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ABSTRACT

The objective of this research was to determinedbastness and statistical
power of three different methods for testing thpdthesis that ordinal samples of five
and seven Likert categories come from equal pojonist The three methods are the two
sample t-test with equal variances, the Mann-Whitast, and the Kolmogorov-Smirnov
test. In additional, these methods were employesi awide range of scenarios with
respect to sample size, significance level, effexd, population distribution, and the
number of categories of response scale. The datdagions and statistical analyses were
performed by using R programming language versi@B.2. To assess the robustness
and power, samples were generated from known lligtoins and compared. According
to returned p-values at different nominal significa levels, empirical error rates and
power were computed from the rejection of null hyeses.

Results indicate that the two sample t-test andvthen-Whitney test were robust
for Likert-type data. Also the t-test performee thest to control of Type | error for both

5-point and 7-point Likert scale. For the Kolmogof®mirnov test, the Type | error rate



was not controlled for all circumstances. This nselre testing procedure computed
from R was not robust for the ordinal Likert-typata because the Type | error rate of
this test was lower than the minimum of the robesscriteria. Therefore, the
Kolmogorov-Smirnov test was quite conservative. therstatistical power of the test, the
Mann-Whitney test was the most powerful for mosthef distributions, especially under
highly skewed and bimodal distributions. The t-tstained high statistical power or
close to the power from the Man-Whitney test untleruniform, moderate skewed or

symmetric distribution with large location shift.
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CHAPTER 1

INTRODUCTION

Statement of the problem

In education, psychology, and social science stadiyey research is often
conducted to measure subjective feelings, attitualegpinions. The rating measurement
that is widely integrated with survey questionngiethe Likert rating scale. This rating
scale typically contains ordinal multiple choicdsve-point Likert scales are probably
most commonly used and can be coded as 1=Strongigtee, 2=Disagree, 3=Neultral,
4=Agree, and 5=Strongly Agree. Thus, the labetiata should be described and
analyzed with percentage and nonparametric staietily. However, there are many
researchers who agree to apply parametric statistiethods which treat Likert-type data
as if it were interval scale data (Brown, 2000ffCli984; Hodgson, 2003).

There has been no clear conclusion until now aghether the ordinal scale data can
assumed to be interval scale data and thus subj#dot use of higher level statistical
methods to analyze it (Acock & Martin, 1974). Amdimal rating scale such as the Likert
scale consists of discrete numbers that can beedain@m low to high rate with no
continuous distances between any two adjacent nemi@de interval distances between
any two values of ordinal data are necessary floutaing statistics including mean,
standard deviation, correlation coefficient, etfterefore, any tests of hypotheses that
require these statistics might not be appropriatle @rdinal data (Miller, 1998).
Moreover, the mistreatment of data and the inappatgpanalysis may lead some to

1



2
guestion the accuracy of conclusions from ordirrdhdHarwell & Gatti, 2001). Many
researchers practically compare the means of Ltkpe data from each question by
using the familiar Student’s t-test instead of tle@-parametric such as the Mann-
Whitney test, Kolmogorov-Smirnov test, and so osing the Student’s t-test with
Likert-type data, they should be more concernediathe data distribution, sample size,

or the number of rating choices in order to avbl pitfalls of the test.

The purpose of the study

The purpose of this research is to determine thestmess and the relative power
of three statistical procedures for two independedinal samples of five-point and
seven-point Likert-type data in simulated variocsr&rios and then consider which
procedure is appropriate for each condition. fhinee methods to be implemented are
the two sample t-test (Student, 1908), the Manntkiglyitest (Mann & Whitney, 1947;

Wilcoxon, 1945), and thEolmogorov-Smirnov test (Gibbons & Chakraborti, 299

Likert-type data

Measurement on a continuous scale is sometintesvadable; in particular for
those variablesoncerning feelings, attitudes, or opinions; themefresearchers create
rating instruments according to ordered categoridais, one can describe feelings,
attitudes or opinions. Rensis Likert's dissertatboeated a new attitude-scaling
technique from a survey of student attitudes. Haiplied his study in 1932. This
technique is to present a statement for resportbeone of five given choices such as

strongly disagree, disagree, neutral, agree, andgly agree. He recommended
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assigning numerical values one through five foséeultiple choices for data analysis
purpose. Also he reported very satisfactory réltgifor the rating scale developed with
this technique (Likert, 1932). The Likert-typeitattie scale is considered to be a quite
reliable and valid instrument for attitude measwati{Arnold, McCrosby, & Prichard,
1967). Currently the Likert attitude scale hasrbagplied to various fields of studgnd
researchers still confirm its reliability and vatid(Abdel-Khalek, 1998; Chow &
Winzer, 1992; Maurer & Andrews, 2000).

Moreover, research has shown that the variancehentliability of rating is
normally highest when 5 or 7 point rating scaleswsed and rater bias is minimized
when 5 rating points or above are used (Stenn@g)20The Likert-scakused by
researchers emplat least 5 and preferably 7 categories. Moste@fthivould not use a
3-point or 4-point scale because of the departam the assumption of normal
distribution required for parametric statisticalthrels (Garson, 2002). Also comparing
each of Likert-type item between groups insteasuohmative form is involving with the

lack of normality.

Level of measurement

According to Stevens’ theory of measurement sq@tevens, 1946), research
data can be classified into four different meagysoalesranging from lowest to highest
theseare nominal, ordinal, interval, and ratio. Eachh&m contains different
information that will determine the statistical &ysés method. The first scale is the

nominal scale. In this scale, the value of datalmassigned by name or number in
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order to identify it correctly. Nominal numberspiyp nothing about the ordering. For
example, the numbers on jerseys of basketball ayan be designed to identify who
are guards, the captain, and so on. Player’s nutdé does not necessarily indicate
that he performs better than a player whose nuislti&f. An additional example is
Social Security numbers; they are assigned fortifigation purposeonly. It does not
mean that one is better or worse than another Bedhe number is higher. However,
researchers rarely make mistakes with nominal nusnbe

The ordinal scale is the second. Unlike the nairsiale, it has an additional
feature because one can tell which value is greatiesss than the other. The ranking
may be either increasing or decreasing dependirtbeapplication. For example, if a
food spicy rating is from the less spicy,”1,” teetmost spicy, “5,” rating number 4 is
spicier than rating number 3. However, the ddfere of any two rating numbers in this
scale is not necessarily equal. That is, theatdretween rating number 3 and 4 is not
necessarily the same as the interval between ratintber 1 and 2. Thus, the ranking
implies an ordering among items but nothing in e&w Thus, any sequence coding can
be used for examples: 0-to-4, or negative 2 to plus

A third scale level is interval scale. It hasrenmformation than the nominal
and ordinal scales since there are equal spacesdmtainy two values. Temperature is
one example. The interval from 30 and 40 degrisetire same amount as at 80 and 90
degree F. Interval scale data can be used imaetib operations such as subtraction,
addition, and multiplication However, after addintgrval scale data, one cannot infer

about the ratio of them since it does not haverime zero.
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The last scale is the ratio scale, which is siniathe interval scale except it has
the property of ratios and a true zero. Correspanhtios on different parts of a ratio
scale have the same meaning. Height is an exathpie is no value below the zero
point. The value of zero is absolutely no height, a height of four inches is twice as
high as a height of two inches. In conclusion titerscale is highest scale level and the

most informative scale for statistical analysis.

There are many statistical methods to considerderao conduct research, and
so the question of how to select an appropriate®abkvays faced. A misconception
often encountered in selecting statistical analgsses from the failure to consider the
scale of data measurement. That will lead to thestion of accuracy of statistical

inference for the research questions.

Testing for two independent groups
We have chosen to compare by testing for two indéget samples. The
statistical methods in this study; the t-test, M&dhitney test, and Kolmogorov-Smirnov
test, will be examined for the robustness andstiedil power in different circumstances
by the simulated Likert-type data sets. In orddind the appropriate test for each

condition, the empirical Type | error rate of a&sts will be compared.

The mentioned statistical tests for testing tweepehdent groups can help us to
know whether both testing groups come from the sdistebution or population or not.

Student’s t-test is the most popular method fagrivdl data but in this study, it will be
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used with assumed equal distance scoring systeordoral Likert-type data to test for
the equality of the mean3 he Student’s-test is well known and popular to be used to
analyze an attitude survey with ordinal data indtefaan alternative nonparametric
procedure which would be appropriate. The Manniiéyi test, which is an alternative to
the Student’s t- test, is widely applied for compgitwo independent ordinal samples.
The Kolmogorov-Smirnov test is also the alternatest and can be used to test whether

two samples come from the same distribution.

The simulation data of this study will be generatgdising R which is a language
and environment for statistical computing and gregpand be analyzed with all these
tests in various testing combinations such as fogmice levels, effect sizes, sample
sizes, and distributions, and to observe the rolegstof the tests, including their testing

power.
Research Questions
The questions specifically addressed in this sardyas follows:

1) Which, if any, of the statistical procedureghis study can control Type | error
rate?

2) If the Type | error rate is not controlled, unaehat circumstances are tests
liberal or conservative?

3) Which tests give the highest statistical powesach scenario?

4) |Is there an overall best statistical procedoreecommend? Or are there any

specific situations that indicate which method dtdoe preferred?
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5)How do results from parametric and non-paramedststcompare on simulated
Likert-type data?

Limitations of the study

In this study will be limited to only statisticadtors that used practically more
often for two independent samples. They are fivexHjg data distributions, three
different levels of significance, two kinds of Liteating scale, three effect sizes, and
twelve pairs of sample sizes. Therefore, the figdihthe study will be necessarily
defined in terms of the specific data situationalyared. While suggestions for further
studies can be made, one must be cautious in demegdeyond the specific data

situations investigated in this study.



CHAPTER 2
LITERATURE REVIEWS
Treating ordinal as interval
There are long endless debates about whether wieezdrordinal data as interval
data. For example, the collected data from Likedle surveys are originally ordinal
scale. Since the Likert-type data have an inheyedgr, assuming that the interval
difference between agreeing and strongly agreaiiige same as between disagreeing
and being neutral is inappropriate. Mogey suggkessing a median and mode (not a
mean) to describe the ordinal data and to applpa@metric methods to determine the
difference between the comparison groups. (Mog@991L
Traylor (1983) showed that in many situations, oatidata can be treated as
interval data without a great loss in accuracywaitd a gain in interpretability by using
equal-scaling techniques. However, this may narbappropriate decision, justifying
the use of parametric statistics for interpretatiad conclusion if the true scoring system
is a gross, nonlinear distortion of the equal-wvascale being used (Traylor, 1983).
Goldstein and Hersen (1984) also agree that therLg#cale presumes that the alignment

of the five responses will be equal (Goldstein &s$ém, 1984).

Clason and Dormody (1994) illustrated that a vgregtstatistical methods are
being used to analyze individual Likert-type dataheJournal of Agricultural
Education from Volume 27 through 32. From the total of E88cles, they investigated
95 articles that used Likert scaling. The ressttiswed that 54% of the articles reported

the responses as descriptive statistics (e.g., snetandard deviations,

8



9
frequencies/percentages by category), 13% of tides tested hypotheses betwéen
groups using nonparametric statistics (e.g. Chasgijhomogeneity tests, Mann-Whitney
tests, Kruskal-Wallis tests), and 34% of the ag8atompared by means of two groups
using parametric statistical procedures (e.g.ti-teglysis of variance). They suggested
that any statistical methods that meaningfully arstive research questions, maintain the
information of the data, and are not subject tdisgalebates should be the procedures of
choice in analyzing Likert-type items (Clason & Dumdy, 1994).

Parametric and nonparametric procedures
Most statistical procedures in research can beifiled to two main types;

parametric and nonparametric procedures. Fosthidy, the Mann-Whitney test,
and the Kolmogorov-Smirnov test are the nonparametocedures considered. The
t-test is a parametric method that usually reguimésrval or ratio data level.

Parametric statistical procedure will provide mposver than the nonparametric
method if all assumptions for parametric analystssrmaet. Assumptions about normality
and interval scale level are necessary for thett-té&/hether these assumptions are met
are the common questions in Likert-type data. g#me t-test with the ordinal data may
decrease the power of the test. On the other hifatind, Chi-square test, which requires
only nominal data, is used with ordinal data, tlosparametric test may also be

inappropriate.

Since the Likert rating scale is an ordinal scalerder to compare the difference
of two independent groups of Likert data, the M&Wdhitney test, a nonparametric

procedure, can be used (Mogey, 1999). The t-testio independent groups should not
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be applied because the ordinal data are discréten@icontinuous value in between; thus
finding the mean and standard deviation for tes8rigappropriate. However, in this
research, we want to determine the power and robsstof the t-test as compared to the
other nonparametric tests, so we assume Likert-dgpe are of interval scale; that is,
they have equally quantified distances in betwéervalues. Of course, frequently they

are not and this calls into question the use thiaiesresearches make of these data.

Problem in statistical procedure’s assumptions

Micceri (1989) studied the characteristics of dsttions of 440 large-sample data
sets pertaining to achievement and psychometricsunea. He found that 6.8% of the all
distributions exhibit both tail weight and symmetgproximating that expected in the
Gaussian distribution, and 4.8% showed relativersgtny and tail weights lighter than
that expected in the Gaussian distribution. Basethe symmetry or asymmetry, 30.7 %
were classified as being extremely asymmetric. fiidings indicate that real-world
distributions do not always conform to normalityexgpected. (Micceri, 1989)

The effects on parametric statistical methods wassumptions of normality and
homogeneity of variance are violated are studiedgiyg computer simulation. The
results indicate that nonparametric methods ar@almatys acceptable substitutes for the
parametric ones. Whether they are depends orathpls sizes and distribution shapes

as well (Zimmerman, 1998).

Delancy and Vargha indicated the effects of normadity on the t-test while
maintaining the equal variance of populations fer two-sample t-test and Welch’s

robust t-test. The results revealed that the iglaf both methods depends on whether
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the two distributions are skewed in the same dwactThe Type | error rates are quite
acceptable from both tests if their parents’ disttions are skewed in the same direction
even with relatively small samples. However, tlypd'| error rate can increase
remarkably when the two parent distributions aensdd in opposite directions (Delaney

& Vargha, 2000).

Studies of the robustness and power

Ramsey (1980) studied the robustness of the trtesirmal populations with
unequal variances. His results show that evéreisample sizes of two comparison
groups are the same, the t-test of equal variaragg is not always robust (Ramsey,
1980).

Also considering homogeneity of variance, Blairwhd that the Type | error rate
of the t-test can be deviated markedly by a srmatunt of group variation (Blair, 1983).
The nonparametric statistical procedure, the MarimtWey test, is an alternative method
for the parametric t-test, and can be applied éoottdinal scale data (Gibbons &
Chakraborti, 1992). That the Mann-Whitney testil valid for small sample sizes can
be shown by using Monte Carlo simulations (Fahodf89).

Zimmerman (1996) showed that rank transformingcofeas can reduce variance
heterogeneity when scores from different variararesmerged and ranked as a single
data set. However, the distortion of the Typed @gpe Il error could not be reduced
(Zimmerman, 1996).

Sawilowsky and Blair (1992) used simulation ofteigeal world distributions in

psychology and education research and found teattidst can be robust to Type | error
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when the sample sizes of both groups are equdbagel enough for either one-tailed or
two-tailed tests under distributions with light skeType Il error is robust under these
nonnormal situations (Sawilowsky & Blair, 1992).

Hogarty and Kromrey (1998) investigated Type benontrol and the statistical
power of four testing methods; the Student’s t;tdwt Chi-square test, the delta statistic,
and a cumulative log model in ordinal data. THea$ of the number of categories of
response variable, sample size, population shaetha effect model were determined.
They found that the Student’s t-test obtained @ bontrol of Type | error rate, but was
not the most powerful. The Chi-square test istiost powerful for the 5-point response
scale. For the 7-point response scale, the resiile testing power are varied among
these procedures (Kromrey & Hogarty, 1998).

Likert-type data in education

Using Likert scale to measure attitude is very ficatand easy to use for
guestionnaire survey. Some research surveys ndattv general attitudes of people on
a specific topic, but the data from other survey i@ used for a sensitive consequent
such as for promotion or tenure decisions. Thdestievaluation of teaching survey is
one of the examples. In interpreting and testunthghe data, we must be very careful
because the Likert-type data vary in their distiidiy not all of them are normal
distributed. Therefore, the mean is not always@dgstatistic to describe all situations.
If the data shapes are skewed or bimodal, the rapdeedian would be a better
measure. However, the accuracy of interpretataironly depends on the appropriate
statistic itself, but also on the quality of thémg data. There are many rating surveys on

the online where people can post their attitudeslyr(Michals, 2003). For example,
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students can rate any teachers’ or professorsopeance of teaching across the country
with any additional comments on the Internet. llisaudents from the class of the
professor who will be rated evaluate their instoucthe result will be reliable. On the
other hand, if only a few students from the classt pheir rating on the website, it might
lead to the selection bias and the result may decurate. The issues of advantage and
disadvantage of student evaluation of teachingti@cccuracy for interpretation of the
data have been discussed in many studies (Crunib&yy, & Kratchman, 2001; Gray
& Bergmann, 2003; Kolitch & Dean, 1999; Liaw & GA0)03; Nerger, Viney, & Riedel,
1997; Panasuk & LeBaron, 1999; Simpson & Siguaww02@orthington, 2002).

However, the traditional interpretation of the exslon of teaching data still
depends on only the mean as if the data are iritecade. Also the numbers of students
in class who rate and the distribution of the detae always less considered. Therefore,

the appropriate descriptive and inferential stagsshould be reviewed.



CHAPTER 3
RESEARCH METHODOLOGY

The objective of the research presented in thidysivas to determine the relative
robustness and power of three different methodge&ing the hypothesis that ordinal
samples of five and seven Likert categories comm fequal populations. The three
methods are the two sample t-test with equal veesjthe Mann-Whitney test, and the
Kolmogorov-Smirnov test. Although theoretically ppaopriate, the t-test applied here
assumes the equal distance for ordered respondles bikert scales.

Since statistical robustness and power are a fumcti the Type | and Type II
errors, all three tests were examined with resjeelsbth. In addition, to obtain a general
and practical understanding of the robustness aneip methods are employed over a
wide range of scenarios with respect to populadistribution, sample size, effect size,
and the number of categories of the Likert scale.

Simulation of population distributions

The population distributions will be simulated s, the language
programming software version 2.13.2, to provideeampirical comparison of the Type |
error rate, and the power of the tests of the thtatstical procedures. To simulate the
observations for both testing groups, the functgample” in R will be applied for
generating all data according to the desired #istions or shapes. Five population

distribution shapes as shown in Figure 1 and Figusere investigated.
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Figure 1. Five population distribution sharps a&f 8ipoint Likert
response scale
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Figure 2. Five population distribution sharps & #point Likert
response scale
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They are a uniform response distribution, a maegérakewed distribution, a
highly skewed distribution, a unimodal symmetristdbution, and a bimodal symmetric
distribution with their marginal probabilities irable 1 and Table 2 for the 5-point

Likert scale and the 7-point Likert scale respesitiv

Table 1. Five marginal distributions for the 54ptaiesponse scale

5-pointscale  Uniform  Moderate Skew Highly Skew  Symmetric Bimodal
1 0.2000 0.2401 0.6561 0.0625 0.3281
2 0.2000 0.4116 0.2916 0.2500 0.1476
3 0.2000 0.2646 0.0486 0.3750 0.0486
4 0.2000 0.0756 0.0036 0.2500 0.1476
5 0.2000 0.0081 0.0001 0.0625 0.3281

Table 2. Five marginal distributions for the 74gtaiesponse scale

7-point scale  Uniform Moderate Skew Highly Skew  Symmetric Bimodal
1 0.142857 0.117649 0.531441 0.015625 0.265721
2 0.142857 0.302526 0.354294 0.093750 0.177174
3 0.142857 0.324135 0.098415 0.234375 0.049815
4 0.142857 0.185220 0.014580 0.312500 0.014580
5 0.142857 0.059535 0.001215 0.234375 0.049815
6 0.142857 0.010206 0.000054 0.093750 0.177174
I 0.142857 0.000729 0.000001 0.015625 0.265721

The uniform marginal distribution can be generdigdising at equal proportions

at each level of the response scale. For exampgled-point scale, the uniform

distribution was produced by generating data incwl@0% of the observations were in
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each category of the response variable. Similénéd/-point scale, each of response
values will be simulated about 14.3% of all obsgores for the uniform. All five
distribution data were generated using functiomrjgig” in R programming language
(For R coding detail, please see Appendix part).

Sample sizes
The total of twelve sample sizes was examined ffier difference of testing
groups. The sample sizes chosen for this study agr®llows (10, 10), (10, 30), (10,
50), (30, 30), (30, 50), (30, 100), (50, 50), (30P), (50, 300), (100, 100), (100, 300),
and (300, 300). These particular sample sizes whiesen because of the design
conditions of a broad range of sample sizes and batanced and unbalanced data. The
conditions should be included because some statisésts may behave differently under
these circumstances.
Robustness and significance levels

For the robustness analysis, we consider the ggnife leved of 0.01, 0.05, and
0.10 which they are most commonly used for staastiesting. The Type | error occurs
when a test incorrectly rejects a true null hypsihieType | error rate is the fraction of
times that a type | error is made.

The empirical Type | error rate of the tests wil tomputed by comparing with
the given significance leveb) for the robustness following the modified critefrom
Bradley, 1978.

At nominala = 0.01, an observed Type | error rate within 40%his rate,

i.e., from 0.006 to 0.014, is considered robust.
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At nominala = 0.05, an observed Type | error rate within 25%h rate,
i.e., from 0.0375 to 0.0625, is considered robust.
At nominala = 0.10, an observed Type | error rate within 20%his rate,
i.e., from 0.08 to 0.12, is considered robust.
Power and levels of effect size
Statistical power is defined as the probabilityrefecting the null hypothesis
given the alternative hypothesis is true. In oreevaluate the statistical power of the
tests we need to specify the effect size. The el refers to the magnitude of the
effect of the alternative hypothesis. If the effette is large enough, the alternative
hypothesis will be true and the null hypothesisqgtality is false. Therefore, there is a
real difference between both testing groups. Is gtudy the effect sizes of 0.10, 0.30,
and 0.50 will be examined.
The number of categories of the Likert scale arddists
Likert scales vary in the number of response insttede. The 5-point scale is the
most common following with 7-point response scalesmme Likert scales have 4-point
response scales, eliminating the neutral/undeads&zbory. In this study the 5-point and
7-point Likert response scale that often foundurvey researches will be examined for
the robustness and power of the tests.
The two independent groups with equal variancel b&iconsidered in the
simulation and analyzed by the two sample t-tet equal variances, the Mann-

Whitney test, and the Kolmogorov-Smirnov test.
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The t-test provided a test of the null hypothes$isquivalent of population means.
The data being tested should be continuous; intervatio data, with a normal
distribution and equal variances in the two groufphese assumptions are violated, the
nonparametric Mann-Whitney test or the Kolmogorawi®ov test may be used instead.

The Mann-Whitney test is used for a non-paramésst of location shift between
the population distributions. The observations flooth groups are combined and ranks,
with the average rank assigned in the case ofties.number of ties should be small
relative to the total number of observations. & gopulations are identical in location,
the ranks should be randomly mixed between two &snp

The Kolmogorov-Smirnov test is a non-parametrit wgsch based on the
maximum absolute difference between the cumulatiseibution functions for both
testing groups. When this difference is signifitatdrge the two distributions are

considered difference.



CHAPTER 4
RESULTS

Three ordinal sample comparison methods were ss3$dégr robustness and power at
a wide range of scenarios (total of 1080 combimaoThey are 5 population distributions,
12 sets of sample sizes, 3 effect sizes, 3 sigmie levels, and 2 types of Likert scale. The
testing data were generated for 10000 samplescim@&ahe combinations. The comparison
methods were the two sample t-test, the Mann-Whitest, and the Kolmokorov-Smirnov
test. All obtained p-values from those tests walldxamined for the type | error rate and the

power of the tests.

The Type | error is defined as rejecting a null diyyesis when it is, in fact, true. A
Type Il error is defined as accepting a null hyjesie when it is, in fact, false. Thus, the
statistical power can defined as rejecting a ngidthesis when it is, in fact, false. In this

study, the error rate was obtained from the meall o&jections results for each scenario.

If the empirical Type | error rate is close to theen significance level following
the criteria of Bradley (1978) then the testinggadure is considered robust or the test is
relevant. For the power, if the rejection ratelad hull hypothesis is large (close to one), the
more powerful the test. However, the desired testisl meet the robustness and power

properties.

21
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Table 3. Type | error rate estimates of the unifdistribution

Significance Sample 5 point Likert scale 7 point Likert scale
Level Size t-test MW-test KS-test t-test MW-test KS-test
0.01 10, 10 0.012 0.007 0.001 0.011 0.007 0.001

10, 30 0.008 0.006 0.002 0.008 0.007 0.002
10, 50 0.010 0.008 0.000 0.010 0.008 0.002
30, 30 0.011 0.009 0.001 0.011 0.010 0.002
30, 50 0.011 0.010 0.002 0.013 0.012 0.003
30,100 0.012 0.011 0.002 0.011 0.010 0.002
50, 50 0.009 0.008 0.001 0.010 0.009 0.001
50,100 0.010 0.009 0.001 0.009 0.008 0.002
50,300 0.011 0.011 0.002 0.009 0.009 0.002
100, 100 0.008 0.008 0.001 0.010 0.010 0.002
100, 300 0.010 0.010 0.002 0.012 0.012 0.002
300, 300 0.011 0.010 0.002 0.012 0.012 0.004
0.05 10, 10 0.048 0.042 0.003 0.051 0.043 0.006
10, 30 0.052 0.048 0.012 0.049 0.047 0.017
10, 50 0.053 0.050 0.009 0.046 0.042 0.011
30, 30 0.046 0.045 0.011 0.050 0.049 0.013
30, 50 0.048 0.046 0.011 0.052 0.051 0.015
30,100 0.051 0.049 0.012 0.048 0.046 0.014
50, 50 0.054 0.053 0.012 0.050 0.049 0.014
50,100 0.050 0.048 0.011 0.050 0.049 0.013
50,300 0.054 0.053 0.008 0.052 0.053 0.015
100, 100 0.050 0.049 0.009 0.049 0.048 0.013
100, 300 0.050 0.049 0.009 0.051 0.051 0.013
300, 300 0.050 0.050 0.010 0.051 0.051 0.014
0.10 10, 10 0.103 0.096 0.020 0.104 0.096 0.024
10, 30 0.095 0.095 0.022 0.107 0.104 0.029
10, 50 0.100 0.099 0.021 0.104 0.103 0.027
30, 30 0.100 0.100 0.022 0.102 0.097 0.028
30, 50 0.105 0.103 0.026 0.100 0.098 0.030
30,100 0.097 0.096 0.024 0.102 0.102 0.036
50, 50 0.102 0.102 0.023 0.103 0.102 0.028
50,100  0.096 0.096 0.022 0.102 0.102 0.027
50,300 0.100 0.100 0.025 0.095 0.096 0.028
100, 100 0.098 0.099 0.023 0.098 0.099 0.027
100,300 0.103 0.104 0.024 0.095 0.095 0.027
300, 300 0.100 0.101 0.032 0.097 0.097 0.034

Table 3 shows that, given the uniform distributithre empirical Type | error rates
from the t-test and Mann-Whitney (MW) test are elts the nominal significance levels and
followed the robustness criteria. However, the Kaorov-Smirnov (KS) test is not robust

since the error rate is outside the criteria’s eafog all circumstances.
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Figure 3. Distribution of Type | error rate estiesbf the uniform distribution at= 0.01

for the 5-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolonog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stncthan others in overall.
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Figure 4 Distribution of Type | error rate estingtd the uniform distribution at = 0.01

for the 7-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolomog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnothan others in overall.
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Figure 5. Distribution of Type | error rate estiesbf the uniform distribution at= 0.05

for the 5-point Likert scale
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From boxplots, the medians of the error rates fraéest and Mann-Whitney test are
closer to the given alpha than the median of Kolomog-Smirnov. Moreover, distribution
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Figure 6. Distribution of Type | error rate estiesbf the uniform distribution at= 0.05

for the 7-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolonog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stncthan others in overall.
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Figure 7. Distribution of Type | error rate estiesbf the uniform distribution at= 0.10

for the 5-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolonog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnethan others in overall.
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Figure 8. Distribution of Type | error rate estiesbf the uniform distribution at= 0.10

for the 7-point Likert scale
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Table 4. Statistical power estimates of the unifdistribution atr = 0.01

Sample Effect 5 point Likert scale 7 point Likert scale
Size Size t-test MW- KS- t-test MW- KS-
test test test test
10, 10 0.10 0.012 0.023 0.006 0.012 0.013 0.006
10, 10 0.30 0.016 0.021 0.006 0.014 0.013 0.003
10, 10 0.50 0.033 0.023 0.006 0.022 0.014 0.005
10, 30 0.10 0.012 0.045 0.028 0.010 0.024 0.018
10, 30 0.30 0.022 0.045 0.030 0.016 0.024 0.017
10, 30 0.50 0.047 0.043 0.029 0.029 0.025 0.017
10, 50 0.10 0.011 0.051 0.027 0.010 0.027 0.014
10, 50 0.30 0.022 0.052 0.027 0.016 0.029 0.013
10, 50 0.50 0.053 0.051 0.026 0.031 0.030 0.013
30, 30 0.10 0.013 0.107 0.086 0.011 0.049 0.035
30, 30 0.30 0.037 0.103 0.080 0.023 0.047 0.036
30, 30 0.50 0.103 0.100 0.081 0.052 0.049 0.034
30, 50 0.10 0.017 0.141 0.115 0.012 0.059 0.044
30, 50 0.30 0.047 0.140 0.116 0.026 0.060 0.044
30, 50 0.50 0.135 0.137 0.112 0.063 0.061 0.044

30, 100 0.10 0.015 0.186 0.178 0.012 0.083 0.067
30, 100 0.30 0.059 0.184 0.176 0.032 0.080 0.067
30, 100 050 0.185 0.185 0.172 0.083 0.081 0.067

50, 50 0.10 0.015 0.193 0.180 0.011 0.090 0.066
50, 50 0.30 0.057 0.191 0.181 0.034 0.091 0.067
50, 50 0.50 0.200 0.199 0.190 0.094 0.092 0.070

50, 100 0.10 0.018 0.288 0.314 0.014 0.128 0.118
50, 100 0.30 0.083 0.285 0.318 0.042 0.123 0.110
50, 100 0.50 0.275 0.276 0.306 0.120 0.120 0.108

50, 300 0.10 0.019 0.383 0493 0.014 0.176 0.192
50, 300 0.30 0.119 0.389 0495 0.056 0.174 0.193
50, 300 0.50 0.385 0.385 0494 0.172 0.17/3 0.195

100, 100 0.10 0.023 0.450 0.600 0.015 0.205 0.209
100, 100 0.30 0.138 0.452 0.612 0.066 0.204 0.215
100, 100 0.50 0.468 0.466 0.620 0.206 0.206 0.211
100, 300 0.10 0.026 0.673 0.953 0.018 0.339 0.479
100, 300 0.30 0.217 0.671 0950 0.103 0.344 0.484
100, 300 0.50 0.673 0.668 0.948 0.337 0.338 0.474
300, 300 0.10 0.046 0.955 1.000 0.025 0.686 0.973
300, 300 0.30 0.508 0.955 1.000 0.232 0.677 0.972
300, 300 0.50 0.960 0.954 1.000 0.681 0.676 0.972

Table 4 indicates that the statistical power dlincreased when effect size and
sample size are increased in both 5-point and iitgoale. For more details, Statistical
power will be graphed only for the tests in whicyp& | error were controlled. See Figure 9.
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Figure 9. Statistical power estimates of the umifalistribution at
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From Figure 9, the statistical power of the Manhiéy test seems to be superior to

0.5 both statistical

0.1 and 0.3. &l@w, when effect size

the t-test under the effect size

powers are almost the same for the 5-point andifftponditions.
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Table 5. Statistical power estimates of the unifdistribution atr = 0.05

Sample  Effect 5 point Likert scale 7 point Likert scale
Size Size t-test MW- KS- t-test MS- KS-
test test test test
10, 10 0.10 0.053 0.102 0.034 0.051 0.068 0.022
10, 10 0.30 0.071 0.106 0.035 0.063 0.071 0.022
10, 10 0.50 0.106 0.099 0.034 0.084 0.075 0.025
10, 30 0.10 0.058 0.161 0.128 0.050 0.100 0.072
10, 30 0.30 0.082 0.149 0.118 0.068 0.099 0.080
10, 30 0.50 0.152 0.156 0.130 0.095 0.099 0.075
10, 50 0.10 0.052 0.169 0.122 0.054 0.110 0.074
10, 50 0.30 0.092 0.168 0.120 0.068 0.106 0.069
10, 50 0.50 0.170 0.171 0.121 0.106 0.107 0.069
30, 30 0.10 0.061 0.268 0.242 0.052 0.156 0.125
30, 30 0.30 0.128 0.263 0.239 0.084 0.158 0.126
30, 30 0.50 0.264 0.266 0.239 0.157 0.158 0.125
30, 50 0.10 0.061 0.322 0.312 0.059 0.191 0.157
30, 50 0.30 0.145 0.321 0.314 0.095 0.187 0.150
30, 50 0.50 0.322 0.328 0.312 0.186 0.187 0.155

30, 100 0.10 0.061 0.393 0.428 0.056 0.224 0.215
30, 100 0.30 0.168 0.384 0.415 0.108 0.222 0.210
30, 100 0.50 0.387 0.390 0.424 0.220 0.220 0.213

50, 50 0.10 0.068 0.417 0.484 0.057 0.238 0.235
50, 50 0.30 0.181 0.407 0.482 0.112 0.233 0.229
50, 50 0.50 0.410 0.412 0478 0.240 0.244 0.242

50, 100 0.10 0.066 0.525 0.678 0.058 0.296 0.331

50, 100 0.30 0.230 0.528 0.679 0.130 0.295 0.332

50, 100 0.50 0.527 0.526 0.674 0.292 0.291 0.325

50, 300 0.10 0.073 0.628 0.821 0.068 0.371 0.430
50, 300 0.30 0.274 0.630 0.828 0.164 0.364 0.430
50, 300 0.50 0.643 0.641 0.833 0.368 0.370 0.427
100, 100 0.10 0.075 0.696 0.907 0.061 0.415 0.503
100, 100 0.30 0.319 0.697 0.906 0.188 0.417 0.502
100, 100 0.50 0.706 0.701 0913 0.419 0.422 0.505
100, 300 0.10 0.089 0.864 0.999 0.071 0.588 0.805
100, 300 0.30 0.436 0856 0999 0.252 0.568 0.790
100, 300 0.50 0.867 0.860 0.999 0.566 0.563 0.794
300, 300 0.10 0.135 0.991 1.000 0.091 0.860 1.000
300, 300 0.30 0.734 0.989 1.000 0.442 0.863 0.999
300, 300 0.50 0990 0989 1.000 0.866 0.863 1.000

Table 5 indicates that the statistical power wdlibcreased when effect size and
sample size are increased in both 5-point and fitjgoale. For more details, Statistical
power will be graphed only for the tests in whicypé& | error were controlled. See Figure 10.
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Figure 10. Statistical power estimates of the unifdistribution atx
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From Figure 10, the statistical power of the Manhivéy test seems to be superior to

0.5 both statistical

0.1 and 0.3. #&l@w, when effect size

powers are almost the same for the 5-point andifftponditions.

the t-test under the effect size
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Table 6. .Statistical power estimates of the unifalistribution atx = 0.10

Sample  Effect 5 point Likert scale 7 point Likert scale
Size Size t-test MW- KS- t-test MW- KS-
test test test test
10, 10 0.10 0.104 0.188 0.112 0.104 0.134 0.081
10, 10 0.30 0.137 0.194 0.118 0.117 0.135 0.082
10, 10 0.50 0.189 0.186 0.113 0.152 0.141 0.081
10, 30 0.10 0.103 0.251 0.169 0.105 0.181 0.116
10, 30 0.30 0.154 0.254 0.179 0.129 0.182 0.117
10, 30 0.50 0.250 0.254 0.177 0.178 0.184 0.121
10, 50 0.10 0.114 0.265 0.184 0.107 0.191 o0.121
10, 50 0.30 0.157 0.263 0.179 0.137 0.188 0.128
10, 50 0.50 0.272 0.269 0.182 0.177 0.179 0.111
30, 30 0.10 0.116 0.390 0.376 0.108 0.250 0.209
30, 30 0.30 0.209 0.392 0.378 0.159 0.256 0.219
30, 30 0.50 0.378 0.385 0.370 0.244 0.245 0.206
30, 50 0.10 0.122 0.460 0.483 0.107 0.292 0.267
30, 50 0.30 0.235 0.446 0.469 0.173 0.288 0.268
30, 50 0.50 0.447 0.455 0.468 0.287 0.288 0.267

30, 100 0.10 0.119 0.505 0.585 0.108 0.333 0.338
30, 100 0.30 0.265 0.510 0.593 0.184 0.331 0.334
30, 100 0.50 0.517 0.517 0.597 0.328 0.332 0.328

50, 50 0.10 0.122 0.537 0.610 0.104 0.343 0.324
50, 50 0.30 0.276 0.542 0.611 0.192 0.343 0.327
50, 50 0.50 0.548 0.546 0.622 0.342 0.341 0.331

50, 100 0.10 0.129 0.650 0.815 0.106 0.414 0.452

50, 100 0.30 0.342 0.656 0.820 0.226 0.424 0.464

50, 100 0.50 0.646 0.645 0.811 0.419 0.421 0.463

50, 300 0.10 0.135 0.741 0.944 0.115 0.493 0.586
50, 300 0.30 0.394 0.738 0948 0.255 0.495 0.591
50, 300 0.50 0.751 0.748 0.946 0490 0.491 0.588
100, 100 0.10 0.137 0.792 0974 0.118 0.544 0.689
100, 100 0.30 0436 0.796 0.975 0.278 0.549 0.693
100, 100 0.50 0.807 0.803 0974 0559 0557 0.701
100, 300 0.10 0.164 0916 1.000 0.131 0.692 0.925
100, 300 0.30 0.572 0913 1.000 0.368 0.694 0.924
100, 300 0.50 0919 0914 1.000 0.695 0.694 0.926
300, 300 0.10 0.227 0996 1.000 0.158 0.919 1.000
300, 300 0.30 0.830 0.996 1.000 0.580 0.920 1.000
300, 300 0.50 0997 0996 1.000 0.926 0.924 1.000

Table 6 indicates that the statistical power wdlibcreased when effect size and
sample size are increased in both 5-point and fitjgoale. For more details, Statistical
power will be graphed only for the tests in whicyp& | error were controlled. See Figure 11.
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Figure 11. Statistical power estimates of the unifdistribution atx
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From Figure 11, the statistical power of the Manhivéy test seems to be superior to

the t-test under the effect size

0.5 both statistical

0.1 and 0.3. #l®r, when effect size

powers are almost the same for the 5-point andifftponditions.



Table 7. Type | error rate estimates of the moeeskéwed distribution
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Significance Sample

5 point Likert scale

7 point Likert scale

Level Size t-test MW-test KS-test t-test MW-test KS-test
0.01 10, 10 0.011 0.006 0.000 0.010 0.007 0.001
10, 30 0.009 0.006 0.001 0.011 0.008 0.001
10, 50 0.011 0.009 0.001 0.010 0.008 0.001
30, 30 0.011 0.010 0.001 0.012 0.010 0.001
30, 50 0.010 0.010 0.001 0.010 0.009 0.001
30, 100 0.011 0.010 0.001 0.010 0.010 0.001
50, 50 0.010 0.009 0.001 0.010 0.008 0.001
50, 100 0.009 0.008 0.001 0.009 0.010 0.001
50, 300 0.010 0.010 0.000 0.010 0.009 0.001
100, 100 0.011 0.010 0.001 0.010 0.010 0.001
100, 300 0.009 0.009 0.000 0.010 0.009 0.001
300, 300 0.010 0.008 0.001 0.010 0.009 0.001
0.05 10, 10 0.049 0.044 0.002 0.053 0.044 0.002
10, 30 0.051 0.049 0.007 0.051 0.049 0.008
10, 50 0.042 0.042 0.004 0.046 0.044 0.006
30, 30 0.052 0.051 0.006 0.051 0.050 0.008
30, 50 0.049 0.049 0.004 0.049 0.047 0.007
30, 100 0.053 0.052 0.006 0.048 0.049 0.008
50, 50 0.049 0.049 0.006 0.053 0.052 0.007
50, 100 0.046 0.046 0.005 0.049 0.051 0.007
50, 300 0.050 0.049 0.005 0.051 0.050 0.008
100, 100 0.049 0.048 0.005 0.052 0.050 0.006
100, 300 0.050 0.049 0.004 0.051 0.050 0.008
300, 300 0.049 0.049 0.005 0.048 0.047 0.008
0.10 10, 10 0.096 0.088 0.011 0.102 0.093 0.014
10, 30 0.101 0.098 0.011 0.098 0.094 0.016
10, 50 0.106 0.106 0.013 0.099 0.098 0.015
30, 30 0.101 0.100 0.013 0.094 0.094 0.016
30, 50 0.096 0.096 0.012 0.099 0.098 0.019
30, 100 0.098 0.098 0.013 0.098 0.097 0.018
50, 50 0.095 0.096 0.010 0.100 0.098 0.014
50, 100 0.103 0.102 0.013 0.103 0.100 0.015
50, 300 0.099 0.100 0.014 0.096 0.098 0.016
100, 100 0.100 0.101 0.011 0.101 0.098 0.018
100, 300 0.099 0.101 0.013 0.105 0.104 0.018
300, 300 0.098 0.101 0.017 0.099 0.100 0.018

Table 7 shows that, given the moderate skewedllisivn, the empirical Type |

error rates from the t-test and Mann-Whitney (M@4ttare close to the nominal significance

levels and followed the robustness criteria. Howetree Kolmogorov-Smirnov (KS) test is

not robust since the error rate is beyond theraiterange for all circumstances.
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Figure 12. Distribution of Type | error rate estiemof the moderate skewed distribution

at. = 0.01 for the 5-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolonog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnethan others in overall.
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Figure 13. Distribution of Type | error rate estiemof the moderate skewed distribution

att = 0.01 for the 7-point Likert scale
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From boxplots, the medians of the error rates fraéest and Mann-Whitney test are
closer to the given alpha than the median of Kolomog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnethan others in overall.
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Figure 14. Distribution of Type | error rate estiemof the moderate skewed distribution

at. = 0.05 for the 5-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolonog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnsthan others in overall.
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Figure 15. Distribution of Type | error rate estiemof the moderate skewed distribution

at. = 0.05 for the 7-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolonog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnethan others in overall.



40

Figure 16. Distribution of Type | error rate estiemof the moderate skewed distribution

at. = 0.10 for the 5-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolonog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnethan others in overall.
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Figure 17. Distribution of Type | error rate estiemof the moderate skewed distribution

at. = 0.10 for the 7-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolonog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnsthan others in overall.

L
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Table 8. Statistical power estimates of the mo@éeskéwed distribution at= 0.01

Sample  Effect 5 point Likert scale 7 point Likert scale
Size Size t-test MW- KS- t-test MW- KS-
test test test test
10, 10 0.10 0.012 0.065 0.041 0.011 0.039 0.020
10, 10 0.30 0.028 0.066 0.042 0.021 0.042 0.021
10, 10 0.50 0.069 0.066 0.041 0.050 0.041 0.019
10, 30 0.10 0.013 0.136 0.172 0.012 0.081 0.090
10, 30 0.30 0.040 0.131 0.164 0.026 0.082 0.089
10, 30 0.50 0.123 0.133 0.170 0.074 0.076 0.087
10, 50 0.10 0.011 0.158 0.170 0.012 0.096 0.090
10, 50 0.30 0.045 0.167 0.180 0.032 0.095 0.089
10, 50 0.50 0.153 0.169 0.179 0.089 0.096 0.091
30, 30 0.10 0.017 0.300 0.511 0.013 0.186 0.306
30, 30 0.30 0.096 0.308 0.506 0.056 0.175 0.296
30, 30 0.50 0.298 0.301 0.506 0.177 0.174 0.295
30, 50 0.10 0.020 0.392 0.649 0.013 0.239 0.416
30, 50 0.30 0.116 0.400 0.652 0.077 0.252 0.420
30, 50 0.50 0.398 0.398 0.655 0.243 0.242 0.422

30, 100 0.10 0.020 0.506 0.787 0.017 0.314 0.560
30, 100 0.30 0.150 0.501 0.781 0.096 0.324 0.574
30, 100 0.50 0.508 0.507 0.795 0.322 0.320 0.568

50, 50 0.10 0.020 0.531 0.831 0.018 0.339 0.598
50, 50 0.30 0.170 0.532 0.829 0.107 0.348 0.609
50, 50 0.50 0.537 0.533 0.836 0.345 0.340 0.601

50, 100 0.10 0.027 0.693 0.953 0.019 0.474 0.804

50, 100 0.30 0.237 0.690 0.950 0.146 0.475 0.809

50, 100 0.50 0.706 0.695 0.953 0.487 0.474 0.799

50, 300 0.10 0.033 0.822 0.990 0.023 0.626 0.932
50, 300 0.30 0.325 0826 0991 0.198 0.619 0.933
50, 300 0.50 0.836 0.825 0.990 0.627 0.615 0.933
100, 100 0.10 0.036 0.887 0.997 0.026 0.689 0.967
100, 100 0.30 0.398 0.886 0.998 0.241 0.686 0.965
100, 100 0.50 0.892 0.884 0998 0.716 0.699 0.968
100, 300 0.10 0.051 0.980 1.000 0.036 0.884 0.999
100, 300 0.30 0.595 0980 1.000 0.396 0.878 1.000
100, 300 0.50 0.982 0976 1.000 0.896 0.882 0.999
300, 300 0.10 0.105 1.000 1.000 0.068 0.997 1.000
300, 300 0.30 0.921 1.000 1.000 0.754 0.996 1.000
300, 300 0.50 1.000 1.000 1.000 0.998 0.997 1.000

Table 8 indicates that the statistical power wdlibcreased when effect size and
sample size are increased in both 5-point and fitjgoale. For more details, Statistical
power will be graphed only for the tests in whicypé& | error were controlled. See Figure 18.
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Figure 18. Statistical power estimates of the maigeskewed distribution at
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From Figure 18, the statistical power of the Manhivéy test seems to be superior to

the t-test under the effect size

0.5 both statistical

0.1 and 0.3. él®r, when effect size

powers are almost the same for the 5-point andifftponditions.
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Table 9. Statistical power estimates of the mo@eskéwed distribution at= 0.05

Sample  Effect 5 point Likert scale 7 point Likert scale
Size Size t-test MW- KS- t-test MW- KS-
test test test test
10, 10 0.10 0.055 0.211 0.122 0.056 0.152 0.079
10, 10 0.30 0.101 0.208 0.124 0.082 0.148 0.073
10, 10 0.50 0.208 0.209 0.124 0.158 0.153 0.079
10, 30 0.10 0.064 0.321 0.382 0.054 0.225 0.260
10, 30 0.30 0.139 0.316 0.377 0.102 0.219 0.260
10, 30 0.50 0.305 0.311 0.382 0.220 0.222 0.257
10, 50 0.10 0.059 0.358 0.397 0.058 0.256 0.275
10, 50 0.30 0.155 0.360 0.399 0.121 0.251 0.269
10, 50 0.50 0.344 0.354 0.393 0.243 0.253 0.269
30, 30 0.10 0.068 0.547 0.745 0.062 0.388 0.556
30, 30 0.30 0.233 0539 0.744 0.172 0.384 0.549
30, 30 0.50 0.547 0541 0.736 0405 0.396 0.557
30, 50 0.10 0.072 0.632 0.844 0.064 0.469 0.674
30, 50 0.30 0.286 0.628 0.842 0.214 0.474 0.676
30, 50 0.50 0.641 0.635 0.845 0.474 0.468 0.675
30,100 0.10 0.087 0.729 0.935 0.068 0.550 0.794
30,100 0.30 0.354 0.725 0.932 0.245 0.559 0.803
30,100 0.50 0.740 0.728 0.934 0.560 0.555 0.798
50, 50 0.10 0.084 0.759 0.958 0.074 0.585 0.847
50, 50 0.30 0.362 0.762 0.960 0.262 0.583 0.854
50, 50 0.50 0.775 0.762 0.959 0.594 0.584 0.854
50,100 0.10 0.095 0.861 0.993 0.080 0.711 0.947
50,100 0.30 0.462 0.867 0.993 0.334 0.705 0.950
50,100 0.50 0.879 0.868 0.993 0.721 0.708 0.944
50,300 0.10 0.109 0.933 1.000 0.090 0.816 0.983
50,300 0.30 0.568 0.934 1.000 0.420 0.817 0.985
50,300 0.50 0.944 0936 1.000 0.828 0.814 0.987
100, 100 0.10 0.115 0.965 1.000 0.094 0.871 0.997
100, 100 0.30 0.640 0.962 1.000 0.470 0.870 0.997
100, 100 0.50 0.973 0.968 1.000 0.882 0.870 0.996
100, 300 0.10 0.157 0.995 1.000 0.121 0.962 1.000
100, 300 0.30 0.805 0.994 1.000 0.643 0.960 1.000
100, 300 0.50 0.997 0.995 1.000 0.972 0.963 1.000
300, 300 0.10 0.274 1.000 1.000 0.187 1.000 1.000
300, 300 0.30 0.978 1.000 1.000 0.903 1.000 1.000
300, 300 0.50 1.000 1.000 1.000 1.000 1.000 1.000

Table 9 indicates that the statistical power wdlibcreased when effect size and
sample size are increased in both 5-point and fitjgoale. For more details, Statistical
power will be graphed only for the tests in whicyp& | error were controlled. See Figure 19.
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Figure 19. Statistical power estimates of the maigeskewed distribution at
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From Figure 19, the statistical power of the Manhivéy test seems to be superior to

0.5 both statistical

0.1 and 0.3. #&l@w, when effect size

the t-test under the effect size

powers are almost the same for the 5-point andifftponditions.
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Table 10. Statistical power estimates of the madeskewed distribution at= 0.10

Sample  Effect 5 point Likert scale 7 point Likert scale

Size Size t-test MW- KS- t-test MW- KS-

test test test test
10, 10 0.10 0.108 0.328 0.288 0.105 0.242 0.206
10, 10 0.30 0.183 0.322 0.283 0.160 0.256 0.210
10, 10 0.50 0.324 0.331 0.282 0.245 0.242 0.197
10, 30 0.10 0.109 0.427 0.456 0.109 0.338 0.343
10, 30 0.30 0.231 0.444 0.468 0.187 0.331 0.339
10, 30 0.50 0.437 0.438 0.460 0.325 0.328 0.339
10, 50 0.10 0.114 0.477 0.499 0.117 0.366 0.381
10, 50 0.30 0.249 0.473 0504 0.198 0.370 0.382
10, 50 0.50 0.468 0.472 0.494 0.364 0.369 0.379
30, 30 0.10 0.128 0.663 0.839 0.120 0.514 0.685
30, 30 0.30 0.345 0.651 0.834 0.270 0.513 0.679
30, 30 0.50 0.673 0.665 0.837 0.524 0517 0.684

30, 50 0.10 0.144 0.733 0.922 0.120 0.604 0.801
30, 50 0.30 0.412 0.742 0919 0.310 0.594 0.801
30, 50 0.50 0.754 0.744 0.920 0.606 0.592 0.800
30,100 0.10 0.152 0.817 0.969 0.133 0.677 0.886
30,100 0.30 0.464 0.819 0.970 0.375 0.682 0.885
30,100 0.50 0.837 0.823 0.969 0.680 0.668 0.882
50, 50 0.10 0.145 0.843 0.979 0.136 0.705 0.907
50, 50 0.30 0.495 0.849 0979 0.386 0.702 0.908
50, 50 0.50 0.852 0.839 0.980 0.712 0.701 0.908
50,100 0.10 0.164 0.919 0.998 0.145 0.805 0.975
50,100 0.30 0.594 0.922 0.998 0.460 0.809 0.974
50,100 0.50 0.928 0.919 0.998 0.819 0.805 0.975

50,300 0.10 0.193 0.965 1.000 0.158 0.888 0.996
50,300 0.30 0.690 0.963 1.000 0.549 0.884 0.995
50,300 0.50 0970 0.962 1.000 0.894 0.882 0.995
100, 100 0.10 0.195 0980 1.000 0.170 0.919 1.000
100,100 0.30 0.742 0.984 1.000 0.595 0.920 1.000
100, 100 0.50 0.987 0984 1.000 0.931 0.921 0.999
100, 300 0.10 0.248 0.998 1.000 0.202 0.982 1.000
100, 300 0.30 0.882 0.998 1.000 0.750 0.982 1.000
100, 300 0.50 0.999 0.998 1.000 0.983 0.979 1.000
300, 300 0.10 0.387 1.000 1.000 0.290 1.000 1.000
300,300 0.30 0.991 1.000 1.000 0.949 1.000 1.000
300, 300 0.50 1.000 1.000 1.000 1.000 1.000 1.000

Table 10 indicates that the statistical power badlincreased when effect size and
sample size are increased in both 5-point and fitjgoale. For more details, Statistical
power will be graphed only for the tests in whicyp& | error were controlled. See Figure 20.
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Figure 20. Statistical power estimates of the maigeskewed distribution at
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From Figure 20, the statistical power of the Manhivéy test seems to be superior to

0.5 both statistical

0.1 and 0.3. él®r, when effect size

powers are almost the same for the 5-point andifftponditions.

the t-test under the effect size
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Table 11. Type | error rate estimates of the higiidgwed distribution

Significance Sample 5 point Likert scale 7 point Likert scale

Level Size t-test MW-test KS-test t-test MW-test KS-test

0.01 10, 10 0.008 0.007 0.000 0.010 0.007 0.000
10, 30 0.009 0.007 0.001 0.010 0.009 0.002
10, 50 0.011 0.008 0.001 0.010 0.008 0.001
30, 30 0.008 0.009 0.001 0.009 0.009 0.001
30, 50 0.009 0.008 0.000 0.011 0.010 0.001
30, 100 0.010 0.009 0.001 0.009 0.008 0.001
50, 50 0.010 0.010 0.001 0.010 0.009 0.001

50, 100 0.011 0.011 0.002 0.010 0.010 0.001

50, 300 0.012 0.011 0.001 0.009 0.009 0.001

100, 100 0.010 0.010 0.001 0.011 0.011 0.000

100, 300 0.008 0.008 0.001 0.010 0.009 0.001

300, 300 0.010 0.009 0.001 0.010 0.010 0.001
0.05 10, 10 0.050 0.040 0.002 0.050 0.048 0.003

10, 30 0.050 0.049 0.009 0.049 0.047 0.007

10, 50 0.050 0.049 0.005 0.049 0.046 0.005

30, 30 0.047 0.045 0.006 0.049 0.050 0.005

30, 50 0.054 0.054 0.008 0.050 0.050 0.005

30, 100 0.055 0.055 0.008 0.047 0.047 0.005

50, 50 0.049 0.049 0.007 0.052 0.050 0.006

50, 100 0.050 0.049 0.007 0.049 0.050 0.005

50, 300 0.051 0.048 0.006 0.047 0.045 0.005

100, 100  0.052 0.050 0.005 0.050 0.048 0.006

100, 300 0.051 0.050 0.006 0.050 0.049 0.005

300,300 0.051 0.050 0.005 0.050 0.051 0.007

0.10 10, 10 0.095 0.089 0.011 0.104 0.095 0.012
10, 30 0.098 0.097 0.012 0.095 0.092 0.012
10, 50 0.107 0.104 0.014 0.097 0.096 0.014
30, 30 0.100 0.097 0.016 0.098 0.096 0.013
30, 50 0.091 0.095 0.013 0.101 0.100 0.014
30, 100 0.100 0.100 0.014 0.100 0.100 0.015
50, 50 0.100 0.099 0.013 0.098 0.098 0.013

50, 100 0.098 0.098 0.014 0.103 0.098 0.012
50, 300 0.098 0.100 0.014 0.101 0.100 0.014
100, 100 0.100 0.100 0.013 0.100 0.100 0.015
100, 300 0.098 0.100 0.014 0.095 0.093 0.014
300, 300 0.095 0.089 0.011 0.099 0.098 0.016

Table 11 shows that, given the highly skewed distron, the empirical Type | error
rates from the t-test and Mann-Whitney (MW) test @lpose to the nominal significance
levels and followed the robustness criteria. Howgetree Kolmogorov-Smirnov (KS) test is

not robust since the error rate is beyond theraiterange for all circumstances.
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Figure 21. Distribution of Type | error rate estiemof the highly skewed distribution

at. = 0.01 for the 5-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolomog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnsthan others in overall.
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Figure 22. Distribution of Type | error rate estiemof the highly skewed distribution

at = 0.01 for the 7-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolomog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnethan others in overall.
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Figure 23. Distribution of Type | error rate estiemof the highly skewed distribution

at. = 0.05 for the 5-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolomog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stncthan others in overall.
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Figure 24. Distribution of Type | error rate estiemof the highly skewed distribution

at. = 0.05 for the 7-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolonog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnethan others in overall.
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Figure 25. Distribution of Type | error rate estiemof the highly skewed distribution

at. = 0.10 for the 5-point Likert scale
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From boxplots, the medians of the error rates fraéest and Mann-Whitney test are
closer to the given alpha than the median of Kolonog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnethan others in overall.
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Figure 26. Distribution of Type | error rate estiemof the highly skewed distribution
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are

closer to the given alpha than the median of Kolomog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stncthan others in overall.
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Table 12..Statistical power estimates of the higiidgwed distribution at = 0.01

Sample  Effect 5 point Likert scale 7 point Likert scale
Size Size t-test MW- KS- t-test MW- KS-
test test test test

10, 10 0.10 0.015 0.167 0.087 0.014 0.089 0.043
10, 10 0.30 0.042 0.163 0.088 0.031 0.087 0.041
10, 10 0.50 0.135 0.167 0.092 0.082 0.087 0.043
10, 30 0.10 0.011 0.321 0.446 0.012 0.173 0.215
10, 30 0.30 0.066 0.320 0.445 0.044 0.188 0.226
10, 30 0.50 0.236 0.325 0.448 0.136 0.176 0.215
10, 50 0.10 0.013 0.381 0.443 0.012 0.222 0.220
10, 50 0.30 0.076 0.388 0.447 0.048 0.223 0.224
10, 50 0.50 0.286 0.389 0.446 0.165 0.214 0.217
30, 30 0.10 0.022 0.627 0.903 0.020 0.368 0.577
30, 30 0.30 0.160 0.621 0.910 0.103 0.386 0.586
30, 30 0.50 0.526 0.622 0.910 0.332 0.381 0.583
30, 50 0.10 0.023 0.738 0.956 0.020 0.492 0.734
30, 50 0.30 0.224 0.743 0.956 0.132 0.491 0.729
30, 50 0.50 0.651 0.741 0.958 0.438 0.493 0.731
30, 100 0.10 0.025 0.836 0.984 0.018 0.611 0.860
30, 100 0.30 0.285 0.836 0.983 0.172 0.610 0.864
30, 100 0.50 0.774 0.836 0.983 0.567 0.615 0.863
50, 50 0.10 0.028 0.876 0.999 0.023 0.654 0.913
50, 50 0.30 0.306 0.877 0.998 0.181 0.653 0.918
50, 50 0.50 0.804 0.876 0.999 0.600 0.659 0.919
50, 100 0.10 0.036 0.950 1.000 0.029 0.792 0.980
50, 100 0.30 0.433 0.947 1.000 0.271 0.796 0.982
50, 100 0.50 0.923 0.952 1.000 0.747 0.784 0.982
50, 300 0.10 0.047 0.982 1.000 0.034 0.898 0.998
50, 300 0.30 0.562 0.983 1.000 0.366 0.893 0.998
50, 300 0.50 0974 0.984 1.000 0.872 0.896 0.999
100, 100 0.10 0.056 0.997 1.000 0.037 0.947 1.000
100, 100 0.30 0.646 0.997 1.000 0.439 0.946 1.000
100, 100 0.50 0.992 0.997 1.000 0.925 0.947 1.000
100, 300 0.10 0.080 1.000 1.000 0.052 0.993 1.000
100, 300 0.30 0.849 0.999 1.000 0.646 0.992 1.000
100, 300 0.50 1.000 1.000 1.000 0.990 0.992 1.000
300, 300 0.10 0.188 1.000 1.000 0.125 1.000 1.000
300, 300 0.30 0.995 1.000 1.000 0.947 1.000 1.000
300, 300 0.50 1.000 1.000 1.000 1.000 1.000 1.000

Table 12 indicates that the statistical power bdlincreased when effect size and
sample size are increased in both 5-point and fitjgoale. For more details, Statistical
power will be graphed only for the tests in whicypé& | error were controlled. See Figure 27.
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Figure 27. Statistical power estimates of the higidewed distribution at
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From Figure 27, the statistical power of the Manhivéy test seems to be superior to

0.5 both statistical

0.1 and 0.3. él®r, when effect size

powers are almost the same for the 5-point andifftponditions.

the t-test under the effect size
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Table 13. Statistical power estimates of the higiidgwed distribution at = 0.05

Sample  Effect 5 point Likert scale 7 point Likert scale
Size Size t-test MW- KS- t-test MW- KS-
test test test test
10, 10 0.10 0.056 0.388 0.254 0.054 0.247 0.130
10, 10 0.30 0.154 0.390 0.263 0.102 0.252 0.131
10, 10 0.50 0.331 0.389 0.260 0.228 0.253 0.132
10, 30 0.10 0.062 0.544 0.724 0.060 0.388 0.493
10, 30 0.30 0.207 0.549 0.723 0.148 0.385 0.486
10, 30 0.50 0.474 0548 0.727 0.351 0.389 0.489
10, 50 0.10 0.071 0.603 0.724 0.060 0.420 0.485
10, 50 0.30 0.233 0.600 0.720 0.160 0.423 0.493
10, 50 0.50 0.529 0597 0.719 0.376 0.423 0.491
30, 30 0.10 0.080 0.826 0.983 0.073 0.624 0.838
30, 30 0.30 0.361 0.830 0.986 0.259 0.631 0.838
30, 30 0.50 0.762 0.823 0.985 0.586 0.629 0.831
30, 50 0.10 0.089 0.894 0.996 0.082 0.725 0.919
30, 50 0.30 0.448 0.885 0.995 0.314 0.716 0.918
30, 50 0.50 0.852 0.894 0.996 0.688 0.721 0.924

30, 100 0.10 0.102 0.940 1.000 0.084 0.798 0.966
30, 100 0.30 0.524 0.933 1.000 0.383 0.808 0.972
30, 100 0.50 0.911 0.932 0.999 0.778 0.806 0.966

50, 50 0.10 0.106 0.963 1.000 0.085 0.847 0.992
50, 50 0.30 0.549 0961 1.000 0.394 0.848 0.994
50, 50 0.50 0.931 0.959 1.000 0.809 0.840 0.992

50, 100 0.10 0.126 0.986 1.000 0.102 0.920 0.999

50, 100 0.30 0.675 0.986 1.000 0.507 0.921 0.999

50, 100 0.50 0.979 0.986 1.000 0.906 0.923 0.999

50, 300 0.10 0.148 0.996 1.000 0.114 0.962 1.000
50, 300 0.30 0.787 0995 1.000 0.616 0.962 1.000
50, 300 0.50 0.995 0.997 1.000 0.964 0.970 1.000
100, 100 0.10 0.168 0.999 1.000 0.127 0.987 1.000
100, 100 0.30 0.837 1.000 1.000 0.672 0.985 1.000
100, 100 0.50 0.998 1.000 1.000 0.977 0.984 1.000
100, 300 0.10 0.225 1.000 1.000 0.166 0.999 1.000
100, 300 0.30 0.952 1.000 1.000 0.846 0.999 1.000
100, 300 0.50 1.000 1.000 1.000 0.998 0.998 1.000
300, 300 0.10 0.407 1.000 1.000 0.287 1.000 1.000
300, 300 0.30 1.000 1.000 1.000 0.988 1.000 1.000
300, 300 0.50 1.000 1.000 1.000 1.000 1.000 1.000

Table 13 indicates that the statistical power bdlincreased when effect size and sample
size are increased in both 5-point and 7-pointesdadr more details, Statistical power will be
graphed only for the tests in which Type | erroraveontrolled. See Figure 28.
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Figure 28. Statistical power estimates of the higidewed distribution at
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From Figure 28, the statistical power of the Manhivéy test seems to be superior to

the t-test under the effect size

0.5 both statistical

0.1 and 0.3. él®r, when effect size

powers are almost the same for the 5-point andifftponditions.
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Table 14. .Statistical power estimates of the lyiglklewed distribution at = 0.10

Sample  Effect 5 point Likert scale 7 point Likert scale

Size Size t-test MW- KW-  ttest MW-  KW-

test test test test
10, 10 0.10 0.120 0.526 0.526 0.110 0.369 0.315
10, 10 0.30 0.246 0516 0522 0.198 0.382 0.327
10, 10 0.50 0.462 0516 0.514 0.348 0.384 0.323
10, 30 0.10 0.125 0.664 0.749 0.118 0.506 0.537
10, 30 0.30 0.327 0.661 0.749 0.246 0.504 0.540
10, 30 0.50 0.619 0.666 0.747 0.470 0.506 0.538
10, 50 0.10 0.125 0.703 0.753 0.121 0.550 0.569
10, 50 0.30 0.336 0.699 0.751 0.264 0.542 0.562
10, 50 0.50 0.650 0.700 0.762 0.505 0.538 0.560
30, 30 0.10 0.146 0.895 0.996 0.136 0.738 0.917
30, 30 0.30 0.482 0.892 0.996 0.375 0.742 0.918
30, 30 0.50 0.845 0.890 0.996 0.708 0.741 0.921

30, 50 0.10 0.160 0.936 1.000 0.142 0.811 0.967
30, 50 0.30 0.566 0.936 0.999 0.428 0.813 0.968
30, 50 0.50 0.915 0.935 1.000 0.788 0.813 0.967
30,100 0.10 0.177 0.960 1.000 0.150 0.873 0.991
30,100 0.30 0.655 0.961 1.000 0.506 0.872 0.989
30,100 0.50 0.955 0.964 1.000 0.858 0.877 0.990
50, 50 0.10 0.173 0.982 1.000 0.164 0.900 0.997
50, 50 0.30 0.670 0.982 1.000 0.525 0.900 0.998
50, 50 0.50 0.967 0.980 1.000 0.883 0.904 0.998
50,100 0.10 0.208 0.992 1.000 0.170 0.954 1.000
50,100 0.30 0.777 0.993 1.000 0.634 0.958 1.000
50,100 0.50 0.990 0.993 1.000 0.946 0.952 1.000

50,300 0.10 0.241 0.998 1.000 0.208 0.983 1.000
50,300 0.30 0.862 0.998 1.000 0.725 0.982 1.000
50,300 0.50 0.998 0.998 1.000 0.978 0.979 1.000
100, 100 0.10 0.253 1.000 1.000 0.203 0.994 1.000
100,100 0.30 0.904 1.000 1.000 0.783 0.994 1.000
100, 100 0.50 0.999 1.000 1.000 0.991 0.993 1.000
100, 300 0.10 0.339 1.000 1.000 0.264 1.000 1.000
100, 300 0.30 0.973 1.000 1.000 0.910 1.000 1.000
100, 300 0.50 1.000 1.000 1.000 1.000 0.999 1.000
300, 300 0.10 0.530 1.000 1.000 0.408 1.000 1.000
300,300 0.30 1.000 1.000 1.000 0.995 1.000 1.000
300, 300 0.50 1.000 1.000 1.000 1.000 1.000 1.000

Table 14 indicates that the statistical power bélincreased when effect size and
sample size are increased in both 5-point and fitjgoale. For more details, Statistical
power will be graphed only for the tests in whicyp& | error were controlled. See Figure 29.
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Figure 29. .Statistical power estimates of the lyigkewed distribution ai

wn_m opdwes
l/

_o% %Q o JJ%%

%%b

SN f I
%@%@o oaro S roo,%ro S

S0=42 BN = m—
50=4% 32 ] ——
siqeien

oN_m o|dwes

DD
%%%%Q%Q%%%%%
(S

S HFSS S $®

SO=40 BN — =—
GD=LE ]
sieuen

+'0

90

80

01

F9°0

80

FO'F

domod

8|ess Juiod-/ ayj 10 S3s83 }SNCjOI Y] JO JoMOd "9

Jamod

ajess Jujod-g 1Y) 10) §1§3] JSNOI 3] JO IDMOd '€

2z|s s|dwes

CO=IP SF M =
£0=Ho 52F] —8—
Bq21en

Vg i)

20

0T

ajess juiod-7 8yj 10§ $359) ISNOJ BYY JO IBMOd 'S

2z1s @|dwes

O A
,00.00,00,000_%

%é%%??

FEEFSE S S S S &

£0=HBISE-IAN = =
L0042 E3] —e—
sqeues

ca

0

/ g0

0

1

a|eas Juiod-G aU) 10) §153) I8N0 3] JO IOMOd T

..uu_m ojdwes
)
N 0 $ D ) Ay D
,0 N 0 ,0 A@ .OF &c,O/,O\/,O\/
%00@0@@@@@@ S &
000
FrSco
/7
/
-~ [0S0
pe
T0=He S = = /
D42 3 ——
Jqeues \
-~ FSL°0
Fa
>
-
- Ll
v —e B Foo'T

UN.m s|dweg
% SO
&OF 0 0&0&, O.U....On._\/,o.,zj.oo,d.n./
rororor%roororororor P&
000
rseo
7 r0so
TO=42 BTM — 8— #
To=He 1591 —e— -
[ r .
/ F52°0
/
-
—
— o = ———— FOOT

Jamogd

8]eds juiod- /£ BYj} 104 53593 }SNGOI BY3 JO J8MOd "t

Jamogd

ajeas juiod-¢ Sy} 10) $1837 }SNQDI AU} JO I3MOd 'T

From Figure 29, the statistical power of the Manhivéy test seems to be superior to

0.5 both statistical

0.1 and 0.3. &l@w, when effect size

powers are almost the same for the 5-point andifftponditions.

the t-test under the effect size
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Table 15. Type | error rate estimates of the uniahggmmetric distribution

Significance Sample 5 point Likert scale 7 point Likert scale
Level Size t-test MW-test KS-test t-test MW-test KS-test
0.01 10, 10 0.012 0.007 0.000 0.010 0.007 0.000

10, 30 0.011 0.008 0.001 0.010 0.008 0.001
10, 50 0.011 0.010 0.002 0.010 0.008 0.001
30, 30 0.009 0.008 0.000 0.011 0.009 0.001
30, 50 0.010 0.009 0.001 0.011 0.009 0.001
30,100 0.010 0.008 0.001 0.011 0.009 0.001
50, 50 0.011 0.010 0.001 0.009 0.009 0.001
50,100 0.011 0.010 0.000 0.010 0.008 0.000
50,300 0.011 0.010 0.001 0.011 0.010 0.001
100, 100 0.010 0.010 0.000 0.009 0.009 0.001
100, 300 0.008 0.008 0.001 0.010 0.010 0.001
300, 300 0.012 0.011 0.001 0.009 0.010 0.002
0.05 10, 10 0.052 0.044 0.002 0.053 0.042 0.003
10, 30 0.051 0.046 0.007 0.048 0.046 0.008
10, 50 0.049 0.048 0.006 0.054 0.049 0.006
30, 30 0.051 0.050 0.005 0.049 0.048 0.008
30, 50 0.047 0.047 0.006 0.052 0.050 0.006
30,100 0.049 0.048 0.007 0.052 0.052 0.009
50, 50 0.050 0.050 0.006 0.049 0.047 0.007
50,100 0.048 0.045 0.006 0.049 0.049 0.008
50,300 0.046 0.044 0.005 0.053 0.052 0.007
100, 100 0.051 0.050 0.007 0.051 0.051 0.006
100, 300 0.048 0.050 0.006 0.049 0.049 0.008
300, 300 0.048 0.048 0.005 0.050 0.050 0.006
0.10 10, 10 0.102 0.094 0.012 0.100 0.095 0.016
10, 30 0.101 0.095 0.013 0.097 0.093 0.017
10, 50 0.106 0.104 0.013 0.105 0.102 0.017
30, 30 0.097 0.096 0.014 0.100 0.097 0.018
30, 50 0.099 0.099 0.015 0.104 0.101 0.018
30,100  2.000 0.101 0.016 0.097 0.097 0.019
50, 50 0.103 0.103 0.013 0.103 0.102 0.016
50,100 0.105 0.102 0.014 0.097 0.098 0.018
50,300 0.100 0.099 0.013 0.098 0.098 0.017
100, 100 0.105 0.106 0.016 0.096 0.094 0.015
100, 300 0.102 0.104 0.018 0.095 0.094 0.017
300, 300 0.099 0.100 0.019 0.100 0.097 0.020

Table 15 shows that, given the unimodal symmeistridution, the empirical Type |
error rates from the t-test and Mann-Whitney (M@4ttare close to the nominal significance
levels and followed the robustness criteria. Howetree Kolmogorov-Smirnov (KS) test is

not robust since the error rate is beyond theraiterange for all circumstances.
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Figure 30. Distribution of Type | error rate estiesof the unimodal symmetric distribution

at = 0.01 for the 5-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolonog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnethan others in overall.
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Figure 31. Distribution of Type | error rate estiemof the unimodal symmetric distribution

at. = 0.01 for the 7-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolomog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnethan others in overall.
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Figure 32. Distribution of Type | error rate estiesof the unimodal symmetric distribution

at = 0.05 for the 5-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolomog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stncthan others in overall.
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Figure 33. Distribution of Type | error rate estiemof the unimodal symmetric distribution

at. = 0.05 for the 7-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolonog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnsthan others in overall.
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Figure 34. Distribution of Type | error rate estiemof the unimodal symmetric distribution

ai = 0.10 for the 5-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolonog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnethan others in overall.
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Figure 35. Distribution of Type | error rate estiesof the unimodal symmetric distribution

at. = 0.10 for the 7-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolonog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnsthan others in overall.
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Table 16. Statistical power estimates of the uniahgggmmetric distribution at = 0.01

Sample  Effect 5 point Likert scale 7 point Likert scale
Size Size t-test MW- KW-  ttest MW-  KW-
test test test test
10, 10 0.10 0.011 0.050 0.028 0.012 0.034 0.016
10, 10 0.30 0.024 0.051 0.029 0.018 0.031 0.016
10, 10 0.50 0.055 0.049 0.030 0.039 0.031 0.016
10, 30 0.10 0.013 0.098 0.122 0.010 0.057 0.063
10, 30 0.30 0.035 0.096 0.121 0.028 0.064 0.069
10, 30 0.50 0.095 0.093 0.112 0.065 0.062 0.067
10, 50 0.10 0.013 0.114 0.124 0.013 0.075 0.070
10, 50 0.30 0.042 0.118 0.120 0.034 0.077 0.071
10, 50 0.50 0.120 0.117 0.120 0.074 0.071 0.066
30, 30 0.10 0.016 0.229 0.395 0.014 0.140 0.225
30, 30 0.30 0.076 0.233 0.397 0.049 0.136 0.226
30, 30 0.50 0.240 0.230 0.395 0.146 0.141 0.230
30, 50 0.10 0.016 0.305 0.527 0.016 0.188 0.320
30, 50 0.30 0.094 0.300 0.522 0.059 0.186 0.321
30, 50 0.50 0.321 0.308 0.527 0.201 0.194 0.326
30,100 0.10 0.018 0.405 0.682 0.017 0.249 0.452
30,100 0.30 0.125 0.405 0.683 0.078 0.251 0.452
30,100 0.50 0.416 0.400 0.685 0.256 0.247 0.454
50, 50 0.10 0.019 0.426 0.715 0.016 0.270 0.489
50, 50 0.30 0.138 0.427 0.715 0.082 0.270 0.486
50, 50 0.50 0.451 0.431 0.722 0.282 0.269 0.484
50,100 0.10 0.022 0.580 0.892 0.018 0.382 0.702
50,100 0.30 0.190 0.575 0.894 0.122 0.382 0.690
50,100 0.50 0.607 0.579 0.892 0.411 0.392 0.696
50,300 0.10 0.030 0.727 0.973 0.020 0.524 0.866
50,300 0.30 0.274 0.730 0.974 0.167 0.524 0.861
50,300 0.50 0.756 0.731 0.971 0530 0.517 0.864
100, 100 0.10 0.030 0.795 0.989 0.026 0.584 0.911
100, 100 0.30 0.308 0.789 0.989 0.200 0.582 0.916
100, 100 0.50 0.828 0.796 0.990 0.612 0.586 0.916
100, 300 0.10 0.043 0.946 1.000 0.031 0.802 0.995
100, 300 0.30 0.505 0.945 1.000 0.320 0.806 0.996
100, 300 0.50 0.959 0.945 1.000 0.828 0.804 0.995
300, 300 0.10 0.085 0.999 1.000 0.057 0.987 1.000
300, 300 0.30 0.858 1.000 1.000 0.658 0.987 1.000
300, 300 0.50 1.000 1.000 1.000 0.992 0.987 1.000

Table 16 indicates that the statistical power baélincreased when effect size and
sample size are increased in both 5-point and fitjgoale. For more details, Statistical
power will be graphed only for the tests in whicyp& | error were controlled. See Figure 36.
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0.01

Figure 36. Statistical power estimates of the uniai@ymmetric distribution at
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From Figure 36, the statistical power of the Manhivéy test seems to be superior to

0.5 both statistical

0.1 and 0.3. &l@w, when effect size

powers are almost the same for the 5-point andifftponditions.

the t-test under the effect size
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Table 17. Statistical power estimates of the uniahgggmmetric distribution at = 0.05

Sample  Effect 5 point Likert scale 7 point Likert scale

Size Size t-test MW- KS- t-test MW- KS-

test test test test
10, 10 0.10 0.056 0.183 0.098 0.050 0.121 0.060
10, 10 0.30 0.099 0.177 0.101 0.078 0.124 0.061
10, 10 0.50 0.181 0.176 0.096 0.132 0.125 0.057
10, 30 0.10 0.058 0.263 0.310 0.054 0.190 0.207
10, 30 0.30 0.123 0.261 0.305 0.099 0.185 0.211
10, 30 0.50 0.264 0.257 0.298 0.193 0.191 0.210
10, 50 0.10 0.058 0.293 0.325 0.052 0.206 0.208
10, 50 0.30 0.140 0.295 0.326 0.106 0.210 0.214
10, 50 0.50 0.291 0.289 0.320 0.206 0.205 0.211
30, 30 0.10 0.063 0.458 0.642 0.056 0.328 0.465
30, 30 0.30 0.206 0.456 0.634 0.149 0.326 0.460
30, 30 0.50 0.477 0.459 0.638 0.345 0.336 0.460

30, 50 0.10 0.074 0.547 0.760 0.067 0.406 0.576
30, 50 0.30 0.246 0.540 0.759 0.183 0.400 0.570
30, 50 0.50 0.573 0550 0.771 0.417 0.406 0.576
30,100 0.10 0.078 0.648 0.877 0.067 0.478 0.715
30,100 0.30 0.296 0.645 0.874 0.218 0.490 0.720
30,100 0.50 0.658 0.643 0.873 0.488 0.479 0.714
50, 50 0.10 0.079 0.677 0.910 0.074 0.498 0.762
50, 50 0.30 0.322 0.679 0913 0.226 0.500 0.756
50, 50 0.50 0.700 0.669 0.913 0.530 0.512 0.764
50,100 0.10 0.095 0.792 0.978 0.077 0.632 0.896
50,100 0.30 0.406 0.798 0.979 0.292 0.623 0.892
50,100 0.50 0.818 0.795 0.978 0.643 0.620 0.891

50,300 0.10 0.104 0.883 0.998 0.086 0.743 0.964
50,300 0.30 0.491 0.888 0996 0.357 0.739 0.962
50,300 0.50 0.908 0.891 0.997 0.756 0.737 0.958
100, 100 0.10 0.107 0924 0.999 0.090 0.794 0.984
100,100 0.30 0.556 0.920 0.999 0400 0.791 0.983
100, 100 0.50 0940 0926 0999 0.816 0.794 0.986
100, 300 0.10 0.133 0.988 1.000 0.110 0.928 1.000
100, 300 0.30 0.739 0985 1.000 0.558 0.929 1.000
100, 300 0.50 0.989 0.984 1.000 0.941 0.928 1.000
300, 300 0.10 0.230 1.000 1.000 0.175 0.998 1.000
300,300 0.30 0.956 1.000 1.000 0.851 0.998 1.000
300, 300 0.50 1.000 1.000 1.000 0.998 0.997 1.000

Table 17 indicates that the statistical power tbélincreased when effect size and sample
size are increased in both 5-point and 7-pointesdadr more details, Statistical power will be
graphed only for the tests in which Type | erroraveontrolled. See Figure 37.
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0.05

Figure 37. Statistical power estimates of the uniai@ymmetric distribution at
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From Figure 37, the statistical power of the Manhivéy test seems to be superior to

the t-test under the effect size

0.5 both statistical

0.1 and 0.3. él®r, when effect size

powers are almost the same for the 5-point andifftponditions.
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Table 18. Statistical power estimates of the uniahgggmmetric distribution at = 0.10

Sample  Effect 5 point Likert scale 7 point Likert scale

Size Size t-test MW- KS- t-test MW- KS-

test test test test
10, 10 0.10 0.110 0.283 0.242 0.100 0.215 0.173
10, 10 0.30 0.168 0.291 0.246 0.141 0.217 0.175
10, 10 0.50 0.287 0.286 0.242 0.225 0.221 0.171
10, 30 0.10 0.112 0.382 0.398 0.107 0.288 0.286
10, 30 0.30 0.198 0.369 0.390 0.173 0.296 0.289
10, 30 0.50 0.376 0.375 0.392 0.299 0.292 0.285
10, 50 0.10 0.110 0.410 0.431 0.109 0.313 0.304
10, 50 0.30 0.223 0.412 0.430 0.184 0.319 0.305
10, 50 0.50 0.416 0.412 0.428 0.315 0.312 0.307
30, 30 0.10 0.123 0.584 0.767 0.115 0.457 0.600
30, 30 0.30 0.319 0.592 0.767 0.244 0.458 0.595
30, 30 0.50 0.598 0.576 0.751 0.473 0.457 0.596

30, 50 0.10 0.137 0.666 0.861 0.125 0.531 0.714
30, 50 0.30 0.362 0.666 0.864 0.281 0.525 0.707
30, 50 0.50 0.696 0.673 0.864 0.548 0.528 0.715
30,100 0.10 0.135 0.742 0.935 0.127 0.603 0.815
30,100 0.30 0.419 0.755 0.936 0.322 0.610 0.827
30,100 0.50 0.773 0.754 0.941 0.622 0.606 0.818
50, 50 0.10 0.144 0.776 0.945 0.130 0.631 0.842
50, 50 0.30 0.439 0.777 0952 0.333 0.622 0.833
50, 50 0.50 0.799 0.775 0.948 0.652 0.634 0.838
50,100 0.10 0.150 0.868 0.991 0.136 0.740 0.942
50,100 0.30 0.536 0.872 0.993 0.408 0.737 0.942
50,100 0.50 0.891 0.874 0.993 0.755 0.732 0.942

50,300 0.10 0.174 0.936 1.000 0.154 0.833 0.987
50,300 0.30 0.626 0.932 0999 0.483 0.827 0.986
50,300 0.50 0.948 0.936 1.000 0.847 0.830 0.983
100, 100 0.10 0.190 0961 1.000 0.155 0.874 0.996
100,100 0.30 0.684 0.958 1.000 0.526 0.870 0.996
100, 100 0.50 0972 0962 1.000 0.890 0.871 0.997
100, 300 0.10 0.220 0.993 1.000 0.186 0.962 1.000
100, 300 0.30 0.829 0995 1.000 0.679 0.961 1.000
100, 300 0.50 0.996 0.994 1.000 0972 0.963 1.000
300, 300 0.10 0.338 1.000 1.000 0.269 1.000 1.000
300,300 0.30 0.980 1.000 1.000 0.914 1.000 1.000
300, 300 0.50 1.000 1.000 1.000 0.999 0.999 1.000

Table 18 indicates that the statistical power badlincreased when effect size and
sample size are increased in both 5-point and fitjgoale. For more details, Statistical
power will be graphed only for the tests in whicyp& | error were controlled. See Figure 38.
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Figure 38. Statistical power estimates of the uniai@ymmetric distribution at
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From Figure 38, the statistical power of the Manhiwéy test seems to be superior to

the t-test under the effect size

0.5 both statistical

0.1 and 0.3. él®r, when effect size

powers are almost the same for the 5-point andifftponditions.
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Table 19. Type | error rate estimates of the birhegametric distribution

Significance Sample 5 point Likert scale 7 point Likert scale
Level Size t-test MW-test KS-test t-test MW-test KS-test
0.01 10, 10 0.014 0.008 0.001 0.012 0.006 0.001

10, 30 0.011 0.009 0.002 0.011 0.008 0.002
10, 50 0.008 0.008 0.001 0.010 0.007 0.002
30, 30 0.011 0.010 0.002 0.011 0.010 0.002
30, 50 0.010 0.009 0.002 0.010 0.010 0.002
30,100 0.012 0.010 0.002 0.012 0.012 0.003
50, 50 0.011 0.011 0.002 0.011 0.009 0.003
50,100 0.011 0.010 0.003 0.009 0.008 0.002
50,300 0.009 0.009 0.002 0.009 0.008 0.003
100, 100 0.010 0.009 0.002 0.012 0.012 0.003
100, 300 0.013 0.012 0.003 0.010 0.010 0.003
300, 300 0.010 0.010 0.002 0.010 0.008 0.003
0.05 10, 10 0.053 0.047 0.006 0.052 0.042 0.006
10, 30 0.050 0.048 0.015 0.049 0.046 0.017
10, 50 0.048 0.047 0.012 0.049 0.048 0.014
30, 30 0.053 0.051 0.014 0.049 0.047 0.015
30, 50 0.053 0.051 0.014 0.050 0.049 0.013
30,100 0.051 0.049 0.013 0.050 0.050 0.015
50, 50 0.054 0.053 0.015 0.046 0.045 0.015
50,100 0.046 0.048 0.012 0.052 0.052 0.017
50,300 0.048 0.047 0.014 0.048 0.051 0.016
100, 100 0.048 0.048 0.012 0.050 0.049 0.016
100, 300 0.052 0.051 0.015 0.051 0.050 0.015
300, 300 0.051 0.053 0.014 0.053 0.050 0.014
0.10 10, 10 0.096 0.087 0.024 0.100 0.091 0.028
10, 30 0.098 0.094 0.025 0.098 0.097 0.029
10, 50 0.104 0.102 0.028 0.105 0.102 0.031
30, 30 0.099 0.098 0.027 0.100 0.102 0.033
30, 50 0.101 0.099 0.030 0.102 0.098 0.034
30,100 0.100 0.100 0.031 0.099 0.097 0.030
50, 50 0.103 0.103 0.027 0.099 0.097 0.030
50,100 0.100 0.098 0.029 0.097 0.098 0.030
50,300 0.097 0.100 0.028 0.099 0.097 0.034
100, 100 0.096 0.094 0.027 0.100 0.100 0.036
100, 300 0.098 0.095 0.030 0.101 0.102 0.035
300, 300 0.104 0.103 0.034 0.096 0.095 0.039

Table 19 shows that, given the bimodal symmetstrithution, the empirical Type |
error rates from the t-test and Mann-Whitney (M@4ttare close to the nominal significance
levels and followed the robustness criteria. Howgetree Kolmogorov-Smirnov (KS) test is

not robust since the error rate is beyond theraiterange for all circumstances.
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Figure 39. Distribution of Type | error rate estiemof the bimodal symmetric distribution

at. = 0.01 for the 5-point Likert scale
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From boxplots, the medians of the error rates fraéest and Mann-Whitney test are
closer to the given alpha than the median of Kolomog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnethan others in overall.
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Figure 40. Distribution of Type | error rate estiemof the bimodal symmetric distribution

at. = 0.01 for the 7-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolonog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnethan others in overall.
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Figure 41. Distribution of Type | error rate estiemof the bimodal symmetric distribution

at = 0.05 for the 5-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolonog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnethan others in overall.
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Figure 42. Distribution of Type | error rate estbesmof the bimodal symmetric distribution

at. = 0.05 for the 7-point Likert scale
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From boxplots, the medians of the error rates fraéest and Mann-Whitney test are
closer to the given alpha than the median of Kolomog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stncthan others in overall.
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Figure 43. Distribution of Type | error rate estbiemof the bimodal symmetric distribution

at. = 0.10 for the 5-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolonog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnethan others in overall.
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Figure 44. Distribution of Type | error rate estbegmof the bimodal symmetric distribution

at. = 0.10 for the 7-point Likert scale
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From boxplots, the medians of the error rates fraest and Mann-Whitney test are
closer to the given alpha than the median of Kolonog-Smirnov. Moreover, distribution
shapes of the error rates from t-test are more stnethan others in overall.
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Table 20. Statistical power estimates of the birhegametric distribution at = 0.01

Sample  Effect 5 point Likert scale 7 point Likert scale

Size Size t-test MW- KS- t-test MW- KS-

test test test test
10, 10 0.10 0.012 0.033 0.008 0.014 0.022 0.005
10, 10 0.30 0.016 0.034 0.008 0.014 0.021 0.005
10, 10 0.50 0.028 0.035 0.008 0.021 0.023 0.005
10, 30 0.10 0.011 0.062 0.038 0.011 0.037 0.023
10, 30 0.30 0.017 0.063 0.040 0.014 0.037 0.022
10, 30 0.50 0.039 0.065 0.040 0.022 0.036 0.021
10, 50 0.10 0.011 0.069 0.033 0.011 0.041 0.019
10, 50 0.30 0.022 0.079 0.037 0.013 0.044 0.019
10, 50 0.50 0.042 0.077 0.036 0.025 0.045 0.020
30, 30 0.10 0.014 0.167 0.200 0.012 0.093 0.081
30, 30 0.30 0.029 0.157 0.189 0.017 0.089 0.077
30, 30 0.50 0.074 0.164 0.200 0.042 0.097 0.087

30, 50 0.10 0.014 0.219 0.330 0.012 0.120 0.117
30, 50 0.30 0.042 0.212 0.331 0.021 0.122 0.116
30, 50 0.50 0.098 0.217 0.334 0.045 0.115 0.113
30,100 0.10 0.013 0.282 0.527 0.014 0.159 0.166
30,100 0.30 0.046 0.285 0.534 0.024 0.154 0.165
30,100 0.50 0.124 0.284 0.530 0.062 0.156 0.172
50, 50 0.10 0.012 0.313 0.568 0.012 0.180 0.232
50, 50 0.30 0.050 0.316 0.563 0.024 0.169 0.224
50, 50 0.50 0.140 0.310 0.568 0.062 0.170 0.234
50,100 0.10 0.014 0.438 0.884 0.012 0.247 0.439
50,100 0.30 0.063 0.429 0.879 0.031 0.245 0.435
50,100 0.50 0.196 0.442 0.881 0.080 0.243 0.428

50,300 0.10 0.014 0.581 1.000 0.011 0.341 0.831
50,300 0.30 0.084 0.584 0999 0.040 0.335 0.825
50,300 0.50 0.283 0.583 0999 0.116 0.346 0.831
100, 100 0.10 0.015 0.649 0994 0.015 0.400 0.827
100,100 0.30 0.093 0.645 0.994 0.045 0.408 0.832
100, 100 0.50 0.328 0.650 0.995 0.137 0.408 0.832
100, 300 0.10 0.022 0.852 1.000 0.015 0.610 1.000
100,300 0.30 0.159 0.860 1.000 0.066 0.614 1.000
100, 300 0.50 0.536 0.872 1.000 0.220 0.613 1.000
300, 300 0.10 0.032 0994 1.000 0.020 0.927 1.000
300,300 0.30 0.362 0.995 1.000 0.148 0.930 1.000
300, 300 0.50 0.878 0994 1.000 0.494 0.928 1.000

Table 20 indicates that the statistical power bdlincreased when effect size and
sample size are increased in both 5-point and fitjgoale. For more details, Statistical
power will be graphed only for the tests in whicyp& | error were controlled. See Figure 45.
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Figure 45 Statistical power estimates of the binhgganmetric distribution at
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From Figure 45, the statistical power of the Manhivéy test seems to be superior to

0.1, 0.3 anddr.both the 5-point and 7-point conditions.

the t-test under the effect size
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Table 21. Statistical power estimates of the birheglametric distribution a& = 0.05

Sample  Effect 5 point Likert scale 7 point Likert scale
Size Size t-test MW- KS- t-test MW- KS-
test test test test
10, 10 0.10 0.052 0.137 0.041 0.051 0.100 0.028
10, 10 0.30 0.066 0.136 0.038 0.058 0.095 0.028
10, 10 0.50 0.091 0.138 0.044 0.068 0.095 0.028
10, 30 0.10 0.052 0.201 0.166 0.050 0.135 0.100
10, 30 0.30 0.076 0.200 0.167 0.066 0.136 0.105
10, 30 0.50 0.125 0.201 0.172 0.087 0.139 0.103
10, 50 0.10 0.050 0.218 0.146 0.048 0.147 0.091
10, 50 0.30 0.082 0.226 0.151 0.068 0.151 0.096
10, 50 0.50 0.138 0.221 0.153 0.097 0.156 0.100
30, 30 0.10 0.060 0.370 0.510 0.051 0.239 0.266
30, 30 0.30 0.102 0.375 0.503 0.076 0.241 0.262
30, 30 0.50 0.208 0.374 0.508 0.124 0.239 0.260
30, 50 0.10 0.058 0.449 0.714 0.055 0.298 0.377
30, 50 0.30 0.121 0.444 0.720 0.084 0.300 0.384
30, 50 0.50 0.251 0.444 0.721 0.146 0.296 0.384
30,100 0.10 0.059 0.520 0.894 0.054 0.345 0.509
30,100 0.30 0.139 0.526 0.898 0.093 0.356 0.525
30,100 0.50 0.303 0.528 0.898 0.166 0.349 0.514
50, 50 0.10 0.056 0.562 0.904 0.053 0.381 0.608
50, 50 0.30 0.147 0.559 0.900 0.097 0.378 0.605
50, 50 0.50 0.319 0555 0.901 0.178 0.372 0.603
50,100 0.10 0.063 0.690 0.994 0.057 0.480 0.862
50,100 0.30 0.178 0.678 0.995 0.110 0.481 0.859
50,100 0.50 0.412 0.685 0.993 0.227 0.483 0.862
50,300 0.10 0.067 0.791 1.000 0.060 0.588 0.995
50,300 0.30 0.223 0.798 1.000 0.129 0.589 0.995
50,300 0.50 0.518 0.799 1.000 0.280 0.586 0.995
100, 100 0.10 0.068 0.845 1.000 0.061 0.651 0.982
100,100 0.30 0.242 0.837 1.000 0.142 0.645 0.981
100, 100 0.50 0.574 0.846 1.000 0.311 0.649 0.985
100, 300 0.10 0.079 0.956 1.000 0.064 0.816 1.000
100, 300 0.30 0.360 0.959 1.000 0.189 0.820 1.000
100, 300 0.50 0.763 0.959 1.000 0.447 0.825 1.000
300, 300 0.10 0.112 0.999 1.000 0.078 0.979 1.000
300, 300 0.30 0.610 1.000 1.000 0.335 0.981 1.000
300, 300 0.50 0.963 0.999 1.000 0.724 0.980 1.000

Table 21 indicates that the statistical power baélincreased when effect size and
sample size are increased in both 5-point and fitjgoale. For more details, Statistical
power will be graphed only for the tests in whicyp& | error were controlled. See Figure 46.
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Figure 46. . Statistical power estimates of thedaled symmetric distribution at
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From Figure 46, the statistical power of the Manhivéy test seems to be superior to

0.1, 0.3 anddr.both the 5-point and 7-point conditions.

the t-test under the effect size
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Table 22. Statistical power estimates of the biahegmmetric distribution at = 0.10

Sample  Effect 5 point Likert scale 7 point Likert scale
Size Size t-test MW- KS- t-test MW- KS-
test test test test
10, 10 0.10 0.110 0.283 0.242 0.103 0.176 0.106
10, 10 0.30 0.168 0.291 0.246 0.110 0.180 0.101
10, 10 0.50 0.287 0.286 0.242 0.131 0.174 0.104
10, 30 0.10 0.112 0.382 0.398 0.098 0.228 0.147
10, 30 0.30 0.198 0.369 0.390 0.120 0.224 0.151
10, 30 0.50 0.376 0.375 0.392 0.156 0.228 0.147
10, 50 0.10 0.110 0.410 0.431 0.103 0.244 0.142
10, 50 0.30 0.223 0.412 0.430 0.127 0.241 0.152
10, 50 0.50 0.416 0.412 0.428 0.163 0.250 0.156
30, 30 0.10 0.123 0.584 0.767 0.101 0.353 0.415
30, 30 0.30 0.319 0592 0.767 0.134 0.356 0.417
30, 30 0.50 0.598 0.576 0.751 0.202 0.355 0.422
30, 50 0.10 0.137 0.666 0.861 0.108 0.418 0.539
30, 50 0.30 0.362 0.666 0.864 0.148 0.423 0.549
30, 50 0.50 0.696 0.673 0.864 0.236 0.417 0.550
30,100 0.10 0.135 0.742 0.935 0.105 0.470 0.752
30,100 0.30 0.419 0.755 0.936 0.160 0.483 0.762
30,100 0.50 0.773 0.754 0.941 0.258 0.474 0.754
50, 50 0.10 0.144 0.776 0.945 0.106 0.509 0.744
50, 50 0.30 0.439 0.777 0.952 0.167 0.506 0.735
50, 50 0.50 0.799 0.775 0.948 0.275 0.499 0.740
50,100 0.10 0.150 0.868 0.991 0.111 0.604 0.944
50,100 0.30 0.536 0.872 0.993 0.185 0.606 0.945
50,100 0.50 0.891 0.874 0.993 0.328 0.606 0.946
50,300 0.10 0.174 0.936 1.000 0.113 0.705 0.999
50,300 0.30 0.626 0.932 0.999 0.214 0.710 0.999
50,300 0.50 0.948 0.936 1.000 0.394 0.704 1.000
100, 100 0.10 0.190 0.961 1.000 0.117 0.760 0.998
100, 100 0.30 0.684 0.958 1.000 0.228 0.753 0.997
100, 100 0.50 0.972 0.962 1.000 0.436 0.759 0.998
100, 300 0.10 0.220 0.993 1.000 0.122 0.885 1.000
100, 300 0.30 0.829 0.995 1.000 0.290 0.895 1.000
100, 300 0.50 0.996 0.994 1.000 0.574 0.895 1.000
300, 300 0.10 0.338 1.000 1.000 0.141 0.989 1.000
300, 300 0.30 0.980 1.000 1.000 0.459 0.991 1.000
300, 300 0.50 1.000 1.000 1.000 0.819 0.990 1.000

Table 22 indicates that the statistical power baélincreased when effect size and
sample size are increased in both 5-point and fitjgoale. For more details, Statistical
power will be graphed only for the tests in whicyp& | error were controlled. See Figure 47.
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0.10

Figure 47. Statistical power estimates of the biah@gmmetric distribution at
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From Figure 46, the statistical power of the Manhivéy test seems to be superior to

0.1, 0.3 anddr.fhe 5-point and 7-point scales. However,

the t-test under the effect size

0.05 for the 5-point scale.

the power of the t-test is a bit higher at the @ffgze



CHAPTER 5
CONCLUSION AND RECOMMENDATIONS
Conclusion

The objective of this research was to determine the robustness and statistical
power of three different methods for testing the hypothesis that ordinal samples of five
and seven Likert categories come from equal populations. The three methods are the two
sample t-test with equal variance, the Mann-Whitney test, and the Kolmogorov-Smirnov
test. In additional, these methods were employed over awide range of scenarios with
respect to sample size, significance level, effect size, and population distribution.

The data simulations and statistical analyses were performed by using R
programming language version 2.13.2. To assess the robustness and power, samples were
generated from known distributions and compared. According to returned p-values at
different nominal significance levels, robustness and power were computed from the
error rate of rejecting the null hypotheses. For overall experiments, research questions
could be answered as follows.

Results indicate that the two sample t-test and the Mann-Whitney test can control
Typel error rate very well for al conditions according to the robustness criteria modified
from Bradley (1978). Thus, these two procedures were robust for the ordinal Likert-type
data. However, at nominal significance level = 0.01, for all distributions with small

sample size the error rates from both tests were widely spread.

87



88

For the Kolmogorov-Smirnov test, the Type | error rate was not controlled for all
circumstances. This means that this testing procedure computed from R was not robust
for the ordinal Likert-type data because the Type | error rate of this test was lower than
the minimum of the robustness criteria. Therefore, the Kolmogorov-Smirnov test from R
was quite conservative.

For the statistical power of the test, the Mann-Whitney test was the most powerful
for most of the distributions, especially under highly skewed and bimodal distribution.
The t-test obtained high statistical power or close to the power from the Man-Whitney
test under the uniform, moderate skewed or symmetric distribution with large location
shift.

Recommendations

For the Likert-type data, if the sample sizeis small or midsize under any
distribution shapes, the Mann-Whitney test will be the preferred procedure to be used
because it will be robust and has high statistical power. The t-test is suitable to be used
with large sample size ( n > 100) under the uniform, moderate skewed or symmetric
distribution. The Kolmogorov-Smirnov test is not recommended for the ordinal 5-point
and 7-point Likert datawith lot of ties because the lack of robustness property.

Directions of future research

Other statistical software and statistical procedures for two group samples could
be used to confirm the robustness and power of the tests with various number of
categories response scales. Especially interesting would be the use of a software package
that has the parametric and nonparametric procedures with ties correction for p-vaue.

Also, the use of Likert-type scale that applied to both groups of items and to single items
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could be compared for the robustness and the power. More research from simulated
ordinal datawith assumption of unequal difference (i.e. not interval) should be done, as

Likert data cannot always be assumed to be like interval data.



APPENDIX A

R CODE FOR TYPE | ERROR RATE OF THE TESTS

# examplel. R code for Type | error rate for thi#arm dist for 5-point scale
# alphav is the significance level = 0.01, 0.050 410 for this function

typel.5p <- function(alphav)
{
likert=1:5
ssl1=c(10, 10, 10, 30, 30, 30, 50, 50, 50, 100, 200)
ss2=c(10, 30, 50, 30, 50, 100, 50, 100, 300, 100, 300)
#Five distribution shapes
#Uniform dist: use.. prob=c(.2, .2, .2, .2, ,.2)
#Moderately skewed dist: use..Binomial(4,0.3)
#Highly skewed dist: use..Binomial(4,0.1)
#Symmetric dist: use..Biomial(4,0.5)
#Bimodal dist: generated by dividing the density of
# prob Binomial(4, 0.1) and Binomial(4, 0.9) by
png(filename="D:/figures1.png", width=600,bg="wHhite
par(mfrow=c(3,4))
# prepare the prob vectors to generate the speligicbutions
distl=c(.2,.2,.2,.2,.2)
dist2=c(dbinom(0,4,.3), dbinom(1,4,.3),dbinom(3%,dbinom(3,4,.3),
dbinom(4,4,.3))
dist3=c(dbinom(0,4,.1), dbinom(1,4,.1),dbinom(2%,dbinom(3,4,.1),
dbinom(4,4,.1))
dist4=c(dbinom(0,4,.5), dbinom(1,4,.5),dbinom(5%,dbinom(3,4,.5),
dbinom(4,4,.5))
Lt=c(dbinom(0,4,.9), dbinom(1,4,.9),dbinom(24,.dbinom(3,4,.9),
dbinom(4,4,.9))
Rt=dist3
dist5=(Lt+Rt)/2
rej1=0
rej2=0
rej3=0
dat=0
#start sample size comparisons
for (kin 1:12)
{

90
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#repeat 100 times to find 100 values of Type | rerates
for (i in 1:100)
{
ch1=0
ch2=0
ch3=0
#generating 100 times per testing method.
for (jin 1:100)

groupl=sample(likert, size=ss1[Kk], replace=TRUE
prob=dist1)
group2=sample(likert, size=ss2[Kk], replace=TRUE
prob=dist1)
pvl<-t.test(groupl,group2, var.equal=TRUE)$juea
if (pv1 < alphav) {chl = ch1+1}
pv2<-wilcox.test(groupl,group2)$p.value
if (pv2 < alphav) {ch2 = ch2+1}
pv3<-ks.test(groupl,group2)$p.value
if (pv3 < alphav) {ch3 = ch3+1}

}

#compute Type one error rates
rej1[i]l=ch1/100
rej2[i]l=ch2/100
rej3[i]=ch3/100
}
#create output data
dat <- data.frame(cbind(rej1,rejBjgj
names(dat) <- c('t-test’,)M-W','K-S")
mm=round(mean(dat),digits=3)
print(mm)
boxplot(dat, ylim=c(0,0.21), main=paste(k, "Uniform-0.10", ss1[k], "-" ,ss2[K]))
}

}
# type dev.off() after finish to get bdogs in file
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# example2. R code for Type | error rate for th#arm dist for 7-point scale
# alphav is the significance level = 0.01, 0.050 410 for this function

typel.7p <- function(alphav)

{
#Alpha values are 0.01, 0.05, and 0.10
#Seven point response scale

likert=1:7
#Twelve sample size combinations
ssl1=c(10, 10, 10, 30, 30, 30, 50, 50, 50, 100, 200)
ss2=c(10, 30, 50, 30, 50, 100, 50, 100, 300, 100, 300)
#Five distribution shapes
#Uniform dist: use.. prob=c(.143, .143, .143, .14B343,.143,.143)
#Moderately skewed dist: use..Binomial(6,0.3)
#Highly skewed dist: use..Binomial(6,0.1)
#Symmetric dist: use..Biomial(6,0.5)
#Bimodal dist: generated by dividing the density of
# prob Binomial(6, 0.1) and Binomial(6, 0.9) y
png(filename="D:/figures2.png", width=600,bg="wHhite
par(mfrow=c(3,4))
# prepare the prob vectors to generate the speligicbutions
distl=c(.143, .143, .143, .143, .143,.143,.143)
dist2=c(dbinom(0,6,.3), dbinom(1,6,.3),dbinom(A3%,.
dbinom(3,6,.3),dbinom(4,6,.3), dbinom(5,6,.3), dn(6,6,.3))
dist3=c(dbinom(0,6,.1), dbinom(1,6,.1),dbinom(2%,dbinom(3,6,.1),
dbinom(4,6,.1), dbinom(5,6,.1), dbinom(6,6,.1))
dist4=c(dbinom(0,6,.5), dbinom(1,6,.5),dbinom(5§,dbinom(3,6,.5),
dbinom(4,6,.5) , dbinom(5,6,.5) , dbinom(6,6,.5))
Lt=c(dbinom(0,6,.9), dbinom(1,6,.9),dbinom(29%,.dbinom(3,6,.9),
dbinom(4,6,.9), dbinom(5,6,.9), dbinom(6,6,.9))
Rt=dist3
dist5=(Lt+Rt)/2
rej1=0
rej2=0
rej3=0
dat=0
#start sample size comparisons
for (kin 1:12)
{
#repeat 100 times to find 100 values of Type | rerates
for (i in 1:100)
{
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ch1=0
ch2=0
ch3=0
#generating 100 times per testing method.
for (jin 1:100)

groupl=sample(likert, size=ss1[Kk], replace=TRUE
prob=dist1)
group2=sample(likert, size=ss2[Kk], replace=TRUE
prob=dist1)
pvl<-t.test(groupl,group2, var.equal=TRUE)$ju&a
if (pv1 < alphav) {chl = ch1+1}
pv2<-wilcox.test(groupl,group2)$p.value
if (pv2 < alphav) {ch2 = ch2+1}
pv3<-ks.test(groupl,group2)$p.value
if (pv3 < alphav) {ch3 = ch3+1}

}

#compute Type | error rates
rej1[il=ch1/100
rej2[il=ch2/100
rej3[i]=ch3/100
}
#create output data
dat <- data.frame(cbind(rej1,rejBjgj
names(dat) <- c('t-test’,)M-W','K-S")
mm=round(mean(dat),digits=3)
print(mm)
boxplot(dat, ylim=c(0,0.05), main=paste(k, "Uniform-0.01", ss1[k], "-" ,ss2[k]))
}

}
# type dev.off() after finish to get boad in file




APPENDIX B

R CODE FOR POWER OF THE TESTS

# example3. R code of power for the uniform dist for 5-point scale
# aphav isthe significance level 0.01, 0.05, or 0.10

power.5p <- function(a phav)

{

likert=1:5

effs=c(0.1,0.3,0.5)

mm=matrix(nrow=3,ncol=3)

ss1=c(10, 10, 10, 30, 30, 30, 50, 50, 50, 100, 100,300)

ss2=c(10, 30, 50, 30, 50, 100, 50, 100,300, 100, 300, 300)

distl=c(.2,.2,.2,.2,.2)

dist2=c(dbinom(0,4,.3), dbinom(1,4,.3),dbinom(2,4,.3), dbinom(3,4,.3),
dbinom(4,4,.3))

dist3=c(dbinom(0,4,.1), dbinom(1,4,.1),dbinom(2,4,.1), dbinom(3,4,.1),
dbinom(4,4,.1))

dist4=c(dbinom(0,4,.5), dbinom(1,4,.5),dbinom(2,4,.5), dbinom(3,4,.5),
dbinom(4,4,.5))

Lt=c(dbinom(0,4,.9), dbinom(1,4,.9),dbinom(2,4,.9), dbinom(3,4,.9),
dbinom(4,4,.9))
Rt=dist3

dist5=(Lt+Rt)/2

rej1=0

rej2=0

rej3=0

dat=0

for (kin1:12)

for (hin 1:3)

for (i in 1:100)
{
ch1=0
ch2=0
ch3=0
for (j in 1:100)

groupl=sample(likert, size=ss1[k], replace=TRUE,
9
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prob=dist1)
group2=sample(likert, size=ss2[k], replace=TRUE,
prob=dist1)
group2p=group2+effs[h]
pvi<-t.test(groupl,group2p, var.equa=TRUE)$p.vaue
if (pvl < aphav) {chl = chl+1}
pv2<-wil cox.test(groupl,group2p)$p.value
if (pv2 < aphav) {ch2 = ch2+1}
pv3<-ks.test(groupl,group2p)$p.value
if (pv3 < aphav) {ch3 = ch3+1}

}

rej1[i]=ch1/100
rej2[i]=ch2/100
rej3[i]=ch3/100
}
dat <- data.frame(cbind(rej1,rej2,rej3))
mm[h,]=round(mean(dat),digits=3)
}

print(mm)

}

# exampled. R code of power for the uniform dist for 7-point scale
# aphav isthe significance level 0.01, 0.05, or 0.10

power.7p <- function(al phav)
{
likert=1:7
effs=c(0.1,0.3,0.5)
mm=matrix(nrow=3,ncol=3)
ss1=c(10, 10, 10, 30, 30, 30, 50, 50, 50, 100, 100, 300)
ss2=c(10, 30, 50, 30, 50, 100, 50, 100, 300, 100, 300, 300)
distl=c(.143, .143, .143, .143, .143,.143,.143)
dist2=c(dbinom(0,6,.3), dbinom(1,6,.3),dbinom(2,6,.3),
dbinom(3,6,.3),dbinom(4,6,.3), dbinom(5,6,.3), dbinom(6,6,.3))
dist3=c(dbinom(0,6,.1), dbinom(1,6,.1),dbinom(2,6,.1), dbinom(3,6,.1),
dbinom(4,6,.1), dbinom(5,6,.1), dbinom(6,6,.1))
dist4=c(dbinom(0,6,.5), dbinom(1,6,.5),dbinom(2,6,.5), dbinom(3,6,.5),
dbinom(4,6,.5) , dbinom(5,6,.5) , dbinom(6,6,.5))
Lt=c(dbinom(0,6,.9), dbinom(1,6,.9),dbinom(2,6,.9), dbinom(3,6,.9),
dbinom(4,6,.9), dbinom(5,6,.9), dbinom(6,6,.9))
Rt=dist3
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dist5=(Lt+Rt)/2
rej1=0

rej2=0

rej3=0

dat=0

for (kin1:12)

{
for (hin 1:3)
{
for (i in 1:100)
{
ch1=0
ch2=0
ch3=0
for (j in 1:100)

{
groupl=sample(likert, size=ss1[k], replace=TRUE,
prob=dist1)
group2=sample(likert, size=ss2[k], replace=TRUE,
prob=dist1)
group2p=group2+effg h]
pvi<-t.test(groupl,group2p, var.equa=TRUE)$p.vaue
if (pv1 < aphav) {chl = chl+1}
pv2<-wilcox.test(groupl,group2p)$p.value
if (pv2 < aphav) {ch2 = ch2+1}
pv3<-ks.test(groupl,group2p)$p.value
if (pv3 < aphav) {ch3 = ch3+1}
}
rej1[i]=ch1/100
rej2[i]=ch2/100
rej3[i]=ch3/100
}
dat <- data.frame(cbind(rej1,rej2,rej3))
mm[h,]=round(mean(dat),digits=3)

print(mm)

}
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