0711 .0868 .2428 .3308 .2082 .2431
M6a .0867 .1289 .0648 .0777 .2428 .3159 .1967 .2285

4 M3a .1964 .3084 .1490 .1901 .4487 .5809 .3765 .4433
M4 .1964 .3203 .1564 .2006 .4487 .5889 .3853 .4519
M5 .1964 .3141 .1529 .1955 .4487 .5855 .3819 .4492
M6a .1964 .3084 .1490 .1901 .4487 .5809 .3765 .4433

6 M3a .3378 .5051 .2611 .3343 .6171 .7606 .5290 .6147
M4 .3378 .5074 .2679 .3423 .6171 .7597 .5349 .6190
M5 .3378 .5078 .2639 .3383 .6171 .7617 .5319 .6170
M6a .3378 .5051 .2611 .3343 .6171 .7606 .5290 .6147

8 M3a .4591 .6513 .3616 .4578 .7278 .8594 .6378 .7284
M4 .4591 .6454 .3679 .4637 .7278 .8540 .6426 .7303
M5 .4591 .6521 .3635 .4598 .7278 .8594 .6395 .7290
M6a .4591 .6513 .3616 .4578 .7278 .8594 .6378 .7284

10 M3a .5707 .7632 .4580 .5697 .8163 .9220 .7307 .8167
M4 .5707 .7518 .4637 .5737 .8163 .9123 .7346 .8177
M5 .5707 .7632 .4594 .5707 .8163 .9216 .7316 .8167
M6a .5707 .7632 .4580 .5697 .8163 .9220 .7307 .8167

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



364

Table 4.3.6-17
Terpstra-Jonckheere Test (Six Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.5

Alpha 
Distribution 
ISS Mthd

| --------

Norm EA
- .01 ■ 
EB ML

----------|
SS

|-----------
Norm EA

- .05 - 
EB ML SS

2 M3a .5243 .6581 .6120 .4694 .3223 .7958 .8672 .9082 .7716 .6140
M4 .5243 .6821 .6534 .4945 .3556 .7958 .8771 .9132 .7860 .6360
M5 .5243 .6734 .6362 .4890 .3417 .7958 .8744 .9065 .7846 .6293
M6a .5243 .6581 .6120 .4694 .3223 .7958 .8672 .9082 .7716 .6140

4 M3a .9162 .9649 .9914 .9115 .7393 .9855 .9948 .9999 .9871 .9236
M4 .9162 .9653 .9910 .9142 .7498 .9855 .9948 .9998 .9873 .9258
M5 .9162 .9655 .9882 .9136 .7432 .9855 .9948 .9996 .9874 .9244
M6a .9162 .9649 .9914 .9115 .7393 .9855 .9948 .9999 .9871 .9236

6 M3a .9922 .9981 .+ .9930 .9320 .9993 .9999 .+ .9995 .9878
M4 .9922 .9979 .+ .9931 .9341 .9993 .9999 .+ .9995 .9880
M5 .9922 .9981 .+ .9931 .9323 .9993 .9999 .+ .9995 .9878
M6a .9922 .9981 .+ .9930 .9320 .9993 .9999 .+ .9995 .9878

8 M3a .9993 .9999 .+ .9995 .9841 .+ .+ .+ .+ .9981
M4 .9993 .9999 .+ .9995 .9841 .+ .+ .+ .+ .9981
M5 .9993 .9999 .+ .9995 .9841 .+ .+ .+ .+ .9980
M6a .9993 .9999 .+ .9995 .9841 .+ .+ .+ .+ .9981

10 M3a .+ .+ .+ .+ .9967 .+ .+ .+ .+ .9997
M4 .+ .+ .+ .+ .9968 .+ .+ .+ .+ .9997
M5 .+ .+ .+ .+ .9967 .+ .+ .+ .+ .9997
M6a 

+ = 1.0000

.+ .+ .+ .+ .9967 .+ .+ .+ .+ .9997
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Table 4.3.6-18
Terpstra-Jonckheere Test (Six Groups), Power for a .01 and .05
Nominal Effect Size Multiplier 0.8

Alpha 
Distribution 
ISS Mthd

| --------
Norm

---------- .01
EA EB ML

---------
SS Norm

---------  .05
EA EB ML

-------|
SS

2 M3a .9181 .9519 .9517 .9207 .9885 .9949 .9979 .9909
M4 .9181 .9578 .9594 .9335 .9885 .9954 .9984 .9923
M5 .9181 .9562 .9571 .9267 .9885 .9953 .9982 .9913
M6a .9181 .9519 .9517 .9207 .9885 .9949 .9979 .9909

4 M3a .9998 .+ .+ .9999 .+ .+ .+ .+

M4 .9998 .+ .+ .9999 .+ .+ .+ .+
M5 .9998 .+ .+ .9999 .+ .+ .+ .+
M6a .9998 .+ .+ .9999 .+ .+ .+ .+

6 M3a .+ .+ .+ .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+

8 M3a .+ .+ .+ .+ .+ .+ .+ .+

M4 .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+

10 M3a .+ .+ .+ .+ .+ .+ .+ .+

M4 .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+

+ = 1.0000
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Table 4.3.6-19
Terpstra-Jonckheere Test (Six Groups), Power for a . 01 and .05
Nominal Effect Size Multiplier 1.2

Alpha 
Distribution 
ISS Mthd

| --------
Norm EA

- .01 
EB ML

---------

SS
---------
Norm EA

-  .05 
EB ML

--------- |
SS

2 M3a .9985 .9986 .+ .9997 .9992 .+ .+ .+ .+ .+
M4 .9985 .9989 .+ .9998 .9995 .+ .+ .+ .+ .+
M5 .9985 .9988 .9999 .9998 .9992 .+ .+ .+ .+ .+
M6a .9985 .9986 .+ .9997 .9992 .+ .+ .+ .+ .+

4 M3a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

6 M3a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+

8 M3a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ + .+ .+ .+ .+ .+ .+ .+ .+

10 M3a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M4 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M5 .+ .+ .+ .+ .+ .+ .+ .+ .+ .+
M6a .+ .+ .+ .+ .+ .+ .+ .+ .+ .+

+ = 1.0000
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There is no table for three groups at nominal alpha .01 as there was no 
data for this combination of test conditions.

Table 4.3.6-20
Terpstra-Jonckheere Test

Mean Ranks of Power Results for Four Groups, a. 01, by 
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| --------

EA
— 4th 
EB ML

. . . . .  |
SS EA

—  3rd —  
EB ML

------- |
SS

—  2nd--------|
EB ML SS

2 M3a 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5
M4 1.3 1.5 1.0 1.0 1.4 1.5 1.0 1.1 1.5 1.8 1.5
M5 1.8 1.5 2.0 2.0 1.6 1.5 2.0 1.9 1.5 1.3 1.5
M6a 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5

4 M3a 2.8 2.0 3.5 3.0 2.8 2.0 3.5 3.1 2.5 2.3 3.0
M4 3.5 3.5 2.0 3.0 3.5 3.8 1.9 2.4 3.4 3.3 2.0
M5 1.0 2.5 1.0 1.0 1.0 2.3 1.1 1.4 1.6 2.3 2.0
M6a 2.8 2.0 3.5 3.0 2.8 2.0 3.5 3.1 2.5 2.3 3.0

6 M3a 2.4 2.5 2.8 2.5 2.4 2.5 2.6 2.5 2.5 2.5 2.5
M4 4.0 3.3 3.1 3.6 3.6 3.3 3.0 3.6 3.0 3.3 2.5
M5 1.3 1.8 1.4 1.4 1.6 1.8 1.3 1.4 2.0 1.8 2.5
M6a 2.4 2.5 2.8 2.5 2.4 2.5 3.1 2.5 2.5 2.5 2.5

8 M3a 2.5 2.0 2.5 2.3 2.3 2.0 2.4 2.4 2.3 2.0 2.5
M4 3.6 3.3 3.6 3.6 3.6 3.3 3.6 3.6 3.3 3.0 2.5
M5 1.4 2.8 1.4 1.9 1.9 2.8 1.6 1.6 2.3 3.0 2.5
M6a 2.5 2.0 2.5 2.3 2.3 2.0 2.4 2.4 2.3 2.0 2.5

10 M3a 2.4 2.0 2.9 2.4 2.4 2.0 2.9 2.4 2.4 2.5 2.4
M4 3.6 3.3 3.4 3.6 3.3 3.3 3.4 3.6 3.3 2.5 2.9
M5 1.6 2.8 1.5 1.6 2.0 2.8 1.5 1.6 2.0 2.5 2.4
M6a 2.4 2.0 2.3 2.4 2.4 2.0 2.3 2.4 2.4 2.5 2.4
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Table 4.3.6-21
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Five Groups, a .01, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| -----
EA

— 4th 
EB ML

- - -  I
SS EA

.... 3rd —  
EB ML

----- |
SS !ir —  2nd 

EB ML
.... |
SS

2 M3a 3.5 3.0 3.5 3.3 3.5 3.0 3.5 3.5 3.4 2.8 3.3 3.4
M4 1.0 1.0 1.3 1.0 1.0 1.0 1.0 1.0 1.3 1.8 1.6 1.3
M5 2.0 3.0 1.8 2.5 2.0 3.0 2.0 2.0 2.0 2.8 1.9 2.0
M6a 3.5 3.0 3.5 3.3 3.5 3.0 3.5 3.5 3.4 2.8 3.3 3.4

4 M3a 2.8 2.5 3.3 3.3 2.8 2.5 3.0 3.0 2.8 2.3 2.8 2.8
M4 3.1 3.3 1.9 2.1 2.9 3.3 2.1 2.3 2.8 3.3 2.3 2.3
M5 1.4 1.8 1.6 1.4 1.6 1.8 1.9 1.8 1.8 2.3 2.3 2.3
M6a 2.8 2.5 3.3 3.3 2.8 2.5 3.0 3.0 2.8 2.3 2.8 2.8

6 M3a 2.5 2.0 2.8 2.5 2.5 2.0 2.9 2.5 2.6 2.5 2.6 2.6
M4 3.3 2.8 2.8 3.3 3.3 2.8 2.5 3.3 2.6 2.5 2.6 2.6
M5 1.8 3.3 1.8 1.8 1.8 3.3 1.8 1.8 2.1 2.5 2.1 2.1
M6a 2.5 2.0 2.8 2.5 2.5 2.0 2.9 2.5 2.6 2.5 2.6 2.6

8 M3a 2.4 2.0 2.5 2.5 2.4 2.3 2.5 2.4 2.5 2.5 2.5 2.4
M4 3.3 2.8 3.3 3.3 3.3 2.3 3.0 3.3 2.9 2.5 2.5 2.9
M5 2.0 3.3 1.8 1.8 2.0 3.3 2.0 2.0 2.1 2.5 2.5 2.4
M6a 2.4 2.0 2.5 2.5 2.4 2.3 2.5 2.4 2.5 2.5 2.5 2.4

10 M3a 2.3 2.0 2.5 2.3 2.5 2.5 2.5 2.3 2.5 2.5 2.6 2.3
M4 3.3 2.8 3.3 3.3 2.9 2.5 2.9 3.3 2.9 2.5 2.6 3.3
M5 2.3 3.3 1.8 2.3 2.1 2.5 2.1 2.3 2.1 2.5 2.1 2.3
M6a 2.3 2.0 2.5 2.3 2.5 2.5 2.5 2.3 2.5 2.5 2.6 2.3
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Table 4.3.6-22
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Six Groups, a . 01, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| --------

EA
-—4th
EB ML

- - -  I
SS

--------

EA
—- 3rd —  
EB ML

--------|
SS

—- 2nd 
EB ML

. . . . .  | 
SS

2 M3a 3.5 2.8 3.5 3.4 3.3 3.0 3.3 3.4 3.3 3.0 3.3 3.3
M4 1.0 1.5 1.1 1.0 1.4 1.8 1.4 1.0 1.5 1.8 1.8 1.6
M5 2.0 3.0 1.9 2.3 2.1 2.3 2.1 2.3 2.0 2.3 1.8 1.9
M6a 3.5 2.8 3.5 3.4 3.3 3.0 3.3 3.4 3.3 3.0 3.3 3.3

4 M3a 3.0 2.0 3.0 3.0 2.9 2.3 3.0 3.0 2.9 2.5 2.6 2.9
M4 2.0 2.8 1.8 1.8 2.3 2.3 1.9 1.8 1.9 2.5 2.1 1.9
M5 2.0 3.3 2.3 2.3 2.0 3.3 2.1 2.3 2.4 2.5 2.6 2.4
M6a 3.0 2.0 3.0 3.0 2.9 2.3 3.0 3.0 2.9 2.5 2.6 2.9

6 M3a 2.6 2.5 2.5 3.0 2.8 2.5 2.8 2.9 2.5 2.5 2.6 2.8
M4 2.8 2.5 2.4 1.8 2.4 2.5 2.1 1.8 2.5 2.5 2.1 2.3
M5 2.0 2.5 2.6 2.3 2.1 2.5 2.4 2.5 2.5 2.5 2.6 2.3
M6a 2.6 2.5 2.5 3.0 2.8 2.5 2.8 2.9 2.5 2.5 2.6 2.8

8 M3a 2.5 2.5 2.8 2.8 2.5 2.5 2.8 2.8 2.5 2.5 2.6 2.5
M4 2.9 2.5 2.1 2.1 2.9 2.5 2.1 2.1 2.5 2.5 2.1 2.5
M5 2.1 2.5 2.4 2.4 2.1 2.5 2.4 2.4 2.5 2.5 2.6 2.5
M6a 2.5 2.5 2.8 2.8 2.5 2.5 2.8 2.8 2.5 2.5 2.6 2.5

10 M3a 2.4 2.5 2.8 2.6 2.4 2.5 2.8 2.8 2.4 2.5 2.5 2.5
M4 2.9 2.5 2.1 2.5 2.9 2.5 2.1 2.1 2.9 2.5 2.5 2.5
M5 2.4 2.5 2.4 2.3 2.4 2.5 2.4 2.4 2.4 2.5 2.5 2.5
M6a 2.4 2.5 2.8 2.6 2.4 2.5 2.8 2.8 2.4 2.5 2.5 2.5
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Table 4.3.6-23
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Three Groups, a .05, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| -------

EA
-—4th
EB ML

- - -  I
SS e a ”

—  3rd —  
EB ML

------  |
SS EA

—- 2nd 
EB ML

. . . .  | 
SS

2 M3a 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5
M4 1.5 1.5 1.9 1.4 1.4 1.5 1.5 1.5 1.5 1.5 1.5 1.5
M5 1.5 1.5 1.1 1.6 1.6 1.5 1.5 1.5 1.5 1.5 1.5 1.5
M6a 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5

4 M3a 2.8 3.0 3.5 2.9 2.8 3.0 3.5 2.9 2.9 2.5 2.9 3.0
M4 3.5 3.0 2.0 3.3 3.5 3.0 2.0 3.3 2.9 3.5 2.5 3.0
M5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.4 1.5 1.8 1.0
M6a 2.8 3.0 3.5 2.9 2.8 3.0 3.5 2.9 2.9 2.5 2.9 3.0

6 M3a 2.5 2.0 2.8 2.5 2.4 2.0 2.8 2.4 2.6 2.3 2.8 2.1
M4 4.0 4.0 3.5 4.0 4.0 4.0 3.5 4.0 3.4 3.3 2.8 4.0
M5 1.0 2.0 1.0 1.0 1.3 2.0 1.0 1.3 1.4 2.3 1.8 1.8
M6a 2.5 2.0 2.8 2.5 2.4 2.0 2.8 2.4 2.6 2.3 2.8 2.1

8 M3a 2.6 2.0 2.5 2.4 2.5 2.0 2.5 2.5 2.1 2.5 2.8 2.1
M4 3.5 3.5 4.0 4.0 3.6 3.8 3.6 3.6 3.6 3.3 2.8 3.6
M5 1.3 2.5 1.0 1.3 1.4 2.3 1.4 1.4 2.1 1.8 1.8 2.1
M6a 2.6 2.0 2.5 2.4 2.5 2.0 2.5 2.5 2.1 2.5 2.8 2.1

10 M3a 2.4 1.5 2.8 2.4 2.5 2.0 2.8 2.4 2.3 2.3 2.5 2.4
M4 4.0 3.5 3.1 4.0 3.6 3.3 2.9 3.6 3.3 3.3 2.5 3.3
M5 1.3 3.5 1.4 1.3 1.4 2.8 1.6 1.6 2.3 2.3 2.5 2.0
M6a 2.4 1.5 2.8 2.4 2.5 2.0 2.8 2.4 2.3 2.3 2.5 2.4
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Table 4.3.6-24
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Four Groups, a .05, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| ----------

EA
— 4th 
EB ML

- - -  I
SS EA

—  3rd —  
EB ML

--------- |
SS

----------

EA
—  2nd 
EB ML

. . . . .  | 
SS

2 M3a 3.5 2.5 3.5 3.5 3.5 2.5 3.5 3.5 3.4 2.8 3.5 3.5
M4 2.0 3.0 2.0 2.0 2.0 3.0 2.0 2.0 1.9 3.0 1.5 1.8
M5 1.0 2.0 1.0 1.0 1.0 2.0 1.0 1.0 1.4 1.5 1.5 1.3
M6a 3.5 2.5 3.5 3.5 3.5 2.5 3.5 3.5 3.4 2.8 3.5 3.5

4 M3a 2.5 2.0 3.0 2.4 2.4 2.5 3.1 2.5 2.5 2.5 2.6 2.8
M4 4.0 3.5 2.6 4.0 4.0 3.3 2.4 3.6 3.0 3.3 2.6 3.1
M5 1.0 2.5 1.4 1.3 1.3 1.8 1.4 1.4 2.0 1.8 2.1 1.4
M6a 2.5 2.0 3.0 2.4 2.4 2.5 3.1 2.5 2.5 2.5 2.6 2.8

6 M3a 2.4 2.0 2.5 2.3 2.4 2.0 2.5 2.4 2.4 2.3 2.6 2.5
M4 3.6 3.3 3.6 3.6 3.6 3.3 3.3 3.6 3.3 3.3 2.6 3.3
M5 1.6 2.8 1.4 1.9 1.6 2.8 1.8 1.6 2.0 2.3 2.1 1.8
M6a 2.4 2.0 2.5 2.3 2.4 2.0 2.5 2.4 2.4 2.3 2.6 2.5

8 M3a 2.4 2.0 2.5 2.3 2.4 2.0 2.5 2.5 2.4 2.0 2.6 2.3
M4 3.3 3.3 3.3 3.6 3.3 3.3 3.3 3.3 2.9 3.0 2.6 3.3
M5 2.0 2.8 1.8 1.9 2.0 2.8 1.8 1.8 2.4 3.0 2.1 2.3
M6a 2.4 2.0 2.5 2.3 2.4 2.0 2.5 2.5 2.4 2.0 2.6 2.3

10 M3a 2.6 2.0 2.8 2.8 2.4 2.0 2.4 2.5 2.4 2.5 2.4 2.3
M4 3.3 3.3 3.0 3.0 3.3 3.0 3.3 3.3 2.9 2.5 2.9 3.3
M5 1.8 2.8 1.5 1.5 2.0 3.0 2.0 1.8 2.4 2.5 2.4 2.3
M6a 2.6 2.0 2.8 2.8 2.4 2.0 2.4 2.5 2.4 2.5 2.4 2.3
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Table 4.3.6-25
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Five Groups, a .05, by
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| --------

EA
— 4th 
EB ML

. . . . .  |
SS

--------

EA
—  3rd —  
EB ML

------- |
SS 'iT

—  2nd 
EB ML

. . . . .  | 
SS

2 M3a 3.5 2.5 3.5 3.5 3.3 2.8 3.5 3.5 3.5 3.0 3.3 3.3
M4 2.0 2.5 1.5 1.5 2.1 2.0 1.5 1.8 1.5 2.3 1.8 1.8
M5 1.0 2.5 1.5 1.5 1.4 2.5 1.5 1.3 1.5 1.8 1.8 1.8
M6a 3.5 2.5 3.5 3.5 3.3 2.8 3.5 3.5 3.5 3.0 3.3 3.3

4 M3a 2.4 2.0 3.1 2.3 2.4 2.0 3.0 2.6 2.4 2.5 2.5 2.3
M4 3.6 3.3 2.4 3.5 3.3 3.0 2.3 3.0 2.4 2.5 2.5 2.8
M5 1.6 2.8 1.4 2.0 2.0 3.0 1.8 1.8 2.9 2.5 2.5 2.8
M6a 2.4 2.0 3.1 2.3 2.4 2.0 3.0 2.6 2.4 2.5 2.5 2.3

6 M3a 2.3 2.0 2.8 2.5 2.4 2.5 2.5 2.5 2.4 2.5 2.6 2.3
M4 3.3 3.3 2.8 3.3 3.3 2.5 3.0 3.3 2.9 2.5 2.6 3.3
M5 2.3 2.8 1.8 1.8 2.0 2.5 2.0 1.8 2.4 2.5 2.1 2.3
M6a 2.3 2.0 2.8 2.5 2.4 2.5 2.5 2.5 2.4 2.5 2.6 2.3

8 M3a 2.4 2.0 2.4 2.4 2.5 2.5 2.5 2.4 2.5 2.5 2.5 2.4
M4 3.3 2.8 3.3 3.3 2.9 2.5 2.9 3.3 2.9 2.5 2.5 2.9
M5 2.0 3.3 2.0 2.0 2.1 2.5 2.1 2.0 2.1 2.5 2.5 2.4
M6a 2.4 2.0 2.4 2.4 2.5 2.5 2.5 2.4 2.5 2.5 2.5 2.4

10 M3a 2.1 2.5 2.5 2.3 2.4 2.5 2.5 2.4 2.4 2.5 2.5 2.3
M4 3.1 2.5 2.9 3.3 2.9 2.5 2.9 3.3 2.9 2.5 2.5 3.3
M5 2.6 2.5 2.1 2.3 2.4 2.5 2.1 2.0 2.4 2.5 2.5 2.3
M6a 2.1 2.5 2.5 2.3 2.4 2.5 2.5 2.4 2.4 2.5 2.5 2.3
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Table 4.3.6-26
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Six Groups, a .05, by 
Initial Sample Size, Method and Distribution across Effect Size

Decimal 
Distribution 
ISS Mthd

| -------
EA

— 4th 
EB ML

- - -  I
SS

-------
EA

.... 3rd —  
EB ML

------ |
SS !ir .... 2nd 

EB ML
..... | 
SS

2 M3a 3.3 2.5 3.3 3.3 3.0 2.5 3.0 3.1 3.1 2.5 3.0 3.0
M4 1.4 1.8 1.4 1.4 1.8 1.8 1.8 1.4 1.5 2.5 1.9 1.8
M5 2.1 3.3 2.1 2.1 2.3 3.3 2.3 2.4 2.3 2.5 2.1 2.3
M6a 3.3 2.5 3.3 3.3 3.0 2.5 3.0 3.1 3.1 2.5 3.0 3.0

4 M3a 2.8 2.0 3.0 3.0 2.8 2.5 2.8 2.9 2.8 2.5 2.6 2.9
M4 2.1 2.8 2.0 1.8 2.1 2.5 2.1 1.8 2.3 2.5 2.1 1.9
M5 2.4 3.3 2.0 2.3 2.4 2.5 2.4 2.5 2.3 2.5 2.6 2.4
M6a 2.8 2.0 3.0 3.0 2.8 2.5 2.8 2.9 2.8 2.5 2.6 2.9

6 M3a 2.5 2.5 2.8 2.9 2.5 2.5 2.8 2.8 2.5 2.5 2.6 2.8
M4 2.9 2.5 2.1 1.8 2.9 2.5 2.1 2.1 2.5 2.5 2.1 2.3
M5 2.1 2.5 2.4 2.5 2.1 2.5 2.4 2.4 2.5 2.5 2.6 2.3
M6a 2.5 2.5 2.8 2.9 2.5 2.5 2.8 2.8 2.5 2.5 2.6 2.8

8 M3a 2.4 2.5 2.8 2.6 2.4 2.5 2.8 2.8 2.4 2.5 2.5 2.5
M4 2.9 2.5 2.1 2.0 2.9 2.5 2.1 2.1 2.9 2.5 2.5 2.5
M5 2.4 2.5 2.4 2.8 2.4 2.5 2.4 2.4 2.4 2.5 2.5 2.5
M6a 2.4 2.5 2.8 2.6 2.4 2.5 2.8 2.8 2.4 2.5 2.5 2.5

10 M3a 2.3 2.5 2.8 2.6 2.4 2.5 2.8 2.6 2.4 2.5 2.5 2.5
M4 2.9 2.5 2.1 2.1 2.9 2.5 2.1 2.1 2.9 2.5 2.5 2.5
M5 2.6 2.5 2.4 2.6 2.4 2.5 2.4 2.6 2.4 2.5 2.5 2.5
M6a 2.3 2.5 2.8 2.6 2.4 2.5 2.8 2.6 2.4 2.5 2.5 2.5
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There is no table for three groups at nominal alpha .01 as there was no 
data for this combination of test conditions.

Table 4.3.6-27
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Four Groups, a .01, by 
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| ---------

EA
— 4th 
EB ML

. . . . .  | 
SS EA

—  3rd —  
EB ML

-------- |
SS EA

—  2nd 
EB ML

. . . . .  | 
SS

0.2 M3a 2.9 3.0 2.9 2.9 3.0 2.9 2.9 2.6 2.6
M4 3.1 2.8 3.0 3.1 2.8 3.1 2.8 2.6 3.0
M5 1.1 1.2 1.2 1.1 1.2 1.1 1.4 2.2 1.8
M6a 2.9 3.0 2.9 2.9 3.0 2.9 2.9 2.6 2.6

0.5 M3a 2.7 2.3 3.0 2.9 2.5 2.3 3.0 2.9 2.4 2.6 2.9 2.7
M4 3.5 3.4 2.8 3.0 3.5 3.4 2.8 3.0 3.5 2.9 2.1 3.1
M5 1.1 2.0 1.2 1.2 1.5 2.0 1.2 1.2 1.7 1.9 2.1 1.5
M6a 2.7 2.3 3.0 2.9 2.5 2.3 3.0 2.9 2.4 2.6 2.9 2.7

0.8 M3a 2.6 3.2 2.4 2.5 3.1 2.6 2.6 2.9 2.7
M4 3.4 2.8 3.4 3.1 2.8 3.2 2.6 2.1 2.6
M5 1.4 1.3 1.8 1.9 1.5 1.6 2.2 2.1 2.0
M6a 2.6 2.7 2.4 2.5 2.6 2.6 2.6 2.9 2.7

1.2 M3a 2.6 2.5 2.9 2.7 2.7 2.5 2.8 2.7 2.6 2.5 2.7 2.7
M4 2.8 2.5 2.1 2.5 2.6 2.6 1.9 2.2 2.6 2.6 2.3 2.2
M5 2.0 2.5 2.1 2.1 2.0 2.4 2.1 2.4 2.2 2.4 2.3 2.4
M6a 2.6 2.5 2.9 2.7 2.7 2.5 3.2 2.7 2.6 2.5 2.7 2.7
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Table 4.3.6-28
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Five Groups, a .01, by 
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| --------

EA
— 4th 
EB ML

. . . . .  | 
SS

--------

EA
—  3rd —  
EB ML

------- |
SS

--------

EA
—  2nd 
EB ML SS

0.2 M3a 2.9 3.1 2.9 2.9 3.2 2.9 2.9 2.8 2.5
M4 3.0 2.4 3.0 3.0 2.3 3.0 3.0 2.4 2.9
M5 1.2 1.4 1.2 1.2 1.3 1.2 1.2 2.0 2.1
M6a 2.9 3.1 2.9 2.9 3.2 2.9 2.9 2.8 2.5

0.5 M3a 2.4 2.1 2.9 2.7 2.7 2.4 2.9 2.6 2.8 2.6 3.0 2.9
M4 3.4 2.8 3.0 3.0 2.9 2.5 2.5 3.0 2.4 2.6 2.2 2.5
M5 1.8 3.0 1.2 1.6 1.7 2.7 1.7 1.8 2.0 2.2 1.8 1.7
M6a 2.4 2.1 2.9 2.7 2.7 2.4 2.9 2.6 2.8 2.6 3.0 2.9

0.8 M3a 2.7 2.9 2.7 2.6 2.7 2.7 2.7 2.7 2.7
M4 2.5 2.1 2.1 2.5 2.2 2.2 2.3 2.2 2.2
M5 2.1 2.1 2.5 2.3 2.4 2.4 2.3 2.4 2.4
M6a 2.7 2.9 2.7 2.6 2.7 2.7 2.7 2.7 2.7

1.2 M3a 2.7 2.5 2.7 2.7 2.7 2.5 2.7 2.7 2.6 2.4 2.5 2.6
M4 2.2 2.2 2.4 2.2 2.2 2.2 2.2 2.2 2.2 2.4 2.5 2.2
M5 2.4 2.8 2.2 2.4 2.4 2.8 2.4 2.4 2.6 2.8 2.5 2.6
M6a 2.7 2.5 2.7 2.7 2.7 2.5 2.7 2.7 2.6 2.4 2.5 2.6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



376

Table 4.3.6-29
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Six Groups, a .01, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| --------

EA
— 4th 
EB ML

- -  I 
SS

| --------

EA
—  3rd —  
EB ML

--------|
SS

--------

EA
—  2nd 
EB ML

. . . . .  | 
SS

0.2 M3a 3.0 3.5 3.5 3.0 3.5 3.5 2.7 3.0 3.1
M4 2.4 1.0 1.0 2.4 1.0 1.0 2.2 1.4 1.9
M5 1.8 2.0 2.0 1.6 2.0 2.0 2.4 2.6 1.9
M6a 3.0 3.5 3.5 3.0 3.5 3.5 2.7 3.0 3.1

0.5 M3a 2.8 2.5 2.7 3.0 2.8 2.6 2.9 3.0 2.9 2.7 2.7 2.8
M4 2.4 2.3 2.1 1.9 2.3 2.1 2.0 1.6 2.0 2.2 2.3 1.9
M5 2.0 2.7 2.5 2.1 2.1 2.7 2.2 2.4 2.2 2.4 2.3 2.5
M6a 2.8 2.5 2.7 3.0 2.8 2.6 2.9 3.0 2.9 2.7 2.7 2.8

0.8 M3a 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7
M4 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.3 2.3
M5 2.4 2.4 2.4 2.4 2.4 2.4 2.3 2.3 2.3
M6a 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7

1.2 M3a 2.7 2.4 2.7 2.6 2.5 2.5 2.5 2.6 2.5 2.5 2.5 2.5
M4 2.2 2.4 2.3 2.2 2.5 2.5 2.5 2.2 2.5 2.5 2.5 2.5
M5 2.4 2.8 2.3 2.6 2.5 2.5 2.5 2.6 2.5 2.5 2.5 2.5
M6a 2.7 2.4 2.7 2.6 2.5 2.5 2.5 2.6 2.5 2.5 2.5 2.5
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Table 4.3.6-30
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Three Groups, a .05, by 
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| --------

EA
— 4 th -----
EB ML

- - -  I
SS EA

—  3rd —  
EB ML

------- |
SS EA

—  2nd 
EB ML

. . . .  |
SS

0.2 M3a 2.9 2.9 2.9 2.9 2.9 2.9 2.6 2.8 2.5
M4 3.0 3.2 3.2 3.0 3.1 3.1 3.3 2.4 3.3
M5 1.2 1.0 1.0 1.2 1.1 1.1 1.5 2.0 1.7
M6a 2.9 2.9 2.9 2.9 2.9 2.9 2.6 2.8 2.5

0.5 M3a 2.9 2.7 3.1 2.8 2.7 2.7 3.0 2.8 2.6 2.6 3.0 2.6
M4 3.0 3.0 2.7 3.3 3.4 3.0 2.9 3.3 3.3 3.3 2.7 3.3
M5 1.2 1.6 1.1 1.1 1.2 1.6 1.1 1.1 1.5 1.5 1.3 1.5
M6a 2.9 2.7 3.1 2.8 2.7 2.7 3.0 2.8 2.6 2.6 3.0 2.6

0.8 M3a 2.7 3.1 2.7 2.7 3.1 2.6 2.7 3.0 2.7
M4 3.6 2.8 3.4 3.6 2.5 3.5 2.7 2.2 3.0
M5 1.0 1.0 1.2 1.0 1.3 1.3 1.9 1.8 1.6
M6a 2.7 3.1 2.7 2.7 3.1 2.6 2.7 3.0 2.7

1.2 M3a 2.5 2.1 2.9 2.5 2.6 2.3 3.0 2.6 2.8 2.6 2.7 2.7
M4 3.6 3.2 2.9 3.4 2.9 3.2 2.3 2.9 2.4 2.6 2.3 2.7
M5 1.4 2.6 1.3 1.6 1.9 2.2 1.7 1.9 2.0 2.2 2.3 1.9
M6a 2.5 2.1 2.9 2.5 2.6 2.3 3.0 2.6 2.8 2.6 2.7 2.7
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Table 4.3.6-31
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Four Groups, a . 05, by
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| ----------

EA
-—4th
EB ML

- - -  I
SS

----------

EA
—  3rd —  
EB ML

--------- |
SS EA

—  2nd 
EB ML

. . . .  | 
SS

0.2 M3a 2.7 2.9 2.7 2.7 2.9 2.7 2.5 2.7 2.6
M4 3.6 3.2 3.6 3.6 3.2 3.6 3.3 2.7 3.3
M5 1.0 1.0 1.0 1.0 1.0 1.0 1.7 1.9 1.5
M6a 2.7 2.9 2.7 2.7 2.9 2.7 2.5 2.7 2.6

0.5 M3a 2.5 2.1 2.9 2.7 2.5 2.1 2.8 2.7 2.6 2.4 2.9 2.5
M4 3.6 3.6 3.2 3.6 3.6 3.5 3.2 3.6 2.9 3.2 2.5 3.6
M5 1.4 2.2 1.0 1.0 1.4 2.3 1.2 1.0 1.9 2.0 1.7 1.4
M6a 2.5 2.1 2.9 2.7 2.5 2.1 2.8 2.7 2.6 2.4 2.9 2.5

0.8 M3a 2.8 2.9 2.5 2.6 2.8 2.6 2.7 2.7 2.8
M4 2.8 2.8 3.1 3.0 2.5 3.0 2.3 2.3 2.5
M5 1.6 1.4 1.9 1.8 1.9 1.8 2.3 2.3 1.9
M6a 2.8 2.9 2.5 2.6 2.8 2.6 2.7 2.7 2.8

1.2 M3a 2.7 2.1 2.7 2.6 2.6 2.3 2.7 2.7 2.6 2.4 2.7 2.7
M4 2.7 2.9 2.4 2.7 2.7 2.8 2.4 2.4 2.6 2.8 2.3 2.3
M5 1.9 2.9 2.2 2.1 2.1 2.6 2.2 2.2 2.2 2.4 2.3 2.3
M6a 2.7 2.1 2.7 2.6 2.6 2.3 2.7 2.7 2.6 2.4 2.7 2.7
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Table 4.3.6-32
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Five Groups, a .05, by 
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

| --------

EA
— 4th 
EB ML

. . . . .  | 
SS

--------

EA
—  3rd —  
EB ML

------- |
SS

--------

EA
—  2nd 
EB ML

I
SS

0.2 M3a 2.6 3.1 2.7 2.6 3.0 2.8 2.4 2.8 2.3
M4 3.6 2.6 3.6 3.6 2.8 3.4 3.1 2.4 3.1
M5 1.2 1.2 1.0 1.2 1.2 1.0 2.1 2.0 2.3
M6a 2.6 3.1 2.7 2.6 3.0 2.8 2.4 2.8 2.3

0.5 M3a 2.2 2.1 2.8 2.4 2.5 2.5 2.8 2.5 2.7 2.7 2.7 2.4
M4 3.5 3.1 2.9 3.6 3.0 2.6 2.6 3.6 2.3 2.4 2.3 3.2
M5 2.1 2.7 1.5 1.6 2.0 2.4 1.8 1.4 2.3 2.2 2.3 2.0
M6a 2.2 2.1 2.8 2.4 2.5 2.5 2.8 2.5 2.7 2.7 2.7 2.4

0.8 M3a 2.6 2.8 2.5 2.7 2.7 2.7 2.7 2.7 2.7
M4 2.7 2.5 2.4 2.4 2.3 2.3 2.3 2.3 2.3
M5 2.1 1.9 2.6 2.2 2.3 2.3 2.3 2.3 2.3
M6a 2.6 2.8 2.5 2.7 2.7 2.7 2.7 2.7 2.7

1.2 M3a 2.7 2.3 2.7 2.7 2.5 2.4 2.7 2.7 2.7 2.5 2.5 2.5
M4 2.4 2.6 2.2 2.2 2.5 2.4 2.3 2.3 2.3 2.5 2.5 2.5
M5 2.2 2.8 2.4 2.4 2.5 2.8 2.3 2.3 2.3 2.5 2.5 2.5
M6a 2.7 2.3 2.7 2.7 2.5 2.4 2.7 2.7 2.7 2.5 2.5 2.5
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Table 4.3.6-33
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Six Groups, a .05, by 
Effect Size, Method and Distribution across Initial Sample Size

Decimal 
Distribution 
NESM Mthd

EA
— 4th 
EB ML

- - -  I
SS

---------

EA
—  3rd —  
EB ML

-------- |
SS

| ---------

EA
—  2nd 
EB ML

. . . . .  | 
SS

0.2 M3a 2.6 3.5 3.4 2.7 3.5 3.4 2.7 2.9 3.1
M4 2.8 1.0 1.0 2.8 1.0 1.0 2.6 1.7 1.8
M5 2.0 2.0 2.2 1.8 2.0 2.2 2.0 2.5 2.0
M6a 2.6 3.5 3.4 2.7 3.5 3.4 2.7 2.9 3.1

0.5 M3a 2.7 2.3 2.9 2.9 2.7 2.5 2.7 2.8 2.6 2.5 2.7 2.8
M4 2.2 2.3 2.1 1.5 2.2 2.2 2.2 1.9 2.2 2.5 2.2 1.9
M5 2.4 3.1 2.1 2.7 2.4 2.8 2.4 2.5 2.6 2.5 2.4 2.5
M6a 2.7 2.3 2.9 2.9 2.7 2.5 2.7 2.8 2.6 2.5 2.7 2.8

0.8 M3a 2.7 2.7 2.7 2.5 2.5 2.6 2.7 2.5 2.5
M4 2.2 2.2 2.2 2.5 2.5 2.2 2.3 2.5 2.5
M5 2.4 2.4 2.4 2.5 2.5 2.6 2.3 2.5 2.5
M6a 2.7 2.7 2.7 2.5 2.5 2.6 2.7 2.5 2.5

1.2 M3a 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
M4 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
M5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
M6a 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
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Table 4.3.6-34
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Three Groups, a. 01, by 
Method and Distribution across Initial Sample Size and Effect Size

Decimal |  4 th   |  3 rd  |  2nd |
Distribution EA EB ML SS EA EB ML SS EA EB ML SS 

Mthd

M3a
M4 no
M5 data
M6a

Table 4.3.6-35
Terpstra-Jonckheere Test

Mean Ranks of Power Results for Four Groups, a .01, by 
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| --------

EA
-—4th
EB ML

- - -  I 
SS

| --------

EA
—  3rd 
EB ML

------- |
SS 1 EA

—  2nd 
EB ML

. . . . .  | 
SS

M3a 2.7 2.4 3.0 2.7 2.7 2.4 3.0 2.8 2.6 2.6 2.8 2.7
M4 3.2 3.0 2.6 3.0 3.1 3.0 2.6 2.9 2.9 2.8 2.3 2.7
M5 1.4 2.3 1.5 1.6 1.6 2.2 1.5 1.6 1.9 2.2 2.2 1.9
M6a 2.7 2.4 2.9 2.7 2.7 2.4 3.0 2.8 2.6 2.6 2.8 2.7
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Table 4.3.6-36
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Five Groups, a .01, by 
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| ----------

EA
— 4th 

EB ML
- - -  I
SS

| ----------

EA
—- 3 rd----
EB ML ss 1' EA

—  2nd 
EB ML

. . . . .  | 
SS

M3a 2.7 2.3 2.9 2.8 2.7 2.5 2.9 2.7 2.8 2.5 2.8 2.7
M4 2.8 2.5 2.5 2.6 2.7 2.4 2.3 2.6 2.5 2.5 2.3 2.5
M5 1.9 2.9 1.7 1.9 1.9 2.8 2.0 2.0 2.0 2.5 2.2 2.2
M6a 2.7 2.3 2.9 2.8 2.7 2.5 2.9 2.7 2.8 2.5 2.8 2.7

Table 4.3.6-37
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Six Groups, a .01, by 
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| ------
EA

---- 4th
EB ML SS

| -------
EA

—- 3 rd -----
EB ML

- -  I
SS

! 
<

 
I 

LU

— 2nd 
EB ML

- -  I
SS

M3a 2.8 2.5 2.9 3.0 2.8 2.6 2.9 3.0 2.7 2.6 2.7 2.8
M4 2.3 2.4 1.9 1.8 2.4 2.3 1.9 1.8 2.3 2.4 2.1 2.2
M5 2.1 2.8 2.3 2.3 2.2 2.6 2.3 2.4 2.4 2.5 2.4 2.3
M6a 2.8 2.5 2.9 3.0 2.8 2.6 2.9 3.0 2.7 2.6 2.7 2.8
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Table 4.3.6-38
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Three Groups, a .05, by 
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| --------

EA
— 4th 
EB ML

. . . . .  | 
SS

--------

EA
—  3rd —
EB ML SS *

i 
<

: 
lu

—  2nd 
EB ML

. . . . .  | 
SS

M3a 2.8 2.4 3.0 2.7 2.7 2.5 3.0 2.7 2.7 2.6 2.9 2.6
M4 3.3 3.1 2.9 3.3 3.2 3.1 2.7 3.2 2.9 3.0 2.4 3.1
M5 1.2 2.1 1.1 1.2 1.3 1.9 1.3 1.4 1.7 1.9 1.9 1.7
M6a 2.8 2.4 3.0 2.7 2.7 2.5 3.0 2.7 2.7 2.6 2.9 2.6

Table 4.3.6-39
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Four Groups, a .05, by 
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| -------

EA
---- 4th —

EB ML SS
| --------

EA
—  3rd —  
EB ML SS EA

— 2nd 
EB ML

. . . . .  | 
SS

M3a 2.7 2.1 2.9 2.6 2.6 2.2 2.8 2.7 2.6 2.4 2.8 2.7
M4 3.2 3.3 2.9 3.3 3.2 3.2 2.8 3.2 2.8 3.0 2.5 2.9
M5 1.5 2.6 1.4 1.5 1.6 2.5 1.6 1.5 2.0 2.2 2.1 1.8
M6a 2.7 2.1 2.9 2.6 2.6 2.2 2.8 2.7 2.6 2.4 2.8 2.7
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Table 4.3.6-40
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Five Groups, a .05, by
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| --------

EA
— 4th 
EB ML

- - -  I
SS

| --------

EA
—  3rd —  
EB ML

------- |
SS

| --------

EA
—  2nd 
EB ML

. . . . .  | 
SS

M3a 2.5 2.2 2.9 2.6 2.6 2.5 2.8 2.7 2.6 2.6 2.7 2.5
M4 3.1 2.9 2.6 3.0 2.9 2.5 2.5 2.9 2.5 2.5 2.4 2.8
M5 1.9 2.8 1.8 1.9 2.0 2.6 1.9 1.8 2.3 2.4 2.3 2.3
M6a 2.5 2.2 2.9 2.6 2.6 2.5 2.8 2.7 2.6 2.6 2.7 2.5

Table 4.3.6-41
Terpstra-Jonckheere Test
Mean Ranks of Power Results for Six Groups, a .05, by 
Method and Distribution across Initial Sample Size and Effect Size

Decimal
Distribution

Mthd

| . . . . . .

EA
---- 4th —

EB ML SS
| ---------

EA
—  3rd-----
EB ML ss 1' EA

— 2nd 
EB ML SS

M3a 2.6 2.4 2.9 2.9 2.6 2.5 2.8 2.8 2.6 2.5 2.7 2.7
M4 2.4 2.4 2.0 1.8 2.5 2.4 2.1 1.9 2.4 2.5 2.2 2.2
M5 2.3 2.8 2.3 2.5 2.3 2.7 2.4 2.5 2.4 2.5 2.5 2.4
M6a 2.6 2.4 2.9 2.9 2.6 2.5 2.8 2.8 2.6 2.5 2.7 2.7
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Table 4.3.6-42
Terpstra-Jonckheere Test 
Analysis of Mean Ranks of Power Results 
Number of First Place Finishes by Distribution 
Across Nominal Alpha and Groups (.01 4-6, .05 3-6)

Decimal | --------------4th   | |   2nd--------------
Method 3a 4 5 6a 3a 4 5 6a

By Initial Sample Size Across Nominal Effect Size Multiplier

EA 2.33 6.00 24.33 2.33 4.42 7.08 19.08 4.42
EB 10.83 6.00 7.33 10.83 7.17 7.00 13.67 7.17
ML 0.00 12.00 23.00 0.00 3.17 13.00 15.67 3.17
SS 0.67 12.50 21.17 0.67 4.33 10.00 16.33 4.33

By Nominal Effect Size Multiplier Across Initial Sample Size

EA 0.25 5.25 22.25 0.25 0.50 8.00 19.00 0.50
EB 4.17 3.17 2.50 4.17 1.67 2.33 8.33 1.67
ML 0.25 8.25 19.25 0.25 1.25 10.25 15.25 1.25
SS 0.25 11.25 16.25 0.25 1.33 9.00 16.33 1.33

Across Nominal Effect Size Multiplier and Initial Sample Size

EA 0.00 0.00 7.00 0.00 0.00 1.50 5.50 0.00
EB 1.83 1.33 2.00 1.83 0.50 1.50 4.50 0.50
ML 0.00 2.00 5.00 0.00 0.00 2.00 5.00 0.00
SS 0.00 2.00 5.00 0.00 0.00 2.00 5.00 0.00
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Table 4.3.6-43
Terpstra-Jonckheere Test
Analysis of Mean Ranks of Power Results
Across Nominal Alpha, Groups and Distributions

Decimal | --------------4th   | |   2nd--------------
Method 3a 4 5 6a 3a 4 5 6a

By Initial Sample Size across Nominal Effect Size Multiplier

MP1i 140 140 140 140 140 140 140 140
N1Mi 13.83 36.50 75.83 13.83 19.08 37.08 64.75 19.08
PoM 0.099 0.261 0.542 0.099 0.136 0.265 0.463 0.136
PoT 0.099 0.261 0.542 0.099 0.136 0.265 0.463 0.136

By Nominal Effect Size Multiplier across Initial Sample Size

MP1i 98 98 98 98 98 98 98 98
N1Mi 4.92 27.92 60.25 4.92 4.75 29.58 58.92 4.75
PoM 0.050 0.285 0.615 0.050 0.048 0.302 0.601 0.048
PoT 0.050 0.285 0.615 0.050 0.048 0.302 0.601 0.048

By Initial Sample Size and Nominal Effect Size Multiplier

MP1i 28 28 28 28 28 28 28 28
N1Mi 1.83 5.33 19.00 1.83 0.5 7.0 20.0 0.5
PoM 0.065 0.190 0.679 0.065 0.018 0.250 0.714 0.018
PoT 0.065 0.190 0.679 0.065 0.018 0.250 0.714 0.018

Key: MP1i: Maximum possible 1st place finishes for each method
N1 Mi: Actual number of 1st place finishes for each method (ties count 1/n) 
PoM: Proportion of Maximum Possible { N1 Mi I MP1 i }
PoT: Proportion of total 1st place finishes { N1 Mi / S(N1 M i)}
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4.4 -  Occurrence of Ties

All of the preceding results are only of interest if ties occur often and/or in 

large numbers when samples are drawn from the Micceri distributions. Thus, an 

ancillary part of this research was to study the frequency and pattern of 

occurrence of ties (equal observations resulting in tied ranks) in samples drawn 

from said distributions. This part of the study generated over a thousand pages 

of data, which are briefly summarized in tables 4.4-1 through 4.4-23.

Tables 4.4-1 and 4.4-2 show the type of data that was generated. Table 

4.4-1 presents data in terms of repetitions while Table 4.4-2 presents data in 

terms of observations (data points). The structure of the tables is the same, with 

a table being generated for each group and for the total combined sample, both 

for the repetitions and the observations. Thus, for a two-group test there would 

be six tables (group 1 repetitions, group 2 repetitions, all groups repetitions, 

group 1 observations, group 2 observations, all groups observations).

In all cases there are INT(N/2) rows, where N is the total (combined) 

sample size being tested (per-group sample size times number of groups). This 

is the maximum number of between-group ties that can theoretically occur, in 

which every observation is tied with exactly one other observation from a 

different group. The rows, in turn, represent the results for the first between- 

group tie, the second between-group tie, and so on up to the INT(N/2) between- 

group tie, accumulated across all repetitions.

The first column designates the group. The entries in the second column 

are the between-group tie occurrence, i.e., 1=1st, 2=2nd, 3=3rd, etc. The third
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column contains the number of repetitions (or observations) involved in the tie for 

that row. The fourth column is the ratio of the entry in the third column (same 

row) to the total number of repetitions (observations). The fifth column is the 

reverse accumulation of the third column, while the sixth column is the ratio of 

the corresponding entry in the fifth column to total repetitions (observations). 

Table 4.4-1
Micceri Smooth Symmetric (Achievement) Distribution
Repetitions Data -  Two Groups, Six per group -  NESM = 0.0 (no shift)
1,000,000 repetitions; 12,000,000 observations

Group BGT  per BGT   cumulative —
count ratio count ratio

1 858,432 .8584 1,480,377 1.4804
2 472,094 .4721 621,945 .6219
3 132,841 .1328 149,851 .1499
4 16,249 .0162 17,010 .0170
5 752 .0008 761 .0008
6 9 .0000 9 .0000

1 858,432 .8584 1,480,377 1.4804
2 472,094 .4721 621,945 .6219
3 132,841 .1328 149,851 .1499
4 16,249 .0162 17,010 .0170
5 752 .0008 761 .0008
6 9 .0000 9 .0000

1 858,432 .8584 1,480,377 1.4804
2 472,094 .4721 621,945 .6219
3 132,841 .1328 149,851 .1499
4 16,249 .0162 17,010 .0170
5 752 .0008 761 .0008
6 9 .0000 9 .0000

For Table 4.4-1 (repetitions) the numbers in the fifth and sixth columns do 

not have an obvious direct interpretation, as the reverse accumulated counts in 

column five can, and sometimes do, exceed the total number of repetitions. As a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



389

result, the corresponding ratios in column six can, and sometimes do, exceed

1.0. The ratio in the first row of column six, however, does give a kind of relative 

index of the occurrence of ties that can be compared across distributions, 

number of groups and per-group sample sizes. Simply put, the larger this 

number, the more often ties are occurring in the data.

For Table 4.4-2 (observations) the entry in the first row, fifth column has a 

direct meaning; it is the total number of observations involved in a between-group 

tie during that test run. Since an observation involved in a first between-group tie 

cannot also be involved in a subsequent (2nd, 3rd, 4th, etc.) tie, this result cannot 

exceed the total number of observations tested. The corresponding ratio in 

column six cannot, therefore, exceed one. Thus, this ratio gives a very direct 

indication of how often ties are occurring in terms of the proportion of total 

observations involved in between-group ties.

Although a first tie must occur before there can be a second tie, and a 

second tie before a third, and so on by definition, the determination of the first, 

second, etc. tie is within each combined sample as it is drawn. If the first tie in a 

particular sample involves observations from groups 1 and 2, but not group 3, 

then the repetition counters for a first tie in groups 1, 2 and all groups get 

incremented, but not the counter for group 3. If a second between-group tie is 

then found involving observations from groups 2 and 3, the corresponding 

second tie counters get incremented. Thus, it is possible for a group to have 

been involved in more second ties than first ties, and this is, in fact, observed in
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the data for each group. This cannot occur, however, for the all groups (total 

sample) counter.

Table 4.4-2
Micceri Smooth Symmetric (Achievement) Distribution
Observations Data -  Two Groups, Six per group -  NESM = 0.0 (no shift)
1,000,000 repetitions; 12,000,000 observations

Group BGT -----per BGT —
count ratio

—  cumulative —  
count ratio

1 1 1,020,228 .0850 1,735,789 .1446
2 549,569 .0458 715,561 .0596
3 147,877 .0123 165,992 .0138
4 17,334 .0014 18,115 .0015
5 772 .0001 781 .0001
6 9 .0000 9 .0000

2 1 1,020,051 .0850 1,735,177 .1446
2 549,300 .0458 715,126 .0596
3 147,772 .0123 165,826 .0138
4 17,316 .0014 18,104 .0015
5 779 .0001 788 .0001
6 9 .0000 9 .0000

all 1 2,040,279 .1700 3,470,966 .2892
2 1,098,869 .0916 1,430,687 .1192
3 395,599 .0246 331,818 .0277
4 34,650 .0029 36,219 .0030
5 1,551 .0001 1,569 .0001
6 18 .0000 18 .0000

Data was generated for each group as well as for the total of all groups to 

see how ties were distributed across groups. A priori, it was expected that for 

two groups (under all conditions), and for three or more groups (with no shift), 

between-group ties would be equally distributed across the groups. This was, in 

fact, observed within sampling error. For three or more groups, as an increasing 

amount of shift was introduced, one would expect the extreme groups (not
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shifted on the left, most shifted on the right) to have fewer observations involved 

in between-group ties than those groups in the middle. This pattern was also 

present. Table 4.4-3 shows the repetitions and observations results for the 

Micceri Smooth Symmetric distribution with three groups of three observations 

each and six groups of six observations each, both at NESM 0.0 (no shift) and 

1.2 (maximum shift).

Table 4.4-3
Micceri Smooth Symmetric (Achievement) Distribution 
Comparison of ties across three or more groups 
Repetitions and observations ratio for all groups 
Based on 1,000,000 repetitions

Obs/grp 
NESM 
Reps | Obs 
Group

0.0
RC

--------3

OC
1.2

RC OC
0.0

RC

--------

OC
1.2

RC OC

1 .8116 .0963 .4088 .0480 3.9955 .1292 1.3664 .0434
2 .8130 .0964 .6160 .0725 3.9959 .1292 2.2915 .0729
3 .8123 .0963 .4096 .0481 3.9964 .1292 2.5407 .0806
4 3.9961 .1292 2.5397 .0805
5 3.9943 .1291 2.2919 .0729
6 3.9956 .1292 1.3663 .0434

all 1.1779 .2890 .7068 .1686 9.1897 .7750 5.8883 .3937

RC = cumulative repetitions ratio; OC = cumulative observations ratio

In Tables 4.4-4 through 4.4-23 the data on repetitions and observations is 

combined. Each table contains the results for one of the four Micceri 

distributions (EA, EB, ML, SS) for a specific number of groups (2, 3, 4, 5, 6). For 

each combination, results are presented at various per-group sample sizes.
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A priori, it would be expected that the number of ties would increase as 

the per-group sample size increased, all other factors being held constant, and 

this was, in fact, observed. For two groups, results are given at per-group 

sample sizes of 3, 6, 9, 12, and 15. For three, four, and five groups, results are 

given for per-group sample sizes of 3, 6, and 9, while for six groups, results for 

per-group sample sizes of 3 and 6 are reported. In all cases, results are given 

for nominal effect size multipliers of 0.0, 0.2, 0.5, 0.8, and 1.2 (except for the 

Extreme Bi-modal distribution, for which NESMs of .2 and .8 are not defined).

The total sample size is also given and is equal to the number of groups times 

the per-group sample size.

Simulation results in tables 4.4-4 through 4.4-23 are based on 1,000,000 

repetitions per combination. Both repetition and observation results are 

selectively combined in each table. The first column is the per-group sample size 

(SS). The second column is the total sample size (TSS). The third column is the 

nominal effect size multiplier (NESM). Columns four through ten present seven 

results for each combination as follows: 4) R-1, the ratio of repetitions with a first 

between-group tie to total repetitions; 5) R-C, the ratio of cumulative repetitions 

with one or more between-group ties to total repetitions; 6) 0 -1, the ratio of 

observations involved in a first between-group tie to the total number of 

observations; 7) O-A, the ratio of observations involved in all between-group ties 

to total observations; 8) M#, the maximum number of between-group ties 

observed; 9) R-M#, the number of repetitions in which the maximum number of 

between-group ties was observed, and; 10) O-M#, the number of observations
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involved in the maximum number of between-group ties. Note again that R-C 

can, and often does, result in ratios greater than 1.0.

The simulations were also run for the normal distribution. A priori, results 

should have been zero for all combinations. Minor discrepancies were noted, 

particularly at combinations of larger numbers of groups and greater per-group 

sample sizes. However, when ties did occur, they were generally confined to a 

first tie, and were very few in number. As such, they are not presented here in 

table form.
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Table 4.4-4
Micceri Extreme Asymmetric (Achievement) Distribution
Occurrence of Between-group Ties, Two Groups -  1,000,000 repetitions

s s TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 6 0.0 .524 .61 .198 .23 3 1976 3952
0.2 .460 .52 .172 .19 3 1140 2280
0.5 .329 .36 .120 .13 3 353 706
0.8 .238 .25 .086 .09 3 128 256
1.2 .180 .19 .065 .07 3 41 82

6 12 0.0 .927 1.76 .200 .39 6 7 14
0.2 .884 1.53 .188 .33 6 8 16
0.5 .752 1.11 .154 .23 5 87 188
0.8 .613 .81 .123 .16 5 14 29
1.2 .499 .62 .099 .12 5 2 4

9 18 0.0 .994 2.97 .149 .50 8 8 17
0.2 .986 2.64 .146 .43 8 2 4
0.5 .938 2.00 .137 .31 7 21 50
0.8 .848 1.50 .122 .22 6 96 241
1.2 .746 1.16 .106 .17 6 25 58

12 24 0.0 .+ 4.11 .111 .58 10 1 3
0.2 .999 3.71 .111 .51 9 37 97
0.5 .988 2.90 .110 .37 9 3 8
0.8 .949 2.24 .106 .27 8 9 24
1.2 .886 1.76 .099 .21 8 2 4

15 30 0.0 .+ 5.15 .088 .64 11 17 45
0.2 .+ 4.69 .088 .56 11 6 21
0.5 .998 3.77 .089 .42 10 1 2
0.8 .985 2.97 .089 .31 10 2 6
1.2 .952 2.36 .087 .24 9 1 2

* For R-1: .+ indicates greater than .999
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Table 4.4-5
Micceri Extreme Asymmetric (Achievement) Distribution
Occurrence of Between-group Ties, Three Groups -  1,000,000 repetitions

ss TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 9 0.0 .894 1.46 .238 .39 4 3690 7679
0.2 .825 1.24 .214 .32 4 1834 3769
0.5 .653 .86 .163 .21 4 365 743
0.8 .501 .60 .122 .15 4 81 166
1.2 .386 .44 .093 .11 4 16 32

6 18 0.0 .+ 3.59 .140 .58 8 55 120
0.2 .998 3.27 .139 .50 8 19 40
0.5 .975 2.51 .134 .36 8 1 2
0.8 .911 1.88 .123 .26 8 1 2
1.2 .818 1.42 .109 .19 7 2 4

9 27 0.0 1.0 5.44 .092 .69 11 12 32
0.2 .+ 5.17 .092 .61 11 8 17
0.5 .+ 4.28 .093 .46 10 37 91
0.8 .992 3.35 .094 .34 10 2 5
1.2 .965 2.61 .092 .26 9 6 13

* For R-1: .+ indicates greater than .999; 1.0 is 100%
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Table 4.4-6
Micceri Extreme Asymmetric (Achievement) Distribution
Occurrence of Between-group Ties, Four Groups -  1,000,000 repetitions

ss TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 12 0.0 .989 2.36 .202 .50 6 48 96
0.2 .964 2.06 .192 .41 6 29 58
0.5 .852 1.44 .161 .27 6 3 6
0.8 .702 1.01 .130 .18 5 62 125
1.2 .558 .72 .101 .13 5 10 20

6 24 0.0 1.0 5.17 .101 .69 11 1 2
0.2 .+ 4.97 .102 .61 11 1 3
0.5 .999 4.03 .102 .44 10 7 16
0.8 .985 3.04 .101 .32 10 1 2
1.2 .942 2.27 .095 .23 9 1 2

9 36 0.0 1.0 7.34 .067 .78 14 4 14
0.2 1.0 7.41 .067 .71 14 5 13
0.5 .+ 6.62 .069 .55 13 40 102
0.8 .+ 5.31 .071 .41 13 2 6
1.2 .996 4.11 .072 .31 12 2 4

* For R-1: .+ indicates greater than .999; 1.0 is 100%
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Table 4.4-7
Micceri Extreme Asymmetric (Achievement) Distribution
Occurrence of Between-group Ties, Five Groups -  1,000,000 repetitions

ss TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 15 0.0 .+ 3.25 .162 .58 7 145 298
0.2 .995 2.91 .159 .48 7 84 174
0.5 .946 2.06 .145 .31 7 1 2
0.8 .830 1.43 .123 .21 6 31 62
1.2 .683 .99 .100 .14 6 2 4

6 30 0.0 1.0 6.51 .079 .75 12 37 105
0.2 1.0 6.60 .080 .68 13 2 4
0.5 .+ 5.59 .081 .50 12 15 31
0.8 .998 4.24 .082 .36 11 12 24
1.2 .981 3.11 .080 .25 10 4 9

9 45 0.0 1.0 8.89 .053 .83 17 1 5
0.2 1.0 9.42 .053 .77 16 16 46
0.5 1.0 8.93 .054 .62 17 1 2
0.8 .+ 7.28 .056 .46 16 1 2
1.2 .+ 5.61 .057 .34 14 5 14

* For R-1: .+ indicates greater than .999; 1.0 is 100%
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Table 4.4-8
Micceri Extreme Asymmetric (Achievement) Distribution
Occurrence of Between-group Ties, Six Groups -  1,000,000 repetitions

ss TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 18 0.0 .+ 4.09 .133 .64 8 256 564
0.2 .+ 3.79 .133 .53 8 173 361
0.5 .982 2.71 .126 .35 8 7 14
0.8 .905 1.85 .113 .23 8 1 2
1.2 .773 1.27 .094 .15 7 1 2

6 36 0.0 1.0 7.67 .066 .80 14 6 20
0.2 1.0 8.15 .066 .73 14 30 77
0.5 .+ 7.17 .068 .54 14 9 19
0.8 .+ 5.44 .069 .38 13 5 11
1.2 .994 3.96 .067 .27 12 3 8

* For R-1: .+ indicates greater than .999; 1.0 is 100%
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Table 4.4-9
Micceri Extreme Bi-modal (Psychometric) Distribution
Occurrence of Between-group Ties, Two Groups -  1,000,000 repetitions

s s TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 6 0.0 .892 1.28 .422 .58 3 25070 50140
0.5 .558 .64 .237 .27 3 1626 3252
1.2 .320 .34 .130 .14 3 222 444

6 12 0.0 .998 2.47 .369 .79 5 1436 3660
0.5 .896 1.44 .259 .41 5 27 58
1.2 .657 .86 .176 .23 4 82 209

9 18 0.0 .+ 3.15 .353 .88 6 29 106
0.5 .978 2.03 .240 .49 5 872 3325
1.2 .832 1.30 .190 .29 4 1121 3722

12 24 0.0 1.0 3.55 .350 .92 6 144 722
0.5 .996 2.46 .226 .54 5 3901 20723
1.2 .917 1.65 .194 .33 4 4283 18136

15 30 0.0 1.0 3.83 .349 .94 6 583 4073
0.5 .+ 2.78 .218 .58 5 10042 68421
1.2 .958 1.93 .194 .37 4 10228 52576

* For R-1: .+ indicates greater than .999; 1.0 is 100%
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Table 4.4-10
Micceri Extreme Bi-modal (Psychometric) Distribution
Occurrence of Between-group Ties, Three Groups -  1,000,000 repetitions

s s TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 9 0.0 .999 2.26 .391 .79 4 20256 45418
0.5 .879 1.42 .260 .41 4 3358 7052
1.2 .751 1.00 .226 .29 4 453 924

6 18 0.0 1.0 3.40 .352 .92 6 56 202
0.5 .996 2.91 .203 .59 6 510 1500
1.2 .975 2.06 .205 .42 6 25 59

9 27 0.0 1.0 3.91 .349 .96 6 679 4273
0.5 .+ 3.79 .176 .67 6 6649 28806
1.2 .998 2.78 .176 .48 6 551 1805

* For R-1: .+ indicates greater than .999; 1.0 is 100%

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



401

Table 4.4-11
Micceri Extreme Bi-modal (Psychometric) Distribution
Occurrence of Between-group Ties, Four Groups -  1,000,000 repetitions

ss TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 12 0.0 .+ 2.89 .362 .88 6 2 4
0.5 .983 2.31 .234 .53 6 36 72
1.2 .917 1.65 .211 .37 5 503 1044

6 24 0.0 1.0 3.86 .349 .96 6 484 2485
0.5 .+ 4.17 .164 .70 7 1144 3833
1.2 .999 3.25 .159 .51 8 4 13

9 36 0.0 1.0 4.31 .348 .98 6 3252 28589
0.5 1.0 5.03 .139 .77 7 10352 49247
1.2 .+ 4.26 .132 .58 8 307 1107

* For R-1: .+ indicates greater than .999; 1.0 is 100%
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Table 4.4-12
Micceri Extreme Bi-modal (Psychometric) Distribution
Occurrence of Between-group Ties, Five Groups -  1,000,000 repetitions

ss TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 15 0.0 1.0 3.29 .354 .92 6 21 59
0.5 .999 3.10 .200 .61 7 62 136
1.2 .975 2.31 .181 .42 7 3 7

6 30 0.0 1.0 4.15 .349 .97 6 1782 12646
0.5 1.0 5.15 .133 .76 8 1302 4508
1.2 .+ 4.44 .127 .57 9 246 637

9 45 0.0 1.0 4.46 .346 .99 6 8215 93219
0.5 1.0 6.03 .111 .81 8 10768 51736
1.2 1.0 5.74 .106 .64 10 115 371

* For R-1: .+ indicates greater than .999; 1.0 is 100%
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Table 4.4-13
Micceri Extreme Bi-modal (Psychometric) Distribution
Occurrence of Between-group Ties, Six Groups -  1,000,000 repetitions

ss TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 18 0.0 1.0 3.57 .351 .94 6 132 478
0.5 .+ 3.89 .168 .66 8 59 130
1.2 .993 2.96 .154 .45 8 6 13

6 36 0.0 1.0 4.37 .348 .98 6 3998 35138
0.5 1.0 6.12 .111 .80 9 1391 4900
1.2 .+ 5.64 .106 .61 11 57 148

* For R-1: .+ indicates greater than .999; 1.0 is 100%
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Table 4.4-14
Micceri Multi-modal Lumpy (Achievement) Distribution
Occurrence of Between-group Ties, Two Groups -  1,000,000 repetitions

ss TSS NESM R-1 R-C 0-1 O-C M# R-M# O-M#

3 6 0.0 .226 .24 .078 .08 3 118 236
0.2 .204 .21 .070 .07 3 91 182
0.5 .170 .18 .058 .06 3 55 110
0.8 .137 .14 .047 .05 3 31 62
1.2 .115 .12 .039 .04 3 26 52

6 12 0.0 .633 .87 .115 .16 5 35 71
0.2 .590 .78 .107 .14 5 23 46
0.5 .514 .65 .092 .12 5 9 18
0.8 .435 .52 .078 .09 5 8 16
1.2 .376 .44 .067 .08 5 2 4

9 18 0.0 .890 1.77 .114 .22 7 15 30
0.2 .858 1.60 .110 .20 7 13 26
0.5 .794 1.35 .099 .17 7 2 4
0.8 .710 1.09 .088 .13 6 21 43
1.2 .640 .92 .079 .11 6 11 23

12 24 0.0 .978 2.87 .099 .28 9 14 28
0.2 .965 2.61 .098 .26 9 6 12
0.5 .934 2.21 .092 .21 9 2 4
0.8 .880 1.80 .086 .17 8 6 13
1.2 .825 1.52 .080 .15 7 29 61

15 30 0.0 .997 4.10 .085 .34 12 1 2
0.2 .994 3.74 .084 .31 11 3 6
0.5 .983 3.20 .081 .26 11 1 2
0.8 .959 2.62 .078 .21 9 34 74
1.2 .927 2.21 .074 .18 10 1 2
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Table 4.4-15
Micceri Multi-modal Lumpy (Achievement) Distribution
Occurrence of Between-group Ties, Three Groups -  1,000,000 repetitions

SS TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 9 0.0 .543 .67 .127 .16 4 146 294
0.2 .492 .59 .115 .14 4 99 198
0.5 .400 .46 .093 .11 4 37 74
0.8 .338 .38 .078 .09 4 12 24
1.2 .276 .30 .063 .07 4 1 2

6 18 0.0 .955 2.28 .121 .28 8 3 6
0.2 .931 2.05 .117 .25 7 46 93
0.5 .866 1.64 .106 .20 7 9 18
0.8 .799 1.36 .097 .16 6 123 253
1.2 .712 1.09 .086 .13 7 1 2

9 27 0.0 .+ 4.41 .090 .39 11 9 18
0.2 .997 4.02 .089 .35 11 1 2
0.5 .988 3.29 .085 .28 10 3 6
0.8 .970 2.75 .083 .23 9 19 39
1.2 .932 2.22 .078 .19 8 45 93

* For R-1: .+ indicates greater than .999
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Table 4.4-16
Micceri Multi-modal Lumpy (Achievement) Distribution
Occurrence of Between-group Ties, Four Groups -  1,000,000 repetitions

SS TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 12 0.0 .796 1.25 .143 .22 5 212 427
0.2 .738 1.09 .131 .19 6 1 2
0.5 .619 .83 .108 .14 5 23 47
0.8 .525 .66 .092 .12 5 5 10
1.2 .413 .49 .071 .08 5 2 4

6 24 0.0 .998 4.04 .098 .39 10 5 10
0.2 .995 3.62 .096 .34 10 2 4
0.5 .978 2.86 .091 .27 9 15 30
0.8 .945 2.32 .087 .21 8 34 71
1.2 .874 1.75 .079 .16 8 4 8

9 36 0.0 1.0 7.42 .069 .52 15 1 2
0.2 .+ 6.81 .068 .46 14 14 30
0.5 .+ 5.57 .066 .36 13 8 16
0.8 .998 4.47 .064 .30 13 2 4
1.2 .989 3.53 .063 .22 11 6 12

* For R-1: .+ indicates greater than .999; 1.0 is 100%
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Table 4.4-17
Micceri Multi-modal Lumpy (Achievement) Distribution
Occurrence of Between-group Ties, Five Groups -  1,000,000 repetitions

SS TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 15 0.0 .933 1.96 .137 .28 7 4 8
0.2 .889 1.69 .128 .24 7 1 2
0.5 .783 1.27 .111 .18 6 19 38
0.8 .665 .95 .093 .13 6 1 2
1.2 .525 .68 .073 .09 5 26 52

6 30 0.0 .+ 5.98 .081 .48 13 1 2
0.2 .+ 5.37 .079 .42 12 5 10
0.5 .998 4.22 .075 .32 11 9 18
0.8 .986 3.28 .073 .24 10 13 26
1.2 .946 2.41 .069 .17 9 18 37

9 45 0.0 1.0 10.49 .055 .61 18 12 25
0.2 1.0 9.74 .055 .55 18 3 6
0.5 1.0 7.99 .053 .43 16 8 16
0.8 .+ 6.39 .052 .33 16 1 2
1.2 .998 4.85 .051 .25 13 8 16

* For R-1: .+ indicates greater than .999; 1.0 is 100%
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Table 4.4-18
Micceri Multi-modal Lumpy (Achievement) Distribution
Occurrence of Between-group Ties, Six Groups -  1,000,000 repetitions

SS TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 18 0.0 .984 2.76 .123 .34 8 8 16
0.2 .961 2.36 .117 .28 8 1 2
0.5 .885 1.73 .105 .21 7 14 29
0.8 .764 1.24 .089 .14 7 1 2
1.2 .615 .86 .071 .10 6 8 16

6 36 0.0 1.0 8.01 .068 .55 15 3 6
0.2 1.0 7.23 .066 .48 15 2 5
0.5 .+ 5.64 .063 .36 13 9 20
0.8 .997 4.24 .062 .26 12 4 8
1.2 .977 3.07 .059 .19 11 1 2

* For R-1: .+ indicates greater than .999; 1.0 is 100%
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Table 4.4-19
Micceri Smooth Symmetric Distribution
Occurrence of Between-group Ties, Two Groups -  1,000,000 repetitions

SS TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 6 0.0 .401 .45 .143 .16 3 859 1718
0.2 .396 .44 .141 .16 3 795 1590
0.5 .387 .43 .138 .15 3 761 1522
0.8 .350 .38 .125 .14 3 553 1106
1.2 .295 .32 .105 .11 3 295 590

6 12 0.0 .858 1.48 .170 .29 6 9 18
0.2 .854 1.46 .169 .29 6 1 2
0.5 .844 1.43 .167 .28 6 7 14
0.8 .802 1.28 .157 .25 6 1 2
1.2 .728 1.07 .141 .21 5 128 263

9 18 0.0 .984 2.78 .141 .40 8 16 32
0.2 .983 2.76 .141 .39 8 11 22
0.5 .980 2.69 .140 .38 8 12 24
0.8 .966 2.43 .137 .34 8 4 8
1.2 .932 2.06 .131 .29 8 1 2

12 24 0.0 .999 4.18 .113 .48 10 13 27
0.2 .999 4.14 .113 .48 10 9 19
0.5 .999 4.04 .113 .47 10 10 22
0.8 .996 3.67 .113 .42 10 1 2
1.2 .987 3.13 .112 .35 10 1 2

15 30 0.0 .+ 5.55 .093 .56 13 1 2
0.2 .+ 5.50 .094 .55 13 1 2
0.5 .+ 3.38 .094 .54 12 8 17
0.8 .+ 4.91 .095 .49 12 2 4
1.2 .998 4.21 .096 .41 11 4 8

* For R-1: .+ indicates greater than .999
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Table 4.4-20
Micceri Smooth Symmetric Distribution
Occurrence of Between-group Ties, Three Groups -  1,000,000 repetitions

SS TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 9 0.0 .797 1.18 .197 .29 4 1674 3399
0.2 .789 1.16 .195 .28 4 1660 3352
0.5 .767 1.11 .189 .27 4 1283 2598
0.8 .684 .92 .166 .22 4 515 1043
1.2 .566 .71 .136 .17 4 135 273

6 18 0.0 .998 3.48 .138 .48 8 94 191
0.2 .997 3.44 .138 .48 8 76 155
0.5 .996 3.31 .138 .46 8 50 102
0.8 .987 2.86 .135 .39 8 7 16
1.2 .956 2.28 .127 .30 8 1 2

9 27 0.0 .+ 5.94 .097 .62 12 3 6
0.2 .+ 5.87 .097 .61 13 1 2
0.5 .+ 5.69 .098 .59 12 2 4
0.8 .+ 5.04 .098 .50 11 12 26
1.2 .998 4.17 .096 .40 10 37 81

* For R-1: .+ indicates greater than .999
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Table 4.4-21
Micceri Smooth Symmetric Distribution
Occurrence of Between-group Ties, Four Groups -  1,000,000 repetitions

SS TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 12 0.0 .963 2.08 .186 .40 6 27 54
0.2 .958 2.03 .184 .39 6 28 56
0.5 .943 1.90 .180 .36 6 16 32
0.8 .869 1.50 .161 .28 6 1 2
1.2 .743 1.10 .134 .20 5 85 174

6 24 0.0 .+ 5.56 .106 .62 11 11 23
0.2 .+ 5.47 .106 .60 11 12 24
0.5 .+ 5.23 .106 .57 11 1 2
0.8 .+ 4.43 .103 .46 10 20 42
1.2 .994 3.48 .100 .35 9 46 96

9 36 0.0 1.0 8.71 .073 .75 15 8 16
0.2 1.0 8.62 .074 .73 15 4 8
0.5 1.0 8.38 .074 .70 15 2 4
0.8 1.0 7.51 .074 .59 14 29 65
1.2 .+ 6.27 .072 .46 14 1 2

* For R-1: .+ indicates greater than .999; 1.0 is 100%
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Table 4.4-22
Micceri Smooth Symmetric Distribution
Occurrence of Between-group Ties, Five Groups -  1,000,000 repetitions

SS TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 15 0.0 .997 3.07 .168 .48 7 150 304
0.2 .995 2.99 .157 .47 7 116 235
0.5 .990 2.75 .154 .42 7 49 98
0.8 .950 2.09 .142 .31 7 7 14
1.2 .850 1.49 .123 .22 6 46 93

6 30 0.0 1.0 7.48 .085 .71 14 1 2
0.2 1.0 7.37 .085 .69 13 20 41
0.5 1.0 7.06 .085 .64 13 8 16
0.8 .+ 6.00 .083 .51 13 1 2
1.2 .+ 4.68 .080 .37 12 2 5

9 45 0.0 1.0 10.95 .059 .82 18 3 6
0.2 1.0 10.90 .059 .81 17 45 101
0.5 1.0 10.73 .059 .76 18 2 4
0.8 1.0 9.92 .059 .64 18 1 2
1.2 1.0 8.36 .058 .49 16 17 38

* For R-1: .+ indicates greater than .999; 1.0 is 100%
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Table 4.4-23
Micceri Smooth Symmetric Distribution
Occurrence of Between-group Ties, Six Groups -  1,000,000 repetitions

SS TSS NESM R-1* R-C 0-1 O-C M# R-M# O-M#

3 18 0.0 .+ 4.10 .135 .56 9 1 2
0.2 .+ 3.97 .134 .53 9 1 2
0.5 .999 3.61 .131 .47 9 2 4
0.8 .981 2.68 .123 .33 8 1 2
1.2 .912 1.89 .111 .23 7 22 44

6 36 0.0 1.0 9.19 .072 .78 15 29 59
0.2 1.0 9.09 .072 .75 16 1 2
0.5 1.0 8.79 .071 .69 16 1 2
0.8 1.0 7.56 .069 .54 15 4 8
1.2 .+ 5.89 .067 .39 13 19 42

* For R-1: .+ indicates greater than .999; 1.0 is 100%

4.5 -  Sampling Adequacy

Prior to conducting the main simulations an ancillary study was performed 

to determine the number of simulation cycles required to obtain adequate 

samples from the Micceri (1986, 1989) distributions using the MOTHER (Blair, 

undated) random number generator with an initial seed of 255,255. Jack Hill 

(private correspondence) investigated initial seeds with the MOTHER random 

number generator and validated the use of 255,255. The methodology used for 

the sampling adequacy study is described in Chapter 3, Section 8 and 

conclusions about sampling adequacy are included in Chapter 5, Section 3.

The results of this ancillary study are summarized in tables 4.5-1 through 

4.5-4 based on the percent error between each obtained sample distribution and
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its population distribution at each value. Not all values are shown. The percent 

error between each obtained sample cumulative distribution and its 

corresponding population cumulative distribution was also investigated. The 

results were very similar to those shown and not given here.

In tables 4.5-1 through 4.5-4, the following apply to columns A through D:

A. Total observations (obs) in thousands = (total sample size) x (total repetitions).

B. The ratio of total observations (obs) to the source vector length (SVL), 

rounded to the nearest integer. The source vector length is the length of the 

generating vector that defines a population distribution as described in 

Chapter 3, section 8.

C. The number of population values at which the observed sample distribution 

and the population distribution differed by 1.0 % or more.

D. The maximum percent error between the obtained sample distribution and the 

population distribution.

Table 4.5-1
Sampling Adequacy for Micceri (1986, 1989) Extreme Asymmetric Distribution 
27 Values [1,27,1] with Source Vector Length (SVL) 2,768

A
Total

Observations
(1,000’s)

B
Obs/SVL ratio 

(approx)

C
pd diff 

# of values with 
|%error| > 1.0%

D
pd diff 

maximum 
% error

60 22 17 6.16
180 65 18 5.61
480 173 10 -2.47

1,800 650 6 -1.48
4,800 1,734 4 -1.75

18,000 6,503 0 -0.81
48,000 17,341 0 0.33
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Table 4.5-2
Sampling Adequacy for Micceri (1986, 1989) Extreme Bi-modal Distribution
6 Values [1,6,1] with Source Vector Length (SVL) 665

A B C D
Total Obs/SVL ratio pd diff pd diff

Observations (approx) # of values with maximum
(1,000’s) |%error| > 1.0% % error

60 90 1 -1.11
180 271 1 -1.97
480 722 1 -1.91

1,800 2,707 0 -0.48
3,600 5,414 1 -1.01
4,800 7,218 0 -0.84

18,000 27,068 0 0.43
48,000 72,180 0 0.43

Table 4.5-3
Sampling Adequacy for Micceri (1986, 1989) Multi-modal Lumpy Distribution 
44 Values [1,44,1] with Source Vector Length (SVL) 467

A B C D
Total Obs/SVL ratio pd diff pd diff

Observations (approx) # of values with maximum
(1,000’s) |%error| > 1.0% % error

60 128 34 6.63
180 385 26 -5.30
480 1,028 17 3.58

1,800 3,854 4 1.49
4,800 10,278 0 -0.75

18,000 38,544 0 0.40
48,000 102,784 0 0.22

The total number of observations needed to make the difference between 

each obtained sample distribution and its population distribution less than or 

equal to 1.0% for all values was approximately 18,000,000 for distribution EA,

6,000,000 for distribution SS and 4,800,000 for distributions EB and ML. The
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complete set of data points for each population distribution were fitted with a 

smooth curve and plotted. These curves indicated that approximately

10,000,000 observations might be sufficient to minimize the error to 1.0% or less. 

Since the minimum combined sample size studied was six (two groups of three 

or three groups of two), 6,000,000 observations, requiring 1,000,000 repetitions, 

was selected as a reasonable compromise for the lower limit, even though the 

EA distribution might have benefited from a slightly larger choice.

Table 4.5-4
Sampling Adequacy for Micceri (1986, 1989) Smooth Symmetric Distribution 
27 Values [1,27,1] with Source Vector Length (SVL) 5,375

A
Total

Observations
(1,000’s)

B
Obs/SVL ratio 

(approx)

C
pd diff 

# of values with 
|%error| > 1.0%

D
pd diff 

maximum 
% error

60 11 17 -9.52
180 33 15 -4.97
480 89 9 2.64

1,800 335 3 -1.21
4,800 893 1 -1.17

18,000 3,349 0 0.56
48,000 8,930 0 0.38

In addition to the 1.0 % error criteria, each distribution of sample values 

was tested against its corresponding population distribution using the 2-sided 

Kolmogorov-Smirnov Test of General Differences at nominal alpha .10. A 2- 

sided test was used because the distribution of sample values tended to deviate 

from its Micceri (1986, 1989) population distribution both positively and 

negatively. Nominal alpha was set at 10% to ensure that the test was powerful at 

detecting real differences. Even with the elevated risk of a false positive, this test
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never produced a significant result. Thus, the 1.0% error criteria was more 

stringent than that represented by the use of the 2-sided Kolmogorov-Smirnov 

Test at nominal alpha .10.

The sampling adequacy study also investigated the use of total numbers 

of observations that were integral multiples of the source vector length. The 

results did not differ from those obtained with total observations that were integral 

multiples of 10, and so are not reported here.
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CHAPTER 5 

DISCUSSION

5.1 — Overview

Before discussing the four research questions posed in Chapter 1, the 

issues of occurrence of ties and sampling adequacy are addressed. The findings 

with respect to the original research questions are then presented, followed by 

comments on the apparent effect of the discreteness of the population and 

critical value distributions on the results. Limitations of the study are dealt with 

next and possible directions for further research are suggested. Conclusions are 

based on the results presented in Chapter 4. Throughout this chapter, methods 

and distributions are abbreviated as shown in Tables 5.1-1 and 5.1-2. Table 5.1- 

2 also contains the parameters for each population distribution.

Table 5.1-1
Methods of Resolving Equal Data Values

Abbrev. Name

3a Average of Least (M1) and Most (M2) Likely to Reject Ho
3b Count Ties as 34
4 Alternating
5 Random
6a Mid-ranks
6b Delayed Increment
6c Weighted Average of All Possible Resolutions
7 Drop Matching Ties and Reduce N
8 Drop All Ties and Reduce N
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Table 5.1-2
Micceri (1986, 1989) Distributions (from Table 3.2-1)

Abbrev. Name min max p <t> a skew Ikurtosis

EA Extreme Asymmetric 0 30 24.50 27. 5.79 -1.33 4.11
EB Extreme Bi-modal 0 7 2.97 4. 1.69 -0.08 1.30
ML Multi-modal Lumpy 0 43 21.15 18. 11.90 0.19 1.80
SS Smooth Symmetric 0 26 13.19 13. 4.91 0.01 2.66
Norm Normal -  00 +  00 0.00 0. 1.00 0.00 3.00

Adapted from Sawilowsky & Blair (1992) p.353 Table 1

5.2 — Occurrence of Ties

Preliminary to the main study itself, the occurrence of between-group ties 

was investigated when sampling from the various distributions used in this study. 

Since the main purpose of this study was to determine the relative efficacy of 

different methods of resolving consequential ties, the whole enterprise would 

have been largely without relevance if ties did not occur with some relatively high 

frequency when samples were drawn from the Micceri (1986, 1989) distributions. 

Consequential ties turn out to be the ones that occur between different groups in 

any given sample. The results of the investigation of the occurrence of ties are 

described in Chapter 4, section 4, and it is clear from those results that ties occur 

often in samples drawn from the Micceri (1986, 1989) distributions.

Tables 4.4-4 through 4.4-8 provide a summary of the results for 

distribution EA for two to six groups. At nominal effect size multiplier 0.0 (no 

shift) the least number of repetitions involved in a first between-group tie was 

52.4% for two groups of three taking in 19.8% of the observations. Overall 23% 

of the observations where involved in a consequential tie. These rates rose
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quickly to 92.7% of repetitions experiencing a first between-group tie for two 

groups of six and 89.4% for three groups of three. The corresponding 

observations were 20.0% for first tie and 39% overall for two groups of six and 

23.8% for first tie and 39% overall for three groups of three. At any given number 

of groups and initial sample size, these rates declined steadily with increases in 

the nominal effect size multiplier. Even so, the smallest values obtained were for 

two groups of three at nominal effect size multiplier 1.2 where 18.0% of 

repetitions were involved in a first tie taking in 6.5% of the total observations, with 

7% of the observations involved in a between-group tie.

The EA distribution has 31 distinct values. Not surprisingly, the EB 

distribution, with only 8 distinct values, produced much higher numbers of 

between-group ties. Tables 4.4-9 through 4.4-13 summarize the results for the 

EB distribution. For two groups of three at nominal effect size multiplier 0.0, 

89.2% of repetitions had a first between-group tie involving 42.2% of the 

observations, with 58% of observations overall involved in a between-group tie. 

Indeed, at two groups of six and above, essentially every repetition involved 

between-group ties. At two groups of 15, 34.9% of the observations were 

involved in a first between-group tie with 94% of total observations involved in a 

between-group tie. For three or more groups, most sample sizes saw greater 

than 90% of the observations involved in a between-group tie.

The ML distribution has 44 distinct values. Results are given in Tables 

4.4-14 through 4.4-18. For two groups of three at nominal effect size multiplier 

0.0, 22.6% of repetitions had first between-group ties involving 7.8% of the
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observations with 8% of observations involved in between-group ties. At nominal 

effect size multiplier 1.2 these rates dropped to 11.5%, 3.9% and 4% 

respectively. For two groups of six at nominal effect size multiplier 0.0, the rate 

of repetitions experiencing a first tie nearly tripled to 63.3% while the 

observations increased to 11.5% for first ties and 16% overall, double that of two 

groups of three. For three groups of three, 54.3% of repetitions saw a first tie 

involving 12.7% of the observations with 16% of the observations involved in a 

between-group tie. At six groups of three almost every repetition saw a between- 

group tie at 98.4%. The rate of observations involved in first ties was 12.3% with 

34% of observations involved in a between-group tie.

Finally, the SS distribution, with 27 distinct values, experienced ties at a 

rate slightly lower than the EA distribution. These results are given in Tables 4.4- 

19 through 4.4-23. If the rate at which between-group ties was experienced 

depended only on the number of distinct values in the distribution one would 

have expected the SS distribution to have slightly higher rates than the EA 

distribution. Thus, it is possible that shape, or some other factor, also contributed 

to the rate of occurrence and pattern of ties.

All other factors being equal, the following were both expected and 

generally observed:

■ Samples drawn from populations with fewer defined values tended to 

produce more between-group ties than samples drawn from populations 

with more defined values.
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■ Smaller per-group sample sizes tended to produce fewer between-group 

ties than larger per-group sample sizes.

■ Samples drawn from the same population tended to produce between- 

group ties more often than samples drawn from populations separated by 

large effect sizes.

■ For three or more groups, the middle most group(s) tended to be involved 

in between-group ties more often than the extreme groups.

■ Multiple ties were common, i.e., ties involving more than one occurrence 

of a value within a group as well as ties involving more than one value in a 

group.

Two conclusions that can be drawn from the occurrence of ties study are:

(1) When using this group of tests with real data, of which the Micceri (1986, 

1989) distributions are representative, effective methods of dealing with 

consequential ties are a necessity; and

(2) It is doubtful that these tests can be successfully applied to data from 

discrete populations with very few values, such as Micceri’s (1986, 1989) 

Extreme Bi-modal Psychometric (EB) distribution.

Both points are supported by the results from Chapter 4 and are discussed 

further in the Chapter 5, section 4.

5.3 — Sampling Adequacy

Results of a sampling adequacy study are presented in Chapter 4, section 

5. The results indicated that for the random number generator and initial seed 

used (MOTHER with 255,255), more observations were needed to ensure a
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sufficiently close approximation to the population distributions than originally 

expected. Although it was possible to get an idea of what the results would look 

like in as few as 1,000 trials, and short runs of 10,000 trials were used for 

program debugging and tryout prior to the full simulation runs, the results from 

this number of repetitions at the sample sizes being investigated were not 

sufficient to generate defensible answers to the primary research questions.

Simulations based on 1,000,000 trials offered an acceptable balance of 

good distribution fit, precision and stability of results, and execution time. Given 

the power of modern personal computers one should expect to see Monte Carlo 

results based on considerably larger numbers of trials than have historically 

appeared in the literature.

5.4 — Research Questions

The findings with respect to the original research questions are presented. 

Note that methods 1, 2 and 7 were investigated for all six tests, but results were 

not presented in Chapter 4. Methods 1 and 2 were only investigated in order to 

investigate method 3a. The Type I error results for method 1 were, as expected, 

very conservative while the results for method 2 were equally liberal (inflated). 

The Type I error results for method 7 were also extremely inflated. Methods 3a, 

4, 5 and 8 were the only methods applied to all six tests, although each test 

included at least one of the method’s {3a, 3b} and most included at least one of 

the method’s {6a, 6b, 6c}, Tukey’s Quick Test being the exception.

As described in Chapter 3, methods 7 and 8 were investigated in two 

different ways: 1) in parallel with methods 1 -  6 (as appropriate) for each test,
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and 2) through independent simulations. Although the parallel results were not

reported in Chapter 4, comments regarding them follow.

As described in Chapter 3, the main simulations were designed to draw

1,000,000 sets of samples for each combination of simulation parameters and 

test them. Because methods 7 and 8 dropped tied values they often resulted in 

untestable samples, either because there was no data left or because critical 

values were unavailable, due either to small and/or unequal sample sizes. 

Untestable results were counted separately from significant and non-significant 

results, although the specific reasons that samples were untestable was not 

captured. The results of the main Type I error simulations revealed a very high 

percentage of untestable samples and grossly inflated Type I error rates, 

especially with the EB distribution. This was true even though Type I error rates 

were based on total samples. An adjustment to use testable samples as the 

denominator of the Type I error rate would have inflated the results further, as 

seen in the separate method 7/8 studies described next.

Separate method 7/8 simulations were also run for each test in which the 

program was allowed to cycle up to 10,000,000 times in an attempt to get 10,000 

testable samples. These simulations almost always took more than 10,000 

cycles to get 10,000 testable samples and under many combinations of 

simulation parameters took hundreds of thousands or millions of cycles to do so. 

Indeed, it was not uncommon that they failed to obtain 10,000 testable samples 

and sometimes obtained only a few (<10) or none. Type I error results from 

these simulations, however, were calculated based on the number of testable

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



425

samples obtained to try and capture a more accurate picture of the true Type I 

error properties. These are the Type I error results presented in Chapter 4, along 

with information about the relationship of cycles to testable samples.

Both simulation approaches calculated and reported average per-group 

sample sizes for methods 7 and 8. These average sample sizes revealed the 

behavior of these methods in yet another way. As expected, average sample 

size was almost always smaller than the initial sample size, indicating that ties 

had occurred and been dropped. Interestingly, the average sample size seemed 

to approach an upper limit as initial sample size increased. For some tests, this 

limit was approached fairly quickly and was well below the initial sample size. 

Thus, it appears that most of the data was being thrown away as sample size 

increased.

In a sense these two simulation approaches yielded the same results from 

slightly different perspectives. Either way, methods 7 and 8 produced a 

problematic number of untestable samples and grossly inflated Type I error rates. 

The Type I error results for method 7 were so inflated that they were not even 

reported in Chapter 4. The Type I error results for method 8 were also inflated, 

but were presented in Chapter 4 in order to support certain conclusions in this 

chapter.

5.4.1 -  Research Question 1

For samples drawn from the same population, is the Type I error rate 

maintained between .5a and 1.1 a for each combination of test, method, number 

of groups, directionality, sample size and distribution?
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The short answer is no, not for most combinations of simulation 

parameters with the Micceri (1986, 1989) distributions, and sometimes not even 

with the Normal distribution. This was because the theoretical probability of a 

Type I error, P(T1e), was sometimes outside the robust tolerance limits to begin 

with, albeit usually in a conservative direction due to the use of best 

conservative critical values. Results are detailed in Chapter 4, section 2 and 

described following.

Methods 3a, 4, 5, 6b and 8 were investigated for the Kolmogorov-Smirnov 

Test of General Differences for Two Groups. At nominal alpha .01, table 4.2.1-1 

shows that about half of the initial sample sizes had P(T1e) < 0.5a, both 1-sided 

and 2-sided (upper, lower and both tails). Results for the Normal distribution 

closely matched these theoretical probabilities. Method 5 was consistently close 

to these results across all Micceri (1986, 1989) distributions. Method 4 and 

method 3a exhibited slightly more conservative results across directions and 

tails, for distributions EA, ML and SS. Results of method 3a with distribution EB 

were grossly inflated while results of method 4 with distribution EB were very 

conservative. Method 6b yielded somewhat conservative results with distribution 

ML and very conservative results with distributions EA, EB and SS. Results for 

method 8 were grossly inflated across all Micceri (1986, 1989) distributions.

For the Kolmogorov-Smirnov Test at nominal alpha .05, Table 4.2.1-3 

shows that about a fourth of the initial sample sizes had P(T1e) < 0.5a, 1-sided 

and about a third of the initial sample sizes had P(T1e) < 0.5a, 2-sided (upper, 

lower and both tails). Again, results for the Normal distribution closely matched
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these theoretical probabilities. Method 5 was consistently close to these results 

as well across all Micceri (1986, 1989) distributions. Results for method 4 with 

the ML distribution were very similar to those for method 5, but somewhat more 

conservative for distributions EA and SS and very conservative for distribution 

EB. Method 3a yielded results that were even more conservative for distributions 

EA, ML and SS, but grossly inflated for distribution EB. Method 6b produced 

somewhat conservative results with distribution ML and very conservative results 

with distributions EA, EB and SS. Results for method 8 were grossly inflated 

across all Micceri (1986, 1989) distributions.

Based solely on Type I error performance, method 5 would be the method 

of choice for the Kolmogorov-Smirnov Test. None of the methods seemed to 

work well with distribution EB, and method 8 should be avoided.

For Rosenbaum’s Test for Two Groups, methods 3a, 3b, 4, 5, 6c and 8 

were investigated. At nominal alpha .01, Table 4.2.2-1 shows that about 40% of 

the initial sample sizes had P(T1e) < 0.5a, 1-sided and about a third had P(T1e)

< 0.5a, 2-sided (upper, lower and both tails). Results for the Normal distribution 

closely matched these theoretical probabilities, as did the results for method 5 

across all Micceri (1986, 1989) distributions. Method 4 produced slightly inflated 

but acceptable results with distributions ML and SS but grossly inflated results 

with distributions EA and EB. Results for methods 3a and 3b were similar to 

each other and were slightly to somewhat conservative relative to P(T1e) for 

distributions ML, EA and SS but very conservative for distribution EB 2-sided and 

inflated for distribution EB 1-sided. Method 6c produced very conservative

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



428

results for distributions EA and EB and somewhat conservative results for 

distributions ML and SS. Results for method 8 were grossly inflated across all 

Micceri (1986, 1989) distributions.

Table 4.2.2-3 shows the results for Rosenbaum’s Test at nominal alpha 

.05. The pattern of out-of-tolerance counts is essentially the same as for nominal 

alpha .01 except that the results for methods 3a and 3b with distribution EB were 

grossly inflated for all directionalities and tails. Based solely on the Type I error 

performance, method 5 would be the method of choice for Rosenbaum’s Test for 

both nominal alpha levels. Again, none of the methods seemed to work well with 

distribution EB and method 8 should be avoided.

Type I error results for Tukey’s Quick Test of Location for Two Groups at 

nominal alpha .01 are given in Table 4.2.3-1. Methods 3a, 3b, 4, 5 and 8 were 

examined. P(T 1 e) was within the robust tolerance limits for all initial sample 

sizes, directionalities and tails. Results for the Normal distribution matched the 

theoretical probabilities for all methods, directions and tails except method 8, 

which was based on a maximum of 10,000 testable samples. Results for method 

5 matched P(T1e) across all Micceri (1986, 1989) distributions and conditions. 

Method 3a gave very conservative results for distribution EA, somewhat 

conservative results for distributions ML and SS and grossly inflated results for 

distribution EB. Method 3b gave somewhat conservative results for distributions 

EA, ML and SS and grossly inflated results for distribution EB. Results for 

method 4 with distributions ML and SS were within the robust tolerance limits, but 

results for distributions EA were grossly inflated while with distribution EB results
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were outside the robust tolerance limits in both directions. Results for method 8 

were grossly inflated across all Micceri (1986, 1989) distributions.

Results for nominal alpha .05 did not follow the same exact pattern as for 

nominal alpha .01. Again, all P(T1e) were within the robust tolerance limits, as 

were all of the results for the Normal distribution and for method 5 across all 

Micceri (1986, 1989) distributions. Method 3a produced very conservative 

results with distribution EA, grossly inflated results with distribution EB, within 

tolerance results with distribution ML (1-sided), somewhat conservative results 

with distribution ML (2-sided), slightly conservative results with distribution SS (1- 

sided) and somewhat conservative results with distribution SS (2-sided). Method 

3b produced somewhat to grossly inflated results with distributions EA and EB, 

within tolerance to slightly out of tolerance results with distributions ML and SS 

(1-sided) and somewhat conservative results with distributions ML (2-sided) and 

SS (2-sided). Method 8 was grossly inflated across all Micceri (1986, 1989) 

distributions.

Based solely on the Type I error performance, method 5 would be the 

method of choice for Tukey’s Quick Test for both nominal alpha levels.

Distribution EB continued to be problematic for most methods and method 8 did 

not perform acceptably with any distribution and should be avoided.

P(T1e) for the Wilcoxon-Mann-Whitney Test was within the robust 

tolerance limits for all initial sample sizes for all combinations of test conditions at 

both nominal alpha .01 and .05 as shown in Tables 4.2.4-1 and 4.2.4-3. Methods 

3a, 4, 5, 6a and 8 were studied. Results for the Normal distribution were also
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within the robust tolerance limits except for method 8 at nominal alpha .01, which 

was slightly inflated. All results for method 5 were within the robust tolerance 

limits as were all results for distribution ML. Results for method 8 were grossly 

inflated across the Micceri (1986, 1989) distributions at both alpha levels, as 

were the results for method 4 with distribution EA. All other results at nominal 

alpha .01 were within the robust tolerance limits except for methods 3a and 6a 

with distribution EB, which were somewhat conservative. At nominal alpha .05, 

the same general pattern continued with results across the Micceri (1986, 1989) 

distributions within the robust tolerance limits or slightly to somewhat 

conservative (methods 3a and 6a with distribution EB 2-sided).

Based solely on Type I error results, the method of choice for the 

Wilcoxon-Mann-Whitney Test at both nominal alpha levels would probably be 

method 5, although the evidence in favor of that choice is not as overwhelming 

as it is for the Kolmogorov-Smirnov Test, Rosenbaum’s Test and Tukey’s Quick 

Test. Note that all of the methods (except method 8) worked well with 

distribution ML, which has the most values of the four Micceri (1986, 1989) 

distributions. Method 8, however, should not be used.

P(T1e) was not available for the Kruskal-Wallis Test (against an omnibus 

alternative hypothesis) so results for the Normal distribution were taken as the 

standard for comparison with the Micceri (1986, 1989) distributions in 

determining the Type I error performance of methods 3a, 4, 5, 6a and 8. Tables

4.2.5-1 and 4.2.5-2 give the results for nominal alpha .01 and .05 respectively, 

each for three to six groups. Results for both the H statistic and the Hc statistic
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(continuity correction) are reported but all subsequent results are based on the H 

statistic as the Hc statistic tended to produce inflated results compared to the H 

statistic across nominal alpha level, number of groups, distribution, nominal effect 

size multiplier and method.

At nominal alpha .01 and .05, results for method 3a were grossly inflated 

across number of groups for distributions EA and EB, close for distribution ML 

and somewhat to considerably inflated for distribution SS. Results for method 4 

at both alpha levels were grossly inflated for distribution EA, close for 

distributions EB and ML, and close to somewhat inflated for distribution SS 

(nominal alpha .01 at 3 and 6 groups). Results for method 5 at nominal alpha .01 

were slightly to somewhat inflated, but matched the Normal results very closely 

for nominal alpha .05. At nominal alpha .01, method 6a was generally very close 

to the Normal results except with distribution EB, where results were quite 

conservative. At nominal alpha .05, however, results for method 6a across the 

Micceri (1986, 1989) distributions were quite close to those for the Normal 

distribution, most of them being within the robust tolerance limits or slightly 

conservative (distribution EB with 4 and 5 groups).

Based solely on Type I error performance, method 6a would probably be 

the method of choice for the Kruskal-Wallis Test across nominal alpha levels, 

although method 5 would be an equally reasonable choice at nominal alpha .05 

and not a bad choice at nominal alpha .01. Results for method 8 were grossly 

inflated across all test conditions and it should not be used.
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Type I error results for the Terpstra-Jonckheere Test (against an ordered 

alternative hypothesis) are given in Tables 4.2.6-1 and 4.2.6-2 for nominal alpha 

.01 and .05, respectively. Each table covers methods 3a, 4, 5, 6a and 8 for three 

to six groups. P(T1e) was available for many, but not all, initial sample sizes. In 

all cases where P(T1e) was available, it was within the robust tolerance limits 

except for three groups at nominal alpha .01, where one value was below the 

lower limit. Results for the Normal distribution matched the theoretical results 

very closely except for method 8 at nominal alpha .01. As with all of the 

preceding tests, results for method 8 were generally quite inflated across the 

Micceri (1986, 1989) distributions at both nominal alpha levels.

Results for method 5 matched the P(T1e) and Normal results across all 

Micceri (1986, 1989) distributions at both nominal alpha levels. At nominal alpha 

.01, methods 3a, 4 and 6a also showed good agreement with a tendency to be 

slightly conservative when deviating. The exception was method 4 with 

distribution EA, which was somewhat inflated. At nominal alpha .05, methods 3a, 

4 and 6a also matched the P(T1e)/Normal results across distributions and 

number of groups quite closely. The exceptions were methods 3a and 6a with 

distributions EA and EB at three groups, which were slightly conservative, and 

method 4 with distribution EA at six groups, which was slightly inflated.

Based solely on Type I error performance, method 5 would probably be 

the method of choice for the Terpstra-Jonckheere Test based on the better 

results at nominal alpha .01. Although the choice is less compelling at nominal 

alpha .05, method 5 is the only method that matched the P(T1e)/Normal results
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across all Micceri (1986, 1989) distributions and number of groups. Method 8 

should be avoided.

On the basis of Type I error performance alone, method 5 appears to be 

the method of choice for five of the six tests irrespective of the combination of the 

various test parameters. Since method 5 is also a viable choice for the Kruskal- 

Wallis Test, it would be the overall method of choice for this set of tests, based 

solely on Type I error performance, if a single method had to be chosen. It is 

clear from this study that the often-recommended method (8) of dropping ties and 

reducing N is not to be recommended for any of these tests under any 

circumstances.

5.4.2 -  Research Question 2

For samples drawn from populations differing only in location, what is the 

power for each combination of test, method, number of groups, directionality, 

sample size and distribution?

This question should also include nominal alpha level and nominal effect 

size multiplier. Results are presented in Chapter 4, section 3, including Type III 

error results where appropriate. Results are only reported for those 

combinations of test parameters that exhibited acceptable Type I error 

performance.

5.4.3 -  Research Question 3

For samples drawn from populations differing only in location, is there a 

preferred method of resolving tied ranks for each combination of test and 

distribution, irrespective of the number of groups, directionality and sample size?
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This research question asks for results across number of groups, 

directionality and sample size and should have included nominal alpha and 

nominal effect size multiplier. Chapter 4, section 3 reports the rankings of the 

power results across methods by distribution for each combination of test, 

nominal alpha level, number of groups and directionality in three ways: 1) across 

nominal effect size multiplier at each initial sample size; 2) across initial sample 

size at each nominal effect size multiplier, and 3) across nominal effect size 

multiplier and initial sample size. The question then is, given the apparent 

superiority of method 5 with respect to Type I error performance, did the power 

results also support that choice?

Table 4.3.1-36 shows the results by distribution and method for the 

Kolmogorov-Smirnov Test of General Differences for Two Groups. The picture 

presented there suggests that method 5 is the most powerful with each of the 

three distributions investigated (EA, ML and SS) except when looking at initial 

sample size across nominal effect size multiplier for distribution EA, where 

method 3a performed equally well with method 5.

Table 4.3.2-36 shows the results by distribution and method for 

Rosenbaum’s Test of Location for Two Groups. For distribution EA, only 

methods 3a, 3b and 5 were investigated. Results for methods 3a and 3b were 

identical, so they were tied for rank 1 twice as often as the number of first place 

finishes shown, i.e., if either method was eliminated the number of first place 

finishes for the other would double. Thus, they appear to have a slight edge over 

method 5 for distribution EA. It is clear, however, that for distributions ML and
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SS, method 4 was the most powerful.

Table 4.3.3-36 shows the results by distribution and method for Tukey’s 

Quick Test of Location for Two Groups. Methods 3a, 3b, 4 and 5 were 

investigated for distributions ML and SS. The picture presented there suggests 

that method 5 was consistently the most powerful.

Table 4.3.4-36 shows the results by distribution and method for the 

Wilcoxon-Mann-Whitney Test for Two Groups. Methods 3a, 4, 5 and 6a were 

investigated for all four Micceri distributions except for method 4 with distribution 

EA. The picture presented there suggests that method 5 was the most powerful 

with distributions EA and EB and equal to slightly better than method 4 for 

distribution SS. For distribution ML, however, method 4 was generally the most 

powerful method.

Tables 4.3.5-44 and 4.3.5-45 show the results by distribution and method 

for the Kruskal-Wallis Test. Table 4.3.5-44 presents results for nominal alpha 

and number of groups (.01, 4), (.01, 5), (.05, 3) and (.05, 4) as the combination of 

methods and distributions was the same for these conditions. Likewise, Table

4.3.5-45 presents results for nominal alpha and number of groups (.01, 6), (.05,

5) and (.05, 6). The same picture is presented in both tables. For distribution 

EA, method 5 is generally more powerful than method 6a. For distribution EB, 

method 6a seems to have the edge when the rankings are done on power to four 

decimals, but this advantage disappears somewhat when the ranking is done on 

power to two decimals, tending to favor method 5 instead. In those cases where 

method 3a was investigated with distributions ML and SS it was generally
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superior. In the absence of method 3a, however, method 5 regained the 

advantage or shared it with method 6a.

Table 4.3.6-42 shows the results by distribution and method for the 

Terpstra-Jonckheere Test. The table shows the number of first place finishes, 

based on mean ranks, for each combination of methods 3a, 4, 5 and 6 with 

distributions EA, EB, ML and SS across nominal alphas and number of groups. 

The picture presented in Table 4.3.6-42 shows that method 5 is the most 

powerful with distributions EA, ML and SS whether the rankings are based on 

power to four decimals or two decimals. At four decimals, the four methods 

appear to be somewhat similar in performance with distribution EB, but method 5 

emerges as the method of choice when the rankings are based on power to two 

decimals.

When considering each combination of test and distribution across all 

other simulation parameters, a single method was not uniformly most powerful. 

Method 5, however, was generally the most powerful method except for some 

idiosyncratic departures.

5.4.4 -  Research Question 4

For samples drawn from populations differing only in location, is there a 

preferred method of resolving tied ranks for each test, irrespective of the number 

of groups, directionality, sample size and distribution?

This research question should also include nominal alpha and nominal 

effect size multiplier. While the Type I error results and the discussion under 

Research Question 3 suggest that method 5 may be the preferred method for
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most tests, this research question asks for results across distributions. This is 

difficult due to: 1) the lack of equivalence of the actual effect size multipliers, and; 

2) the fact that power results were not obtained for all combinations of test, 

distribution and method. Table 5.4-1 summarizes the issue.

Table 5.4-1
Actual Effect Size Multipliers by Distribution and Nominal Effect Size Multiplier 
and Ranks Across Distributions (within Nominal Effect Size Multiplier)

Distribution Nominal Effect Size Multiplier
.2 .5 .8 1.2

Actual Effect Size Multipliers

Norm .2 .5 .8 1.2
EA .173 .518 .864 1.209
EB .n/a .592 .n/a 1.183
ML .168 .504 .840 1.176
SS .204 .407 .815 1.222

Ranks with Normal mean rank

Norm 2 4 4 3 3.25
EA 3 2 1 2 2.00
EB 1 4 2.50
ML 4 3 2 5 3.50
SS 1 5 3 1 2.50

Ranks w/o Normal mean rank

EA 2 2 1 2 1.75
EB 1 3 2.00
ML 3 3 2 4 3.00
SS 1 4 3 1 2.25

The first part of the table restates the actual effect size multipliers for each 

distribution for each nominal effect size multiplier. The middle part of the table
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gives the ranking of these actual effect size multipliers across distributions at 

each nominal effect size multiplier, including the Normal distribution. The last 

part of the table repeats the ranking, without the Normal distribution. The last 

part of the table must be kept clearly in mind when comparing power results 

across the Micceri (1986, 1989) distributions as these ranking define the 

expected order of results if all methods performed equally well across 

distributions at a given nominal effect size multiplier.

Based on the mean rank of power results across test conditions, the 

following results were obtained with respect to methods of choice across 

distributions:

■ For the Kolmogorov-Smirnov Test of General Differences, the last part of 

Table 4.3.1-37 clearly indicates that method 5 is preferred.

■ For Rosenbaum’s Test, the last part of Table 4.3.2-37 clearly indicates that 

method 4 is preferred.

■ For Tukey’s Quick Test, the last part of Table 4.3.3-37 clearly indicates that 

method 5 is preferred.

■ For the Wilcoxon-Mann-Whitney Test, the last part of Table 4.3.4-37 clearly 

indicates that method 5 is preferred, with method 4 as a viable second choice.

■ For the Kruskal-Wallis Test, the last part of Tables 4.3.5-46 and 4.3.5-47 

clearly indicate that method 5 is preferred, with method 6a as a viable second 

choice and method 3a acceptable under certain conditions.

■ For the Terpstra-Jonckheere Test, the last part of Table 4.3.6-43 clearly 

indicates that method 5 is preferred.
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Thus it appears that there is a preferred method of resolving tied observations for 

each test, and that method is generally method 5 (random) with the exception of 

Rosenbaum’s Test, where method 4 appears to be favored.

5.4.5 -  Additional Research Question

Is there a preferred method of resolving ties across all tests and conditions 

in this study?

On the basis of Type I error performance alone, method 5 would be the 

method of choice across all tests under all combinations of study parameters if a 

single method had to be selected. Further, the answers to research questions 2, 

3 and 4 tend to support the use of method 5 with most of these tests under most 

combinations of simulation parameters. Thus, it is reasonable to conclude that if 

one had to choose a single method for resolving equal data values (tied ranks), 

method 5 (random resolution) would be the method of choice. It’s also clear 

from this study, however, that the often-recommended method of dropping ties 

and reducing N, method 8, is not to be recommended for any of these tests 

under any circumstances.

5.5 — Discreteness

It is intuitively obvious that, all other things being equal, the more distinct 

values a population distribution has, the less likely ties are to occur in random 

samples, either within or between groups. The results of this study suggest that 

all of the methods studied work better with many-valued discrete distributions, 

such as the ML distribution, than they do with distributions that have very few 

distinct values, such as the EB distribution. The only empirical study known to
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the author to explicitly investigate the effect of the discreteness of a distribution 

on the performance of one of the tests in this study is Sparks (1967), who studied 

the Wilcoxon-Mann-Whitney Test using successively coarser approximations to 

the Normal distribution. The results of the current study support Sparks (1967) 

findings, i.e., that the Type I error performance of these tests with populations 

whose distributions violate the assumption of continuity gets progressively worse 

as the number of categories (distinct values) used to approximate a smooth 

distribution gets smaller. Thus, it appears that discreteness of population 

distributions is an important factor in the performance of these tests vis-a-vis 

consequential ties and ways of dealing with them.

Discreteness is also an issue with some of these tests in that the critical 

values are themselves from a discrete distribution. Indeed, the very conservative 

Type I error performance of some of the tests, such as the Kolmogorov-Smirnov 

Test, were directly attributable to the best-conservative critical values at the 

chosen nominal alpha levels. This is discussed more fully in section 5.7.

5.6 — Additional Limitations Of The Study

This research originated with Fahoome (1999). The decision to do power 

studies forced a narrowing of the focus to tests of location involving independent 

samples as the amount of work involved in doing power studies on multiple 

methods of resolving ties using five distributions at four different effect sizes, with 

up to four different numbers of groups, was considerable. The tests that were 

eliminated included single-sample tests of location as well as tests of association, 

correlation, spread and dependent-samples tests. The tests for spread were
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eliminated because they are not of much practical interest while the dependent- 

samples tests were eliminated because the problem of generating correlated 

data for such tests is not yet fully worked out. Thus, of the 21 statistics studied 

by Fahoome (1999), only six were retained for this research.

Sawilowsky (2002), in writing about the ‘Behrens-Fisher problem’, argued 

that the problem was of no practical importance as treatment effects in social and 

behavioral science rarely produce changes in spread without an accompanying 

change in location (see also Sawilowsky & Blair, 1992). He asserted that 

researchers should be concerned with tests for shifts in location accompanied by 

changes in spread. Such effects are not represented in the present research, 

although Rosenbaum’s Test of Location is particularly appropriate for situations 

in which an increase in the median is accompanied by an increase in spread. 

Thus, tests for pure changes in scale were not included in this study. The 

median test was also excluded as Freidlin & Gastwirth (2000) showed that it 

lacked power in comparison to the Wilcoxon-Mann-Whitney Test.

One implication of Sawilowsky (2002) was that changes in location without 

accompanying changes in spread seemed equally unlikely. To the extent that 

this is true, the pure shift methodology of the present study was limiting. Bradley 

(1978) made a strong case that tests for single effects (such as the shift in a 

population mean) that were based on ‘all else equal’ assumptions, such as 

homogeneity of variance across groups, may not match reality very well, the real 

interest being in the complex interactions of various factors. Sawilowsky & Blair 

(1992) also established the importance of comparative power studies between
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tests. The current research, although complex, does not directly address these 

concerns.

This research was limited by lack of another kind of comparability as well. 

When dealing with discrete distributions that are integer valued, such as the 

Micceri (1986, 1989) distributions, it makes sense to deal with integer amounts of 

shift so that the shifted population continues to reflect the same properties as the 

un-shifted population, especially as regards being integer valued. In this 

research, however, it was absolutely necessary to shift the Micceri (1986, 1989) 

distributions by integer amounts in order to ensure the occurrence of tied values. 

As a consequence, at each nominal effect size multiplier {0.2, 0.5, 0.8, 1.2}, the 

actual effect size multiplier for each Micceri (1986, 1989) distribution turned out 

to be different from the nominal value and from the values for the other 

distributions. These characteristics are summarized in Table 5.4-1. The lack of 

effect size multiplier equality made it difficult to draw a solid conclusion about the 

methods across distributions as called for in Research Question 4.

Bradley’s (1968) methods A and D call for the use of actual probability 

values. Method A obtains probability bounds, am and al, by resolving tied ranks 

in the manner most likely to lead to rejection of the null hypothesis and then in 

the manner least likely to lead to rejection of the null hypothesis. Method D 

resolves ties in all possible ways, obtaining the probability of the resulting statistic 

for each resolution and then constructing the cumulative probability for use in the 

next step, where the mean, median, or mid-range probability were suggested as 

the probability of the test. However, to calculate the mid-range probability, ( am +
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aL)l2,  only two resolutions are needed, the most and least favorable, as 

described above. These methods, based on combining probabilities, were not 

investigated directly, in part because it appeared at the start of this research that 

obtaining theoretical probabilities for the critical values for most of the tests would 

be very difficult. Instead, ties were resolved in the manner least and most likely 

to lead to rejection of the null hypothesis and the mid-range value of the statistic 

was computed as the mean of these two values and used for the test. Averaging 

the values of the statistics in this way is almost certainly not equivalent to 

Bradley’s (1968) methods.

As discussed previously in section 5.5, Micceri’s (1986, 1989) extreme bi- 

modal distribution with its very short scale was problematic. This is supposed to 

represent Likert-scale data such as encountered with surveys. In practice, 

however, it doesn’t make any sense to take a survey with Likert-scale items that 

range from 0 to 7 and say that the expected effect of a treatment will be to shift 

the responses to range from 3 to 10. Indeed, one would expect the same survey 

to be re-administered after treatment such that the items would still range from 0 

to 7. If the intended effect of the treatment were to shift scores towards higher 

values, one would expect a piling up of scores at the high end, with a left skew to 

the distribution of scores.

The same issue applies to any distribution that represents scores on an 

instrument with a fixed range, whether 0 to 100 for a typical classroom 

assessment or 400 to 1600 on the composite S.A.T. (Scholastic Aptitude Test, 

Educational Testing Service). Many other effects can be hypothesized. Pure
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shift effects do not necessarily represent reality well with short scale, discrete 

distributions. They also suffer from the problem that substantial effect size 

multipliers serve to reduce the overlap between the two population distributions, 

thus reducing the opportunity to get tied observations. The limitations imposed 

by using the Micceri (1986, 1989) distributions in a pure shift model are balanced 

by the fact that they resulted from a meta-analysis of empirical data.

In an effort to reveal differences in the rankings of the power results that 

were of practical significance, the results were rounded to three and two decimal 

places prior to ranking. However, since rounding has the effect of creating fewer 

categories, it can certainly increase the apparent difference between adjacent 

values as much as it can reduce it. For example, consider results to four decimal 

places of {.5010, .5049, .5051, .5092} with ranks {4, 3, 2, 1}. When rounded to 

two decimal places and then ranked one gets {.50, .50, .51, .51} with ranks {3.5, 

3.5,1.5, 1.5} although clearly a more reasonable ranking would be {4, 2.5, 2.5, 1} 

given the closeness of agreement of the middle two values and their distance 

from the other two. This is in fact what happens when they are rounded to three 

decimal places, but other examples could easily be given for which two decimal 

places gives a clearer picture than three. Thus, a better way than rounding 

might be used to determine closeness of agreement prior to ranking the results.

Ancillary to the main study, critical values and associated probabilities 

were generated for the Kolmogorov-Smirnov Test, Rosenbaum’s Test, Tukey’s 

Quick Test and the Wilcoxon-Mann-Whitney Test as described in Fay (2002). In 

this work, best conservative values were generated, checked against published
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tables (Neave, 1981; Neave & Worthington, 1988) and found to be in extremely 

high agreement. The major advantages of generated critical values included: 1) 

convenience, 2) availability of values for larger sample sizes, 3) availability of 

values for a much greater combination of unequal sample sizes and 4) 

availability of the mathematical probability of a Type 1 error for each pair of initial 

sample sizes. In particular, the ability to generate critical values for a greater 

range of unequal sample sizes expanded the testability of the ‘drop ties and 

reduce N’ methods.

The availability of P(T1e) revealed that in some cases the best 

conservative critical values were extremely conservative, with probabilities that 

fell below the lower limit of robustness chosen for this study, while the next 

highest value had a probability that was greater than nominal alpha but below the 

upper robust limit, and therefore much closer to nominal alpha. Indeed, there 

were many cases in which the best conservative critical value had a probability 

that was within the robust limits but further away from nominal alpha than the 

next available one whose probability just slightly exceeded nominal alpha and 

was well within the upper robust limit. Thus, what was presumed to be generous 

limits on Type I error robustness of 0.5a to 1.1a turned out not to be for some 

tests, even in the absence of ties.

An unsuccessful attempt was made to generate critical values with 

associated probabilities for the Kruskal-Wallis and Terpstra-Jonckheere Tests so 

existing tabled critical values were used instead. This was due primarily to 

published articles that were not quite detailed enough relative to the author’s
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mathematical knowledge. Best conservative critical values were available for 

equal sample sizes from 2 to 25 for 3, 4, 5 and 6 groups except for 3 groups at 

sample size 2 but Type I error probabilities were not available. Critical values 

were also available for some unequal sample size combinations (Neave, 1981).

Best conservative critical values for the Terpstra-Jonckheere Test were 

available for equal sample sizes from 2 to 10 for 3, 4, 5 and 6 groups and Type I 

error probabilities were available for some sample size combinations. Critical 

values were also available for some unequal sample size combinations (Neave & 

Worthington, 1988). In general, the lack of available critical values for unequal 

sample sizes probably had an adverse effect on the performance of the “drop 

and reduce N” methods for these two tests, limiting the reduced samples that 

could be tested to those for which critical values were available.

5.7 — Topics For Further Research

Given the ability to generate critical values and their associated 

probabilities, Bradley’s (1968) methods based on probabilities should be 

investigated. In addition, the relative performance of averaging probabilities 

versus averaging statistics should be explored.

Further research into population distributions in the social and behavioral 

sciences, in particular into the effects that actually occur in different research 

settings, is needed. For one, Micceri’s (1986, 1989) empirical distributions could 

be extended to provide more realistic sampling for power studies. The smooth 

symmetric distribution currently ranges from 0 to 26. Instead of being shifted to 

range from 4 to 30 to simulate a pure shift in location, it could be modified in
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several ways. One is to shift the median up while reducing the standard 

deviation in order to maintain the shape and still stay within the same range of 

values. Another would be to shift the median up and change the shape to be 

more left skewed.

Another direction of inquiry would be to develop a set of distributions like 

the EA, ML and SS, that all have the same standard deviations, this being the 

key issue in obtaining equal effect sizes. Starting from the Micceri (1986) 

distributions, the granularity and range would undoubtedly need to be adjusted 

along with the specific frequencies. Yet another possibility would be to fit 

mathematically continuous curves to the Micceri (1986,1989) distributions to 

establish ideal behavior (no ties) as a basis for comparison with the results 

obtained from the Micceri (1986, 1989) models.

Many other possibilities can be hypothesized. The problem is that any 

attempt to modify the Micceri (1986, 1989) distributions through other than 

empirical means immediately takes the researcher out of the realm of working 

with empirically derived pseudo-population models and into the make-believe 

world of invented models. This leaves open the possibility of creating population 

models, intentionally or otherwise, that could lead to, support or favor particular 

outcomes. Perhaps what is needed is replication of Micceri’s (1986) method with 

an extension to pre- and post-treatment models that reflect what really happens 

as a result of various treatments or interventions in various settings.

Although not employed directly in this research, the ability to generate 

critical values allows them to be obtained for any alpha level and according to
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selection rules other than best conservative. For instance, a best fit criteria could 

be defined as ‘closest to nominal a  but not greater than 1.1a' as discussed in Fay 

(2002). Note that this best fit criterion does NOT produce the same critical 

values as a best conservative rule with a slightly higher nominal alpha.

By way of illustration, consider nominal alpha .05 and two potential critical 

values with probabilities .0495 and .0510. Under the best fit rule given above the 

value with probability .0495 would be selected as the critical value, just as in the 

best conservative case, whereas a best conservative rule with nominal alpha 

.055 would select the value with probability .0510 even though it is further from 

the desired nominal level. Now consider potential critical values with probabilities 

of .0249 and .0526. At nominal alpha .05, a best conservative rule would result 

in the choice of the value with probability .0249 whereas the best fit rule would 

select the value with probability .0526. In this case the later value is clearly a 

better choice in that it is much closer to nominal alpha and within the upper limit 

of robustness. It appears that some tests with discrete valued distributions of 

their statistics might benefit in terms of their size through the use of critical value 

selection criteria other than best conservative.

While the range of initial sample sizes for which critical values could be 

generated for each test was often greater than that available from existing tables, 

it was not unlimited. Some of the generating programs inevitably ran into 

computer word length limitations and stopped producing accurate critical values 

due to overflow. Such breakdowns in the procedures generally occurred beyond 

the maximum sample sizes planned for this study, and so did not pose a direct
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limitation. The most direct solution to this problem is probably a larger word 

length computer. In some cases, more sophisticated algorithms might extend the 

range of values. Recursive relations, when they exist, are especially useful.

Most of these tests have large-sample approximation formulas (Fahoome, 1999). 

Given that these formulas have been investigated carefully, the lack of available 

critical values at larger sample sizes should not be a serious limitation.

As discussed in Bradley (1978), a test that is robust with respect to Type I 

error under a violation of only one of its assumptions may not be robust under 

simultaneous violation of two or more assumptions. Given that real populations 

almost certainly violate more than one of the limited assumptions made by 

nonparametric / distribution-free tests, additional studies are needed.

Indeed, robustness itself remains an issue. Serlin (2000) identified the 

two types of errors that can be made in Monte Carlo studies as: “(a) concluding 

that a statistical procedure is robust when it is not or (b) concluding that it is not 

when it is.” (p. 230). He also noted that “In previous attempts to apply standard 

statistical design principles to Monte Carlo studies, the less severe of these 

errors has been wrongly designated the Type I error.” (p. 230). He stated that 

“...concluding that a methodology is robust when it is not is the more serious of 

the errors. The null hypothesis in a Monte Carlo study should state that the 

methodology under examination is not robust, and the alternative hypothesis 

should state that the methodology is robust.” (p. 232). Serlin (2000) described 

the use of a range null hypothesis to test for robustness, and gave methods to 

calculate the power of such a test as well as the number of iterations required to
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detect robustness given specific criteria for a desired Type I error rate and level 

of power. One of the conclusions of his approach is that the number of iterations 

in a Monte Carlo study can become too large and overpower the test of 

significance. Serlin’s (2000) recommendations regarding the optimal number of 

iterations suggest much smaller numbers than used in the present study. 

Although robustness was not being determined by means of significance tests in 

the present study, this finding seems to be at odds with the number of iterations 

needed to obtain acceptable fit of the sample distribution to the population 

distribution.

Although some work has been done in the generation of correlated data 

for dependent-samples tests (Headrick & Sawilowsky, 1999b) additional research 

is needed. Tests of location for repeated-measures designs are widely used and 

therefore of great practical importance. The present research needs to be 

extended to available distribution-free and/or nonparametric dependent-samples 

tests using realistic and representative data.

Finally, an entirely different approach to dealing with equal data values 

(tied ranks) in nonparametric statistical tests may be found in Rayner and Best 

(2001). They stated that “The prime objective of this book is to provide a 

unification and extension of some popular nonparametric statistical tests by 

linking them to tests based on models for data that can be presented in 

contingency tables.” (p. vii) (emphasis in original). Their approach works with 

nominal and ordinal data, and encompasses such well known nonparametric 

procedures as the “sign, median, Wilcoxon, Kruskal-Wallis, Page, Friedman,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



451

Durbin, Cochran, Spearman and Kendall’s tau tests.” (p. vii). Ties are a concern 

in all of these tests, some of which were part of the present study. However, they 

go on to say:

For almost all of these tests, and for some other important tests also, we 
are able to present the data in contingency tables. We can then calculate 
a Pearson-type x2 statistic, and its components. In the case of univariate 
data, the initial tests based on these components detect mean differences 
between treatments, and in the case of bivariate data, they detect 
correlations. The later components provide tests that detect variance, 
skewness and higher moment differences between treatments with 
univariate data, and higher bivariate moment differences with bivariate 
data. This approach provides a unification of much popular nonparametric 
statistical inference, and makes the traditional, most commonly performed 
nonparametric analyses much more complete and informative. In 
addition, the contingency table approach means tied data are easily 
handled, and almost exact Monte Carlo p-values can be obtained.
Modern statistical packages such as StatXact (1995) calculate p-values 
this way. (p. vii)

Thus, they deal with ties by modeling them using scoring categories for data 

presented in contingency tables and partitioning a Person-type x2 statistic. They 

conclude by noting that “...many common nonparametric tests can be obtained 

as low order components of Pearson’s x l statistic. ... The subsequent higher

order components give potentially very useful extensions that define new 

nonparametric tests.” (Rayner & Best, 2001, p. 196).

5.8 — Final Remarks

This study examined various methods of resolving equal data values (tied 

ranks) in a set of nonparametric and/or distribution-free statistical tests of 

location or general difference for k independent samples using Monte Carlo 

simulations with normal and discrete, nonnormal data. These tests were all
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based on the assumption of continuity in the underlying population. As such, the 

presence of ties, which occurred frequently with the discrete, non-normal 

populations, was problematic. The pattern and occurrence of ties was studied 

separately and quantified.

Of the methods investigated for resolving ties, random resolution seemed 

to work best for the majority of combinations of simulation parameters. The 

often-recommended method of dropping tied values and reducing the sample 

size performed very poorly across all combinations of simulation parameters and 

should not be used. All of these tests also performed poorly with the Micceri 

Extreme Bi-modal distribution and probably should not be used with discrete 

population distributions that contain relatively few distinct values.

Also investigated were the number of observations that needed to be 

drawn from the Micceri distributions in order to obtain a good fit between the 

sample distribution and the population distribution. A total of 6,000,000 

observations seemed to be a reasonable lower limit. This translated into

1,000,000 iterations for two groups with initial samples sizes of three each.

Finally, methods were implemented for generating critical values and 

associated probabilities for four of the tests. For some tests the probabilities 

associated with the best conservative critical values were so conservative that 

alternative strategies, such as best fit, should be investigated. The ability to 

generate critical values and associated probabilities makes this possible.
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APPENDIX A 

HIC Approval

A Behavioral Protocol Summary Form for this study was submitted to the 

Wayne State University Human Investigation Committee on February 13, 2001. 

Notice Of Expedited Approval was received for the period March 9, 2001 through 

March 8, 2002 and a copy is included. Notice Of Expedited Continuation 

Approval was received for the periods February 18, 2002 through February 17, 

2003 and January 14, 2003 through January 13, 2004, copies of which are also 

included.
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HUMAN INVESTIGATION COMMITTEE
4201 St. Antoine B lvd., UHC 6-G
Detroit, Michigan 48201
Phone: (313) 577-1628
Fax: (313)993-7122
HIC Website: www.orsps.wayne.edu

NOTICE OF EXPEDITED APPROVAL
TO: Bruce R. Fay

Evaluation & Research 
3W.EDU f...)

K r  ( . ]  - V  - -f ■ s FROM: Peter A. Lichtenberg, Ph.D. I t . U f A ____________
Chairman, Behavioral Institutional Review Board (B03)

DATE: March 9, 2001

RE: Protocol #  03-33-01 (B031-ER "A Monte Carlo Computer Simulation Study of the Power
Properties of 14 Nonparametric/Distribution-free Statistics under Six Different Methods of
Resolving Tied Ranks when Applied to Normal and Non-normal Data Distributions" No 
funding requested

The above-referenced Protocol was APPROVED following Expedited Review (Category 5 ') by the Chairman for 
the Wayne State University Institutional Review Board (B03) for the period of March 9, 2001 through March 8, 
2002.

EXPIRATION DATE: M arch 8, 2002

This approval does not replace any departmental or other approvals that may be required.

Federal regulations require that all research be reviewed at least annually. It is the Principal Investigator's 
responsibility to obtain review and continued approval before the expiration date. You may not continue 
any research activity beyond the expiration date without HIC approval.

• If you wish to have your protocol approved for continuation after the above approval period, please 
submit a completed Continuation Form at least six weeks before the expiration date. It may take up 
to six weeks from the time of submission to the time of approval to process your continuation 
request.
Failure to receive approval for continuation before the expiration date will result in the 
automatic suspension of the approval of this protocol on the expiration date. Information 
collected following suspension is unapproved research and can never be reported or 
published as research data.

•  If you do not wish continued approval, please submit a completed Closure Form when the study is 
terminated.

All changes or amendments to your protocol or consent form require review and approval by the Human 
Investigation Committee (HIC) BEFORE implementation.

You are also required to submit a written description of any adverse reactions or unexpected events on the 
appropriate form (Adverse Reaction and Unexpected Event Form) within the specified time frame (see HIC
policy).
•  Based on the Expedited Review List, revised November, 1998
• C: Shlomo Sawilowski, Ph.D., 351 EDU

Revised 1/99
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APPENDIX B 

MICCERI (1986) DISTRIBUTIONS

Tables B-1 through B-4 provide scores, frequencies, cumulative 

frequencies and cumulative (probability) distribution functions for each of the four 

Micceri (1986) distributions used in this study. Figures B-1 through B-8 provide, 

in pairs, the corresponding graphs of the frequency distribution and cumulative 

(probability) distribution functions.
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Table B -  1
M icceri Smooth Symmetric Data Set

S c o re fre q c f c d f

0 11 11 0.002047
1 21 32 0.005953
2 27 59 0.010977
3 58 117 0.021767
4 100 217 0.040372
5 115 332 0.061767
6 165 497 0.092465
7 206 703 0.130791
8 252 955 0.177674
9 278 1233 0.229395

10 348 1581 0.294140
11 384 1965 0.365581
12 419 2384 0.443535
13 443 2827 0.525953
14 439 3266 0.607628
15 391 3657 0.680372
16 372 4029 0.749581
17 289 4318 0.803349
18 264 4582 0.852465
19 216 4798 0.892651
20 189 4987 0.927814
21 143 5130 0.954419
22 93 5223 0.971721
23 66 5289 0.984000
24 39 5328 0.991256
25 30 5358 0.996837
26 17 5375 1.000000
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Figure B -1
Micceri Smooth Symmetric Data Set
Frequency Distribution
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Figure B -  2
Micceri Smooth Symmetric Data Set
Cummulative Distribution Function
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Table B -  2
Micceri Extreme Asymmetric Data Set (Achievement)

Score CD .Q c f o Q.

0 0 0 0.000000
1 0 0 0.000000
2 0 0 0.000000
3 0 0 0.000000
4 6 6 0.002168
5 10 16 0.005780
6 9 25 0.009032
7 12 37 0.013367
8 18 55 0.019870
9 25 80 0.028902

10 19 99 0.035766
11 26 125 0.045159
12 37 162 0.058526
13 34 196 0.070809
14 39 235 0.084899
15 46 281 0.101517
16 43 324 0.117052
17 61 385 0.139090
18 48 433 0.156431
19 64 497 0.179552
20 80 577 0.208454
21 87 664 0.239884
22 95 759 0.274205
23 105 864 0.312139
24 144 1008 0.364162
25 153 1161 0.419436
26 198 1359 0.490968
27 261 1620 0.585260
28 297 1917 0.692558
29 430 2347 0.847905
30 421 2768 1.000000
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Figure B -  3
Micceri Extreme Asymmetric Data Set (Achievement)
Frequency Distribution
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Figure B -  4
Micceri Extreme Asymmetric Data Set (Achievement)
Cummulative Distribution Function
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Table B -  3
Micceri Extreme Bimodal Data Set (Psychometric)

Score freq cf cdf

0 3 3 0.004511
1 233 236 0.354887
2 58 294 0.442105
3 37 331 0.497744
4 154 485 0.729323
5 180 665 1.000000
6 0 665 1.000000
7 0 665 1.000000
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Figure B -  5
Micceri Extreme Bimodal Data Set (Psychometric)
Frequency Distribution
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Figure B -  6
Micceri Extreme Bimodal Data Set (Psychometric)
Cummulative Distribution Function
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Micceri Multimodal Lumpy Data Set (Achievement)

Score freq cf cdf

0 5 5 0.010707
1 8 13 0.027837
2 8 21 0.044968
3 3 24 0.051392
4 8 32 0.068522
5 6 38 0.081370
6 3 41 0.087794
7 9 50 0.107066
8 12 62 0.132762
9 18 80 0.171306

10 11 91 0.194861
11 23 114 0.244111
12 22 136 0.291221
13 24 160 0.342612
14 20 180 0.385439
15 15 195 0.417559
16 18 213 0.456103
17 12 225 0.481799
18 9 234 0.501071
19 10 244 0.522484
20 10 254 0.543897
21 7 261 0.558887
22 8 269 0.576017
23 10 279 0.597430
24 3 282 0.603854
25 5 287 0.614561
26 10 297 0.635974
27 9 306 0.655246
28 3 309 0.661670
29 10 319 0.683084
30 6 325 0.695931
31 11 336 0.719486
32 15 351 0.751606
33 13 364 0.779443
34 15 379 0.811563
35 10 389 0.832976
36 12 401 0.858672
37 17 418 0.895075
38 10 428 0.916488
39 6 434 0.929336
40 11 445 0.952891
41 9 454 0.972163
42 6 460 0.985011
43 7 467 1.000000
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Figure B -  7
Micceri Multimodal Lumpy Data Set (Achievement)
Frequency Distribution
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Figure B -  8
Miccei Multimodal Lumpy Data Set (Achievement)
Cummulative Distribution Function
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APPENDIX C 

RANKING METHODS OF POWER ANALYSIS

Results of the power and Type III error studies were analyzed by ranking 

methods. The first method involved ranking the obtained powers across 

methods for each unique combination of test, nominal alpha level, directionality, 

nominal effect size multiplier and initial sample size. For a particular test, 

nominal alpha level and directionality, these ranks were then analyzed within 

each distribution on a single Excel® spreadsheet by finding the mean ranks 

across: 1) nominal effect size multipliers; 2) initial sample sizes, and; 3) both 

nominal effect size multipliers and initial sample sizes. These analyses were 

performed on the power results rounded to four, three and two decimal places. 

Table C -  1 is an example of such a spreadsheet for the Wilcoxon-Mann-Whitney 

Test at a .01, 1-sided, four decimal places.

The other type of analysis consisted of counting the number of first place 

finishes for each of the three ways of calculating mean ranks described above. 

Tables C -  2, C -  3 and C -  4 provide examples based on the mean ranks in 

Table C -1 .
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Table C - 1
Analysis of Power Results, Wilcoxon-Mann-Whitney Test
alpha .01, 1-sided, 4 decimals
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Table C -  2
Analysis of Mean Ranks of Power Results, Wilcoxon-Mann-Whitney Test,
2 Groups, Number of First Place Finishes by Method and Distribution Across 
Nominal Alpha (.01, .05) and Directionality (1-s, 2-s), 4 decimals, by Initial 
Sample Size Across Nominal Effect Size Multiplier

METHOD Row
ISS DIST 3a 4 5 6a Checksum

EA 0 4.0 0 4.0
EB 0 2.5 1.5 0 4.0

6 ML 0 2.0 2.0 0 4.0
SS 0 2.0 2 .0 0 4.0
EA 0 4.0 0 4.0
EB 0 2.0 2.0 0 4.0

12 ML 0 0 4.0 0 4.0
SS 0 0 4.0 0 4.0
EA 0 4.0 0 4.0
EB 0 0.5 3.5 0 4.0

18 ML 0 2.5 1.5 0 4.0
SS 0 1.5 2.5 0 4.0
EA 0 4.0 0 4.0
EB 0 2.0 2.0 0 4.0

24 ML 0 4.0 0 0 4.0
SS 0 2.5 1.5 0 4.0
EA 0 4.0 0 4.0
EB 0 1.5 2.5 0 4.0

30 ML 0 4.0 0 0 4.0
SS 0 2.5 1.5 0 4.0

First EA 0 20.0 0 20.0
Place EB 0 8.5 11.5 0 20.0

Finishes ML 0 12.5 7.5 0 20.0
SS 0 8.5 11.5 0 20.0

Total 1st place for mthd across dist 0.0 29.5 50.5 0.0 80.0
# of mean ranks 20 15 20 20 Total 1st
2 alphas x 2 sides 4 4 4 4
Max 1st place for method 80 60 80 80
Proportion of Max 1st for method 0.000 0.492 0.631 0.000
Proportion of Total 1st 0.000 0.369 0.631 0.000 1.000

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



473

Table C -  3
Analysis of Mean Ranks of Power Results, Wilcoxon-Mann-Whitney Test,
2 Groups, Number of First Place Finishes by Method and Distribution Across 
Nominal Alpha (.01, .05) and Directionality (1-s, 2-s), 4 decimals, by Nominal 
Effect Size Across Initial Sample Size

METHOD Row
NESM DIST 3a 4 5 6a Checksum

EA 0 4.0 0 4.0
EB

0.2 ML 0 0 4.0 0 4.0
SS 0 0 4.0 0 4.0
EA 0 4.0 0 4.0
EB 0 4.0 0 0 4.0

0.5 ML 0 4.0 0 0 4.0
SS 0 0 4.0 0 4.0
EA 0 4.0 0 4.0
EB

0.8 ML 0 3.5 0.5 0 4.0
SS 0 3.0 1.0 0 4.0
EA 0 4.0 0 4.0
EB 0 0 4.0 0 4.0

1.2 ML 0 4.0 0 0 4.0
SS 0 4.0 0 0 4.0

First EA 0 16.0 0 16.0
Place EB 0 4.0 4.0 0 8.0

Finishes ML 0 11.5 4.5 0 16.0
SS 0 7.0 9.0 0 16.0

Total 1st place for mthd across dist 0.0 22.5 33.5 0.0 56.0
# of mean ranks 14 10 14 14 Total 1st

2 alphas x 2 sides 4 4 4 4
Max 1st place for method 56 40 56 56
Proportion of Max 1st for method 0.000 0.563 0.598 0.000
Proportion of Total 1st 0.000 0.402 0.598 0.000 1.000
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Table C -  4
Analysis of Mean Ranks of Power Results, Wilcoxon-Mann-Whitney Test,
2 Groups, Number of First Place Finishes by Method and Distribution Across 
Nominal Alpha (.01, .05) and Directionality (1-s, 2-s), 4 decimals, Across Nominal 
Effect Size Multiplier and Initial Sample Size

METHOD Row
DIST 3a 4 5 6a Checksum

EA 0 4.000 0 4.000
EB 0.333 0.500 2.833 0.333 4.000
ML 0 3.500 0.500 0 4.000
SS 0 2.000 2.000 0 4.000

Total 1st place for mthd across dist 0.333 6.000 9.333 0.333 16.000
# of mean ranks 4 3 4 4 Total 1st

2 alphas x 2 sides 4 4 4 4
Max 1st place for method 16 12 16 16

Proportion of Max 1st for method 0.021 0.500 0.583 0.021
Proportion of Total 1st 0.021 0.375 0.583 0.021 1.000
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APPENDIX D 

GLOSSARY

Alpha(a’): The a priori probability of a Type I error, also referred to as 

nominal alpha or significance level that a researcher has selected as acceptable 

in applying an inferential test. See also Type I Error, Type II Error, Type III error 

and Power.

Assumptions: The necessary and sufficient mathematical conditions on 

which a test is based and which, when met, ensure the validity of the result. 

When a test is used, it is ‘assumed’ that these conditions are met, which may or 

may not be the case. The validity of the result is not guaranteed when the 

assumptions are not met, although it may, in fact, still be valid.

Alternative hypothesis or H i: The hypothesis to which a statistical test is 

most sensitive when the null hypothesis (Ho) is false. Alternative hypotheses 

may be non-directional or directional. In the Fisherian tradition, an alternative 

hypothesis is not needed or used. One merely supports or fails to support the 

null hypothesis, the alternative hypothesis being taken as ‘not Ho’.

Asymmetrical distribution: A distribution (probability or frequency) that 

lacks symmetry about some central value.

Beta(B)-error: See Type II Error.

Bimodal: A distribution (probability or frequency) with two modes.

Binomial distribution: Everitt (1998) described this as “The distribution of 

the number of ‘successes’, X, in a series of n-independent Bernoulli trials where
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the probability of success at each trial is p and the probability of failure is 

q = 1 -  p ” (p. 34-35) where a Bernoulli trial is “A set of n independent binary 

variables in which theyth observation is either a ‘success’ or a ‘failure’, with the 

probability of success, p, being the same for all trials” (p. 30).

Ceiling effect: Refers to a situation in which many observations occur near 

the upper limit of a variable with finite, restricted range. Distributions of such 

scores are often skewed left and thus highly asymmetric.

Chi-squared distribution: Described by Everitt (1998) as:

The probability distribution, f(x), of a random variable defined as the sum
of squares of a number (v) of independent standard normal variables and

given by f(x ) = 2y/zp( /2 ̂ X̂ ~2̂ 2e~x/2’ x > 0 - i e > a standard gamma

distribution with a = v /2 . The shape parameter, v, is usually known as the
degrees of freedom of the distribution, (p. 59)

Contaminated normal distribution: A distribution formed from the 

“combination of two normal distributions having the same mean but different 

variances” (Everitt, 1998, p. 75). They are commonly used in certain types of 

Monte Carlo studies.

Continuous variable: A variable whose true values are represented by the 

domain of real numbers. When referring to sampling processes this is 

sometimes stated the probability of drawing any specific value is zero. In 

practice, it is taken to mean a variable whose underlying values can always be 

uniquely distinguished given sufficient precision of measurement.

Critical region: Also known as the rejection region. Everitt (1998) wrote:

The values of a test statistic that lead to rejection of a null hypothesis.
The size of the critical region is the probability of obtaining an outcome
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belonging to this region when the null hypothesis is true, i.e., the
probability of a type I error, (p. 86)

Critical value: The value or values of a test statistic that separate the 

critical region of the sampling distribution from the non-critical region. When 

referring to tables of critical values for a particular test it is the value of the test 

statistic for a particular alpha level and directionality against which the obtained 

value of the statistic is compared in order to determine whether or not to support 

or fail to support the null hypothesis.

Cumulative distribution function (cdf): See cumulative frequency 

distribution.

Cumulative frequency: The total count of observations up to and including 

a particular value or class interval (Vogt, 1999).

Cumulative frequency distribution (cfd); The complete display of 

cumulative frequencies for a sample of observations. “The empirical equivalent 

of the cumulative probability distribution” (Everitt, 1998, p. 88).

Cumulative probability distribution (cpd): See probability distribution.

Deqrees-of-freedom (df): “An elusive concept that occurs throughout 

statistics. Essentially the term means the number of independent units of 

information in a sample relevant to the estimation of a parameter or calculation of 

a statistic” (Everitt, 1998, p. 95). “The number of pieces of information that can 

vary independently of one another” (Vogt, 1999, p. 75).

Dependent variable: Also known as the criterion, predicted, or response 

variable. Vogt (1999) described this as “(a) The presumed effect in a study, so
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called because it ‘depends’ on another variable, (b) The variable whose values 

are predicted by the independent variable, whether or not caused by it” (p. 78).

Directional alternative hypothesis: Also known as a directional or one

sided test. See one-sided test.

Discrete variables: Variables that can take on only certain values, in 

contradistinction to continuous variables. All measured data is inherently 

discrete due to limitations of precision in measurement.

Dispersion: A general reference to the degree to which observations differ 

from a measure of central tendency. Also known as spread. More specifically, 

see variance.

Density function: See probability density function (pdf).

Effect: Generally refers to a change in a dependent variable or variables 

that is associated with a change in one or more independent variables, often as a 

result of the application of ‘treatment’ to one or more groups of subjects.

Effect size: The amount of effect, generally stated in terms of the standard 

deviation of the population, i.e., co, where c is a constant multiplier and a is the 

population standard deviation. Effect sizes for the social sciences are often quite 

small, with 0 < c < 2 typically. A rule of thumb is c = 0.2 (small), c = 0.5 

(medium), c = 0.8 (large), and c = 1.2 (large) (Cohen, 1988; Sawilowsky & Blair, 

1992). The power of a test is functionally related to effect size, nominal alpha, 

and sample size.

Errors of the third kind: “Giving the right answer to the wrong question!

(Not to be confused with Type III error.)” (Everitt, 1998, p. 116)
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Exact test: See randomization test.

Expected value ( E(x) ): The mean of a random variable x.

Extreme asymmetric (distribution): Generally a highly skewed but 

essentially monotonic distribution. Specifically, the name given to the Micceri 

(1986) empirical frequency distribution considered representative of an 

achievement measure.

Extreme bimodal (distribution): In general any distribution exhibiting 

exactly two modes that dominate all other data values to an extreme degree. 

Specifically, the name given to the Micceri (1986) empirical frequency distribution 

considered representative of a psychometric measure obtained from the use of a 

Likert scale or other discrete valued instrument with severely restricted range.

Finite population: A population with a countable membership. In practice 

this means a population in which, if samples are drawn without replacement, the 

population will eventually be exhausted.

Floor effect: Refers to a situation in which many observations occur near 

the lower limit of a variable with finite, restricted range. Distributions of such 

scores are often skewed right and thus highly asymmetric.

Frequency distribution: “The division of a sample of observations into a 

number of classes, together with the number of observations in each 

class...Essentially the empirical equivalent of the probability distribution” (Everitt, 

1998, p. 132). A histogram is normally used as the graphical representation of a 

frequency distribution.

Gaussian distribution: See normal distribution.
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Goodness-of-fit: The concept of how close two (or more) things are to 

being identical.

Goodness-of-fit statistics: “Measures of the agreement between a set of 

sample observations and the corresponding values predicted from some model 

of interest” (Everitt, 1998, p. 144).

H :̂ See null hypothesis.

Hi: See alternative hypothesis.

Heterogeneous: A general term used to indicate that a collection of 

objects is very dissimilar on one or more characteristics, in contradistinction to 

homogeneous.

Homogeneous: A general term used to indicate that a collection of objects 

is very similar on one or more characteristics, in contradistinction to 

heterogeneous.

Hypothesis testing: A general term for the use of a statistical procedure to 

infer whether sampled data might reasonably have come from a population with 

certain characteristics.

IMSL STAT/LIBRARY: “A Fortran subprogram library of statistical and 

mathematical procedures from Visual Numerics Inc., Houston, TX.

Independence: “Essentially, two events are said to be independent if 

knowing the outcome of one tells us nothing about the other” (Everitt, 1998, p. 

161). Mathematically, two events are independent if P(A and B) = P[A)xP{B).

Independent variable: Also known as a predictor, explanatory, 

manipulated or controlled variable, as distinguished from a dependent variable.
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In true experiments it is the variable(s) that the experimenter can directly 

manipulate in an effort to determine the effect, if any, on the dependent 

variable(s).

Inference: “The process of drawing conclusions about an unknown 

population on the basis of measurements or observations made on a sample of 

individuals presumed to come from that population.

Infinite population: An uncountable collection of objects. In practice this 

represents the idea of a population corresponding to the set of real numbers 

such that, if the population is sampled without replacement, the population will 

never be exhausted.

Large sample method: “Any statistical method based on an approximation 

to a normal distribution or other probability distribution that becomes more 

accurate as sample size increases” (Everitt, 1998, p. 183).

Level of significance: See alpha and significance level.

Linear Congruential Generator (LCG): A method for generating (pseudo) 

random numbers originally proposed by Lehmer (1948) (as cited in Gentle, 1998, 

p. 6). The basic form is a congruence relationship, given by the recursive 

formula x, = (axM +c)modm, with 0 < xi < m (Gentle, 1998, p. 6) where x,, a, c

and m are all non-negative integers. With c *  0 this is also known as a mixed 

congruential generator while c = 0 is known as a multiplicative congruential 

generator. The resulting sequence of numbers is converted to rational numbers 

in the interval (0,1) by <v, = xjm  (Gentle, 1998, p. 6). Extensions include the 

multiple recursive generator (MRG) given by Gentle (1998) as
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x, =(a1x,_1 +a2x,._2 + --- + akx,_k)mod/77 (p. 22). This can also be extended to 

generate pseudorandom vectors in the form of a matrix congruential generator 

(MCG) given by x, = (AxM + C)modm (Gentle, 1998, p. 26) where the x, are

vectors of length d and A and Caredxd  matrices. Finally, Gentle (1998) 

described extension to a multiple recursive matrix generator given by 

x, = (A xm +A2xi_2 + --- + Akxj_k)modm (p. 26) with terms previously defined.

Lower-tail: The lower (left hand) portion of a probability distribution used to 

determine if a statistic falls in the rejection region for a result in that direction.

Matrix Congruential Generator (MCG1: See Linear Congruential 

Generator.

Mean: One of the measures of central tendency, often referred to 

(ambiguously) as the ’average.’ Everitt (1998) defined the mean as “A measure 

of location or central value for a continuous variable” (p. 209). See also expected 

value. The basic calculation for a sample of observations xi, X2 xn is given by

  . n

X = VnYJxj . Everitt (1998) added that the mean is “Most useful when the data
/=1

have a symmetric distribution and do not contain outliers” (p. 209).

Median: Everitt (1998) defined the median as:

The value in a set of ranked observations that divides the data into two 
parts of equal size. When there is an odd number of observations the 
median is the middle value. When there is an even number of 
observations the measure is calculated as the average of the two central 
values. Provides a measure of location of a sample that is suitable for 
asymmetric distributions and is also relatively insensitive to the presence 
of outliers, (p. 210)
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Measures of location: Also known as measures of central tendency. 

Parameters and statistics that attempt to locate the center of a population or 

sample. See mean, median, and mode.

Measure of scale: Also known as measures of dispersion or spread. 

Parameters and statistics that attempt to quantify the degree to which data is 

spread out or clustered together, often with respect to a measure of location. 

Variance, standard deviation, and interquartile range are common examples.

Mid-range: The mean of the smallest and largest values in a sample. For 

symmetric distributions the mean and median are the same and the mid-range 

may estimate them quite efficiently.

Mid-rank: The rank assigned to all members of a subset of a sample when 

those members have equal data values resulting in tied ranks. It is the mean 

(median, mid-range) of the set of ranks the tied-for values would have been 

assigned if they had been distinct. For example, in ranking the data set {1,3, 5,

5, 5} from 1 to 5 the five data points would be assigned the ranks {1, 2, 4, 4, 4} as 

4 is the mid-rank for the three tied data values which would normally occupy 

ranks 3, 4, and 5. This can become problematic with a sample such as {1, 3, 5,

5, 5, 5} where the mid-rank for positions 3 through 6 is now between 4 and 5. As 

such it would be assigned the value 4.5, which is not an integer, thus giving the 

ranks {1, 2, 4.5, 4.5, 4.5, 4.5} for the six data values.

Mis-interpretation of P-values: Everitt (1998) offered the following caution 

with regard to interpretation of p-values: “A P-value is commonly interpreted in a 

variety of ways that are incorrect. Most common are that it is the probability of
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the null hypothesis, and that it is the probability of the data having arisen by 

chance” (p. 213). See the entry for P-value for the correct interpretation.

Mode: One or more data values from a set of data values that occurs 

more frequently than any others, either globally or locally. Related to the idea of 

a global or relative maximum of a function.

Monte Carlo methods: Gentle (1998) described Monte Carlo simulations, 

in their greatest generality, as “the use of experiments with random numbers to 

evaluate a mathematical expression11 (p. 131). More specifically related to 

statistics is the use of Monte Carlo methods for both exploratory and confirmatory 

work on new and existing statistics. Gentle (1998) indicated that Monte Carlo 

studies “often provide a significant amount of the available knowledge of the 

properties of statistical techniques, especially under various alternative models” 

(p. 178). Studies of the Type I error and power properties of statistical tests in 

response to violation of assumptions are of this later type.

Multimodal distribution: A distribution (probability or frequency) with two or 

more modes. Multimodality can arise from heterogeneous populations 

comprised of distinct homogeneous sub-populations. It can also arise in 

situations where there is digit preference.

Multimodal lumpy (distribution): The name implies a discrete distribution 

with more than one mode and with some values occurring relatively more often 

than other nearby values, resulting in a distribution that is ‘lumpy’ rather than 

smooth. Specifically, the name given to the Micceri (1986) empirical frequency 

distribution representative of certain types of achievement measures.
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Multiple Recursive Generator (MRG): See Linear Congruential Generator. 

Nominal alpha ( a ) : See alpha ( a ) .

Nominal significance level: Synonymous with alpha, nominal alpha, level

of significance, and significance level. See alpha.

Noncentral distribution: Everitt (1998) defined this as:

A series of probability distributions each of which is an adaptation of one 
of the standard sampling distributions such as the chi-squared distribution, 
the F-distribution or Student’s ^distribution for the distribution of some test 
statistic under the alternative hypothesis. Such distributions allow the 
power of the corresponding hypothesis to be calculated, (p. 230)

Nonnormal distribution: Any distribution that is not a Normal distribution.

Normal approximation: Everitt (1998) described this as “A normal

distribution with mean np and variance np(1 -  p) that acts as an approximation to

a binomial distribution as n, the number of trials, increases. The term p

represents the probability of a ‘success’ on any trial” (p. 233). With reference to

some nonparametric/distribution-free statistics, it refers to one of two situations,

either a) that the sampling distribution of the statistic approaches a normal

distribution with increasing sample size, or b) that a normal approximation

formula is available that converts the test statistic to a form that is approximately

normally distributed. In either case, the inferential test can then be performed by

referring the resulting value to the table of critical values based on the normal

distribution.

Normal distribution: “A probability distribution, f(x), of a random variable,

X, that is assumed by many statistical methods” (Everitt, 1998, p. 233). For 

mean p  and variance a 2 , the normal distribution is defined by the equation
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1
f ( x ) =  . e 2<j2 , Vx, -  oo < x < oo. The distribution is fully determined when

42ncj2

p and a2 are specified. When graphed it produces a ‘bell-shaped’ curve. Since 

all possible events are represented by this distribution, the area under the curve, 

down to the x-axis, is equal to 1.

Normal random variable: A random variable that is normally distributed.

Normal variate: See normal random variable.

Normal theory: Statistical theories based on the assumption that 

populations consist of normally distributed random variables and/or that statistics 

of interest are normally distributed.

Normality: A term used to indicate that some variable of interest is a 

normal random variable.

Null distribution: The probability distribution of a test statistic when the null 

hypothesis is true.

Null hypothesis: The hypothesis of ‘no difference’, ‘no association’, or ‘no 

effect’; the hypothesis that all samples were drawn from the same or identical 

populations. Note that in the Fisherian tradition, an alternative hypothesis was 

not required. The result of a test either supported or failed to support the null 

hypothesis. Failure to support was taken as an indication that there was a 

difference between the samples that was unlikely to have occurred by chance, 

i.e., as an artifact of sampling, with the resulting inference that the samples were 

representative of populations that differed in some way.
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One-sided test: Synonymous with a directional alternative hypothesis. A 

significance test for which the alternative hypothesis is directional, for example, 

that one population mean is greater than another. The choice between a one

sided and two-sided test must be made before data is collected and examined 

and, in general, requires a priori support for the research question the null and 

alternative hypotheses are designed to answer. A one-sided test is more 

powerful than a two-sided test, all else equal, if the effect occurs in the direction 

anticipated. However, a one-sided test has no power to detect an effect in the 

other direction, regardless of magnitude.

One-tailed test: See one-sided test.

Ordered alternative hypothesis: An alternative hypothesis that specifies a 

specific a priori order for the populations based on whatever property of the 

sample data the test is sensitive to.

Omnibus alternative hypothesis: The alternative hypothesis that the 

populations from which the samples were drawn are not all the same, without 

regard to direction, order, or specific source of the difference, based on whatever 

property of the sample data the test is sensitive to.

Omnibus test: A test utilizing an omnibus alternative hypothesis.

Order statistics: The identification of a value in a ranked set of 

observations with its position, i.e., the rth largest value in a sample is called the 

rth-order statistic.

Ordinal variable: A variable that is measured on an ordinal scale. Ordinal 

scales require only the ability to determine greater than (or less than) so that
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observations can be ranked with respect to some characteristic. Differences at

different points of the scale are not necessarily equivalent, however, so that

nothing is known about the metric distance between the observations, if indeed

the concept of metric distance even applies to the observations. Ordinal

variables can arise as a result of ranking measurements made on a higher scale

(interval or ratio), or they may originate as ranks, as when a judge places objects

of study in rank order by assigning ranks to each object.

Outlier: Everitt (1998) gave the following description of an outlier:

An observation that appears to deviate markedly from the other members 
of a sample in which it occurs...More formally the term refers to an 
observation which appears to be inconsistent with the rest of the data, 
relative to an assumed model. Such extreme observations may be 
reflecting some abnormality in the measured characteristic of the subject, 
or they may result from an error in the measurement or recording.
(p. 240)

Mean and median based criteria can be used to classify observations as outliers. 

Three standard deviations from the mean, or 1.5 times the interquartile range 

from the median, are typical but arbitrary conventions. The mean is sensitive to 

outliers, however, whereas the median is not. In general, rank-based (order) 

statistics are much less sensitive to the presence of outliers than tests based on 

the mean. When outliers occur as a result of errors in measurement or recording 

they misrepresent the true situation and should rightly be corrected or eliminated. 

When they arise naturally and correctly they become more problematic. On the 

one hand they are not ‘typical’ of the bulk of the data and may distort the test 

statistic and resulting inference. On the other hand, on what basis are they to be 

dismissed, other than the fact that they are statistically inconvenient?
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Parameter: A characteristic of a population or a model. The mean and 

variance of a normal distribution, for instance, completely specify its shape. 

Parameters are rarely known for real populations. One of the major purposes of 

inferential parametric statistics is to make estimates of, or draw conclusions 

about, population parameters based on sample data. The ability to do this 

depends, in turn, on the assumption that the underlying populations have specific 

distributional forms for which the parameters are appropriate. See parametric 

methods.

Parametric hypothesis: “A hypothesis concerning the parameters of a 

distribution. For example, the hypothesis that the mean of a population equals 

the mean of a second population, when the populations are assumed to have a 

normal distribution” (Everitt, 1998, p. 244).

Parametric methods: “Procedures for testing hypotheses about 

parameters in a population described by a specified distributional form, often, a 

normal distribution. Student’s t-test is an example of such a method” (Everitt, 

1998, p. 244). Such methods stand in contrast to nonparametric methods, which 

do not estimate or draw inferences about population parameters..

Parametric statistic: A statistic whose purpose is to estimate a population

parameter. The sample mean, x estimates the population mean p, and the 

sample variance s2, estimates the population variance, a2, when properly 

adjusted for sample size.
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PDF: An abbreviation for probability density function. See probability

distribution. (Note to be confused with ‘portable document format’ from Adobe

Software, Inc.)

Permutation test: Synonymous with randomization test.

Population: In statistics this term is used for any collection of units, finite or

infinite, which are the objects of study based on some observable, measurable

characteristic(s). Populations often consist of people, but can just as well be

animals, events, institutions, physical objects or processes. In most research,

the population(s) are theoretical in that the researcher cannot, as a practical

matter, observe or measure all members of the population. If they could,

inferential statistics would be unnecessary and descriptive statistics would

suffice. Since it is necessary to use samples in place of populations, one of the

central issues in inferential statistics is sampling, i.e., employing methodologies

to obtain samples that are representative of the target population (to the extent

possible). Another central issue concerns the nature and extent of assumptions

about the form of the population attached to a particular statistical test.

Power: Everitt (1998) touched on several aspects of power:

The probability of rejecting the null hypothesis when it is false. Power 
gives a method of discriminating between competing tests of the same 
hypothesis, the test with the higher power being preferred. It is also the 
basis of procedures for estimating the sample size needed to detect an 
effect of a particular magnitude, (p. 259)

Power can be thought of as the ability of a test to detect an effect if it is present.

It is equal to 1-p, where p is the Type II error of the test. It depends in a 

complicated way on a number of factors, including the chosen significance level,
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sample size, and actual effect size (Cohen, 1988). For a given significance level 

and sample size, a particular test will have more power to detect larger effect 

sizes and less power to detect smaller ones. For a fixed alpha and effect size, 

larger samples will give a test more power. For a fixed sample size and effect 

size, a higher alpha (higher risk of committing a Type I error) results in a lower 

Type II error rate and thus more power.

Precision: “A term applied to the likely spread of the estimates of a 

parameter in a statistical model. Measured by the standard error of the 

estimator; this can be decreased, and hence precision increased, by using a 

larger sample size” (Everitt, 1998, p. 260).

Probability: Vogt (1999) defined probability as “(a) The likelihood that a 

particular event or relationship will occur; the proportion of tries that are 

successes. More formally, out of all possible outcomes, the proportionate 

expectation of a given outcome” (p. 222). Probabilities take on real number 

values on the interval [0,1]. A probability of zero means an event cannot occur.

A probability of 1 means an event is certain, i.e., it must happen every time.

Probabilities come in several flavors. Subjective probabilities are 

estimates, guesses or hunches based on a ‘feeling’ about a situation but 

unsupported by precise computation. Empirical probabilities are based actual 

counts of observed events divided by the total number of possible events. 

Theoretical probabilities are based on mathematical calculations of expected or 

predicted likelihood. Conditional probabilities apply to situations in which the 

probability of some event, B, depends on (is conditioned by) a preceding event,
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A. Finally, joint probability refers to the probability of a simultaneous occurrence

of two or more events. See Vogt (1999, p. 222-223) for more complete

descriptions.

Probability density: See probability distribution.

Probability density function (pdf): See probability distribution.

Probability distribution: Everitt (1998) gave the following description:

For a discrete random variable, a mathematical formula that gives the 
probability of each value of the variable. ... For a continuous random 
variable, a curve described by a mathematical formula which specifies, by 
way of areas under the curve, the probability that the variable falls within a 
particular interval. ... In both cases the term probability density may also 
be used. (A distinction is sometimes made between ‘density’ and 
’distribution’, when the latter is reserved for the probability that the random 
variable falls below some value. In this dictionary, however, the latter will 
be termed the cumulative probability distribution and probability 
distribution and probability density used synonymously.) (p. 262)

Pseudorandom numbers: Gentle (1998) stated that pseudorandom

numbers are those that arise from a deterministic process but appear to be

randomly drawn from some known distribution. Because the process is

deterministic the sequence of numbers will eventually repeat. Computer

programs that produce pseudorandom number sequences are known as random

number generators, the ‘pseudo’ being understood. The quality of these

generators depends on the algorithms used and the word length of the

processor. A very long sequence of numbers with good randomness

characteristics that also provides smooth, complete conformance to the intended

distribution of values are the hallmarks of a quality random number generator.

P-value: “The probability of the observed data (or data showing a more

extreme departure from the null hypothesis) when the null hypothesis is true”

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



493

(Everitt, 1998, p. 268). See also misinterpretation of P-value, significance test

and significance level.

Random: “Events that are unpredictable because their occurrence is

unrelated to their characteristics11 (Vogt, 1999, p. 233). “Governed by chance; not

completely determined by other factors. Non-deterministic” (Everitt, 1998, p.

274). Most inferential statistical procedures require random selection of subjects

(random sampling) and random assignment of subjects to groups. See below.

Random allocation (assignment): Vogt (1999) noted that “random

assignment increases internal validity” (p. 233). Everitt (1998) characterized

random allocation as:

A method for forming treatment and control groups particularly in the 
context of a clinical trial. Subjects receive the active treatment or placebo 
on the basis of the outcome of a chance event, for example, tossing a 
coin. The method provides an impartial procedure for allocation of 
treatments to individuals, free from personal biases, and ensures a firm 
footing for the application of significance tests and most of the rest of the 
statistical methodology likely to be used. Additionally the method 
distributes the effects of concomitant variables, both observed and 
unobserved, in a statistically acceptable fashion, (p. 274

Random number: Random numbers or random variates are simulated

realizations of random variables (Gentle, 1998, p. 3). Truly random processes

are difficult to generate artificially such as with a computer. See pseudorandom

numbers.

Random sample, random sampling: Also referred to as a simple random 

sample or equiprobability sample. The sampling process is also known as 

random selection. Vogt (1999) asserted that “random sampling increases 

external validity...and reduces the likelihood of bias” (p. 233 and 235). Random
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sampling is the best way to ensure samples that are representative of the 

population from which they are drawn. Everitt described a random sample as 

“Either a set of n independent and identically distributed random variables, or a 

sample of n individuals selected from a population in such a way that each 

sample of the same size is equally likely” (p. 276). In other words, a truly random 

sample requires that all members of the population are available for selection 

and are equally likely to be selected on any given draw. This requirement is 

rarely met in practice. Variations on simple random sampling include stratified 

random sampling, cluster sampling, and quota sampling (Vogt, 1999, p. 235).

Random variable: Also known as a stochastic variable. “A variable, the 

values of which occur according to some specified probability distribution”

(Everitt, 1998, p. 276). “A variable that varies in ways the researcher does not 

control; a variable whose values are randomly determined” (Vogt, 1999, p. 235).

Random variation: “The variation in a data set unexplained by identifiable 

sources” (Everitt, 1998, p. 276).

Randomization tests: Procedures for determining statistical significance 

directly from sample data by comparing the value of the statistic for the actually 

obtained samples with values of the statistic that result from all possible 

permutations of that data. If the proportion of resulting statistics that is less than 

the obtained statistic is smaller than some a priori significance level then the 

result is deemed significant at that level.

Ranking: The process of arranging a data set into either ascending or 

descending order.
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Rank order statistics: Statistics based only on the ranks of the sample 

observations, for example the Wilcoxon signed-rank and rank-sum tests. See 

order statistics and ordinal variables.

Ranks: The numbers, usually integers starting from 1, that correspond to 

the relative positions of the members of a sample that has been arranged in 

increasing or decreasing order with respect to some characteristic that admits of 

greater than (or less than) comparison. See order statistics, ordinal variables 

and rank order statistics.

Rectangular distribution: See uniform distribution.

Relative efficiency: “The ratio of the variances of two possible estimates of 

a parameter or the ratio of the sample sizes required by two statistical 

procedures to achieve the same power” (Everitt, 1998, p. 283).

Relative frequency: See probability.

Resistant statistics: Measures and statistical tests that are relatively un

influenced by unusual or extreme scores such as outliers (Vogt, 1999).

Robust statistics: Measures and statistical tests that maintain Type I error 

within a close approximation of nominal alpha and maintain their power to detect 

the non-null conditions represented by the alternative hypothesis when one or 

more of the assumptions of the test has been violated. Robustness is not an 

absolute concept. The nature of robustness is complex, depending on the 

particular combination of assumptions that have been violated and the degree of 

violation.
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Sample: A subset of a population chosen by some process for the 

purpose of investigating (inferring) particular properties of the population from an 

analysis of the sample data.

Sample size: The number of objects in a sample. A distinction is 

sometimes made between the total sample size and the per group sample sizes 

if there is more than one sample group. Per group sample sizes may or may not 

be equal depending on the design of the investigation and the requirements of 

the analytical procedures and statistical tests. Sample size has a direct effect on 

the power of statistical test to detect an effect of a specified size.

Sample space: A set of data points that represents possible outcomes of 

an experiment. A list of all possible samples of given size that can be drawn 

from a particular population (Vogt, 1999).

Sampling: The act of selecting a subset of a population for study. The 

major concern in sampling is that the objects of study or units of analysis 

selected are as representative of the larger population as possible. See random 

sampling.

Sampling distribution (of a statistic): “The probability distribution of a 

statistic calculated from a random sample of a particular size” (Everitt, 1998, p. 

293). It is a theoretical frequency distribution of all the possible values of a 

statistic, and their associated probabilities of occurrence, for specific sample size 

(Vogt, 1999). The whole of inferential statistics depends on sampling 

distributions of statistics. It is the sampling distribution of a statistic that allows
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the determination as to whether the value of the statistic for the obtained sample 

might reasonably have occurred by chance or not (Vogt, 1999).

Sampling error: A theoretical concept, it is the difference between the 

value of a sample result and the population characteristic being estimated, which 

in general is not known. Good sampling procedures help ensure that this error is 

small and bounded. In Monte Carlo studies the population characteristics are 

known and so it is possible to determine the sampling error.

Sampling variation (or variability): The variation in the value of a statistic 

between samples of the same size drawn from the same population. Sampling 

variation is used in determining the bounds of sampling error.

Sampling with and without replacement: When sampling with replacement 

an object is returned to the population (after examining it) before the next object 

is drawn, thus insuring that the probability for selection for every object remains 

the same from draw to draw and that the sampling is independent. When 

sampling without replacement an object is not returned to the population after 

selection. For infinite populations this does not affect the independence of the 

sampling as the probabilities of selection remain unchanged from draw to draw.

In a finite population, however, sampling without replacement means the 

probabilities for selection at each draw are conditional upon the selections that 

have preceded it.

Scale parameter: “A general term used for a parameter of a probability 

distribution that determines the scale of measurement. For example, the 

variance parameter in a normal distribution” (Everitt, 1998, p. 295).
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Shape parameter: “A general term for a parameter of a probability function

that determines the ‘shape’ (in a sense distinct from location and scale) of the

distribution within a family of shapes associated with a specified type of variable”

(Everitt, 1998, p. 303). Examples include skew & kurtosis.

Significance level: The arbitrary a priori probability at which the null

hypothesis fails to be accepted or supported. The .05 level is conventional in

much of social and behavioral science because it provides a balance of an

acceptably small Type I error rate, sufficient power to detect a meaningful effect,

should one exist, and reasonable sample sizes. The 0.01 level is also commonly

used, especially in situations where the consequences of Type I errors are high,

such as in some medical applications. Indeed, if it is much more important to

guard against a ‘false positive’ (Type II error) than to correctly detect an effect,

significance levels of .001 may be employed. In such cases, however, larger

sample sizes are needed to maintain the power of the test. The legitimacy of all

inferential statistical tests require that the significance level be established prior

to the collection, examination, or testing of the data.

Significance test: A statistical procedure applied to some characteristic of

a sample that results in the value of a test statistic with its associated P-value.

The P-value is then compared to nominal alpha (significance level) to determine

whether or not the null hypothesis is supported.

Simple random sampling: As described in Everitt (1998):

A form of sampling design in which n distinct units are selected from the N  
units in the population in such a way that every possible combination of n 
units is equally likely to be the sample selected. ... Designs other than 
this one may also give each unit equal probability of being included, but
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only here does each possible sample of n units have the same probability.
(p. 306).

Simulation: In its most general sense a simulation is a recreation of 

something. More specifically, computer simulations are concerned with 

recreating a real process through mathematical and logical modeling. When that 

modeling also includes random processes that require the generation of 

pseudorandom numbers, it becomes an experiment (Gentle, 1998). Such 

simulations are usually referred to as Monte Carlo methods or studies.

Skew (or skewness): The lack of symmetry in a probability distribution. A 

distribution with most of its values to the left and a long, thin tail to the right has 

positive skew. When most of the data is to the right and there is a long, thin tail 

to the left, the distribution as negative skew. Skew is calculated using the 

second (̂ 12) and third (^3) moments about the mean (m) by the formula

s = For symmetrical distributions, s = 0.
fX2

Smooth symmetric: A general description of a distribution in which 

adjacent frequencies are relatively close (smooth) and equally distributed to 

either side of a central point (symmetric). Specifically, the name given to the 

Micceri (1986) empirical frequency distribution most representative of these 

characteristics.

Spread: See dispersion.

Standard deviation: A measure of the spread in a set of observations 

equal to the square root of the variance. See variance.
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Standard error: “The standard deviation of the sampling distribution of a 

statistic” (Everitt, 1998, p. 318).

Standard error of the ( ? ): “For example, the standard error of the mean of

n observations is & / j -  where a2 is the variance of the original observations”

(Everitt, 1998, p. 318). Standard error of the estimate is the more general term.

Statistic: A numerical characteristic of a sample. For example, the sample 

mean, sample variance, sample median, or sample interquartile range. See 

parameter for comparison.

Stochastic ordering: See univariate directional ordering.

Student’s f-distribution: As given by Everitt (1998, p. 323), it is the

X —  L I  —

distribution of the variable t = — 7— where x is the arithmetic mean of n

/r n

observations from a normal distribution with mean p and sample standard 

deviation s. For v = n - 1 ,  the distribution is given by the formula

f ( 0 = 1 +  -
V

. The shape of f{x) is symmetric and varies

with v (n), approaching normality as n approaches infinity. For small values of v 

fix) has heavier tails and does not rise as high at its maximum point.

Student’s f-Tests: A family of tests about means of normally distributed 

populations. They are uniformly most powerful tests when their assumptions are 

met, which is rarely (if ever) the case. The single sample t-test tests the mean of 

a sampled population against a hypothesized value. The two-independent-
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samples t-test compares the means of two independently selected samples. The 

matched pairs t-test is used with two-related-samples situations, such a pre- and 

post-test scores.

The test statistic for the two-independent-samples version, given below, 

has a Student’s t-distribution with n1 + n2 -  2 degrees of freedom when the null

hypothesis is true. For samples of size /7i, ri2 with sample means xi, xz , sample 

variances s2, s2 and common variance s2, given by

Sturdy statistics: See robust statistics.

Symmetrical distribution: A distribution (probability or frequency) whose 

values are symmetrical about some central value.

Target population: The intended (theoretical) population about which it is 

desired to make an inference. To the extent that the population actually sampled 

differs from the target population inferences may not be valid for the target 

population.

Test statistic: A statistic used to assess the plausibility of a particular 

hypothesis in relation to some target population. See sampling distribution.

Tied observations: Two or more observations in a sample that have the 

same value on some characteristic of interest.

„ 2  ( ' 71 - ' 0 S 12 + ( ' ?2 - l ) S 22
o  — , the test statistic is t - X ^ - X 2

+ n2 -  2
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Tied ranks: When ranking the elements of set, some values of which are 

the same, those elements end up ‘tied’ for the assignment of the subset of ranks 

that occur at that point in the sequence.

Two-sided test: Synonymous with a non-directional alternative hypothesis. 

A significance test for which the alternative hypothesis does not postulate a 

specific direction for the effect, e.g., that one population mean is greater than 

another. The choice between a one-sided and two-sided test must be made 

before data is collected and examined. Lacking a priori support for a directional 

expectation, the test should be two-sided. Two-sided tests are less powerful 

than one-sided tests, but can detect an effect in either direction. See omnibus 

test and omnibus alternative hypothesis.

Type I error: Incorrectly rejecting (failing to accept) a true null hypothesis; 

concluding that populations were different, or that the treatments were effective, 

when they were not. (Reject when true is not Type II.)

Type II error: Incorrectly accepting (supporting) the null hypothesis when it 

is not true; concluding that the populations were not different, or that the 

treatments were not effective, when in fact they were. Failing to reject a false 

null hypothesis.

Type III error: This term is not seen much in the literature. It has been 

used to indicate a significant result in the wrong tail. “It has been suggested by a 

number of authors that this term be used for identifying the poorer of two 

treatments as the better” (Everitt, 1998, p. 338). Not to be confused with errors 

of the third kind.
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Uniform distribution: Everitt (1998) described this as:

The probability distribution, f(x), of a random variable having constant 
probability over an interval. Specifically given by f(x) = 1 / (P  -  a )  where a  <  

x < p . The mean of the distribution is ( a  +  p ) / 2  and the variance is (P  -

a ) 2 / 1 2 .  The most commonly encountered such distribution is one in which 
the parameters a  and p  take values 0 and 1, respectively, (p. 340)

Note that for these values of a  and p the distribution is uniform on the interval

(0,1).

Uniformly most powerful test: “A test of a given hypothesis that is (at least) 

as powerful as another for all values of the parameter under consideration, and 

more powerful for at least one value of the parameter” (Everitt, 1998, p. 340).

Unimodal: A distribution (probability or frequency) having only a single 

mode. The normal distribution and Student’s f-distribution are examples.

Univariate data: Data involving a single measurement on a common 

characteristic of each subject, object or unit of analysis.

Univariate directional orderings: “A term applied to the question of whether 

one distribution is in some sense to the right of another” (Everitt, 1998, p. 341). 

For random variables X  and Y, stochastic ordering is often taken to mean that Y 

is stochastically greater than X  if their cumulative probability distributions, F  and 

G, satisfy the relationship F ( t ) > G(f) ,  V f .

Upper-tail: The upper (right hand) portion of a probability distribution used 

to determine if a statistic falls in the rejection region for a result in that direction.

U-shaped distribution: A distribution (probability or frequency) shaped 

more or less like the letter U without implying symmetry. Such a distribution has
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its greatest frequencies at the two extremes of the range of the variable and 

relatively few frequencies near its center.

Variable: Some common characteristic that differs from object to object or 

from time to time for the same object. Also, a symbolic placeholder that can 

assume different numerical values, such as in an algebraic expression or a 

computer program.

Variance: A measure of the spread or dispersion in a set of scores (Vogt, 

1999). The standard deviation is the square root of the variance. “In a 

population, the second moment about the mean” (Everitt, 1998, p. 343).

An unbiased estimator of the population value is derived from a sample as 

the sum of the squared deviations from the sample mean divided by the number 

of observations minus one. For a sample with n observations, xv x2, ..., xn and

—  1 n  1 "  /  —\ 2
sample mean x = —] T x , , the variance is given by s2 = -------2 ( x/ _ x ) ■

n i=1 /=1

Zero-difference scores: The score that results when forming difference 

scores by subtraction of two equal data values. Zero difference scores can result 

in tied ranks and are problematic for some tests.
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A study of the power properties of six nonparametric / distribution- 

free statistics was conducted via computer simulations using Monte Carlo 

techniques. These statistics utilized rank based procedures and shared 

an underlying assumption of population continuity such that samples were 

assumed to have no equal data values (zero difference scores, tied 

ranks). This assumption is almost never met in practice, however, 

especially with data in the social and behavioral sciences. The properties 

of such tests, in particular their power to detect real effects when they
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exist, is altered under such conditions compared to their theoretical 

performance when underlying assumptions are met. The nature and 

extent of these departures are often mathematically intractable, depending 

on complex interactions of particular combinations and degrees of 

violation. These tests have not been as extensively studied under 

violation of their assumptions as they need to be. Both theoretical and 

empirical data distributions were used for sampling, including the normal 

distribution for reference. Four of the distributions described by Micerri 

(1986, 1989) as being typical of the data found in social and behavioral 

science were used as the source of discrete, nonnormal data. Pure 

location shift effects were introduced, with integral amounts of shift for the 

Micceri (1986, 1989) distributions in order to get equal data values 

between groups. A number of methods for dealing with this situation have 

been suggested in the literature, but there are few empirical studies. This 

study looked at various methods for dealing with equal data values (tied 

ranks). The best overall results, across all tests and combinations of 

simulation parameters, were obtained by randomly resolving ties. The 

method of dropping ties and reducing the sample size performed very 

poorly and should be avoided. The pattern and occurrence of ties was 

also investigated, along with sampling adequacy. Critical values and 

associated probabilities were also generated for four of the tests.
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