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ONSOZ
Sayin Okurlar,

[statistik ve Uygulamali Bilimler Dergisi'nin 11. sayisini siz degerli okuyucularimizla paylasmaktan
mutluluk duyuyoruz. Bu sayimizda ii¢ 6zgiin arastirma makalesi, bir derleme makalesi ve bir editore mektup yer
almaktadir. Sayi, teorik ve uygulamali istatistik alanlarina disiplinlerarasi katkilar sunan ¢alismalari icermektedir.

[k arastirma makalesinde Jose Moral De La Rubia, parametrik yedi sayili 6zet temelli gelistirilmis bir
normallik testi dnermektedir. Tkinci calismada, Yalova iline ait meteorolojik veriler kullanilarak makine grenmesi
yontemleriyle riizgar enerjisi tiretimi tahmini yapilmustir. Ucgiincii arastirma, ilag {iretim siireclerinde fire
oranlarmin izlenmesine yonelik istatistiksel siire¢ analizine dayanmaktadir. Sayinin derleme makalesinde ise,
Tiirkiye'deki proje gizelgeleme konulu lisansiistii tezler bibliyometrik agidan incelenmistir. Son olarak, editore
mektup niteligindeki c¢alismada, p-hacking uygulamalarmin bilimsel arastirmalardaki gtivenilirligi nasil
etkiledigi tartigilmaktadar.

Bu sayiya katki sunan tiim yazarlara ve degerlendirme siirecinde gorev alan hakemlere tesekkiir eder,
okuyucularimiza faydali ve ilham verici bir okuma deneyimi dileriz.

Saygilarimizla,

Istatistik ve Uygulamali Bilimler Dergisi Editorii

Dr. Abdulkadir Keskin
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PREFACE

Dear Readers,

We are pleased to present the 11th issue of the Journal of Statistics and Applied Sciences to our
valued readers. This issue features three original research articles, one review article, and one letter to
the editor. The collection offers interdisciplinary contributions to both theoretical and applied aspects of
statistics.

The first research article by Jose Moral De La Rubia introduces a refined normality test based on
the parametric seven-number summary. The second article focuses on forecasting wind energy
production using machine learning methods and meteorological data from Yalova, Tiirkiye. The third
article presents a statistical process analysis of defect rates in pharmaceutical production. The review
article provides a bibliometric analysis of graduate theses in Tiirkiye on project scheduling. Finally, the
letter to the editor discusses the issue of p-hacking and its potential threat to the credibility of scientific
research.

We sincerely thank all authors for their valuable contributions and all reviewers for their critical
evaluations. We hope this issue will be both informative and inspiring to our readers.

Sincerely,

Editor of the Journal of Statistics and Applied Sciences

Dr. Abdulkadir Keskin
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Refined Normality Test Based on the Parametric

Seven-Number Summary

Jose Moral de 1a Rubia®™

1School of Psychology, Universidad Auténoma de Nuevo Ledn, Monterrey Mexico; jose.morald@uanl.edu.mx
Orcid: 0000-0003-1856-1458!
*Correspondence: jose.morald@uanl.edu.mx

Abstract: In 2022, a normality test based on the parametric seven-number summary was proposed. Its test statistic
is the sum of squared standardized quantiles and was initially approximated by a chi-square distribution with
seven degrees of freedom, without accounting for correlation among quantiles. Objective: To improve the test by
incorporating these correlations. Two alternatives were proposed: (1) estimating the sampling distribution of the
Q-statistic via bootstrap (Qs), and (2) using a quadratic form with a correlation matrix of quantiles under normality
(Qr). Methods: The three variants (Q, Qs, Qr) were compared with the Shapiro-Wilk W-test in terms of accuracy
(hit ratio) and statistical power. A total of 372 random samples were generated across 31 sample sizes from twelve
continuous distributions. Correct classifications were compared using Cochran’s Q test, and power was assessed
via repeated-measures ANOVA. Results: Qs was significantly the most accurate and showed the highest average
power compared to Q and Qr. Its accuracy was equivalent to that of the Shapiro-Wilk W-test, although the latter
outperformed all three Q variants in average power. Conclusions: Qs is a suitable inferential extension of the seven-
number summary for testing normality.

Keywords: Testing normality, normal distribution, quadratic forms; bootstrap, generalized chi-square
distribution, inference statistics.

1. Introduction

Bowley [1] proposed the five-number summary to describe the distribution of a variable based on five
positional statistics: the minimum, the three quartiles, and the maximum. In 1910, he expanded this
summary to seven numbers by incorporating the first and last deciles, allowing for the definition of two
extreme deviation ranges. Very low values fall below the 10th percentile, while very high values exceed
the 90th percentile. The central tendency, or shoulder area, extends across the interquartile range,
spanning from the first to the third quartile. Low values lie between the 10th and 25th percentiles, while
high values fall between the 75th and 90th percentiles [2]. Thus, the seven-number summary provides
a structured description of the distribution and facilitates score interpretation using six class intervals:
[min, pi] very low scores, (p1o, p2s] low scores, (p2s, pso] low-medium scores, (pso, p7s] medium-high scores,
(p7s, pso] high scores, and (ps, max] very high scores [3-4].

In recent years, Moral [5] proposed a method for testing whether a sample has been drawn from a
normal distribution using seven quantiles that are equispaced at two-thirds from the central point of a
standard normal distribution. This approach is an adaptation of the seven-number summary for
assessing normality. Since this summary is defined with respect to the normal distribution, it is referred
to as parametric. Previously, it had only been used for descriptive and indicative purposes in normality
assessment. However, Moral [5] proposed its application as an omnibus statistical test. Notably, in a
similar vein, Avdovi¢ and Jevremovic¢ [6] also suggested assessing normality by comparing empirical
and theoretical quantiles, though their approach is based on the entire set of n sample data rather than
on seven specific quantiles.

Citation: J. M. de la Rubia, "Refined Normality Test Based on the Parametric Seven-Number Summary," Journal of Statistics and Applied Sciences, no. 11, pp. 1-39, 2025, doi:
10.52693/jsas.1670945.
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In the proposal of the test based on the Parametric Seven-Number Summary (PSNS), a parametric
approximation using the chi-square distribution with seven degrees of freedom was employed. This
approximation assumes independence among the standardized quantiles under the assumption of
normality, with their sum of squares serving as the test statistic (Q-statistic). Although this convenient
approach simplifies the calculations and appears to perform well in practice [5], it does not hold up
theoretically.

The first objective of this study is to propose two variants of the test to assess the sampling distribution
of the test statistic. In the first variant, the sampling distribution of the Q-statistic—along with the
calculation of the p-value, type II error, and statistical power—is determined using the bootstrap
procedure. This variant is denoted as Qs, to distinguish it from the original proposal (Q). An R script
was developed for this purpose [7]. See Appendices A (Q-statistic), B (bootstrap version of PSNS Q test),
and C (statistical power of bootstrap version of PSNS Q test).

Specifically, 10,000 resampled datasets of the same size as the original sample are generated by either
(a) resampling with replacement from the observed data (nonparametric bootstrap) or (b) drawing 2,000
random samples from a normal distribution where the location parameter is estimated by the sample
mean and the scale parameter is estimated by the sample standard deviation with Bessel's correction
(parametric bootstrap). The first approach produces the empirical bootstrap distribution, while the
second generates the normative bootstrap distribution. The latter is used both to calculate the p-value
(the proportion of values in the normative bootstrap distribution that exceeds the test statistic value in
the original sample) and to determine the critical value (the 0.95% quantile of normative bootstrap
distribution). This critical value is then used to compute statistical power via rejection rate in the
empirical bootstrap distribution.

A sample size of 2,000 was chosen for the normative bootstrap distribution, as it is considered
sufficiently large for the estimation of p-values and critical values [8]. However, for the calculation of
statistical power, the number of bootstrap samples was increased to 10,000. This modification allowed
for a single simulation to be used, thus avoiding the need to define a rejection threshold (e.g., 5% or 50%
rejection across 1,000 simulations) for classifying each simulation as a rejection when computing the
rejection rate [9].

The second variant introduces a new statistic based on a quadratic form, where the symmetric matrix
corresponds to the expected correlations between the seven quantiles under the null hypothesis of
normality [10]. This statistic is denoted as Qr, with the subscript T referring to the theoretical values
under the null hypothesis of a standard normal distribution used in its computation. The p-value and
statistical power of Qr are obtained using the generalized chi-square distribution, implemented via the
CompQuadForm package in R [11]. See Appendix D (quadratic form version of PSNS Q test). The
original version of the Q Test can be found in Appendix E (chi-square approximation to PSNS Q test).
The second objective of this study is to determine which of the proposed methods (Q, Qs and Qr)
demonstrates the best performance. To this end, the three variants of the normality test based on the
PSNS, along with the Shapiro-Wilk W test [12], are compared in terms of accuracy (proportion of correct
classifications or hit rate) and statistical power. The comparisons are conducted across 31 sample sizes
(ranging from 50 to 1,500 in increments of 50, plus 2,000) and 12 distributions (one normal and 11 non-
normal). The W test is included using Royston’s standardization procedure [13], as it is regarded as the
most powerful and accurate test for sample sizes ranging from 3 to 2,000 observations [14-15].
Specifically, the largest original sample size considered in this study was 2,000, which is unusually large
for an empirical study in the social and health sciences. For larger samples sizes, the Shapiro-Francia W’
test [16] using Royston’s standardization procedure [17] could have been applied.

This is a methodological study, in which the use of simulated data is considered the most appropriate.
This type of data allows us to determine whether the null hypothesis of normality should be retained
or rejected —something that is not possible with real scale-based data, where the distribution is assumed
and ultimately unknown. However, since the purpose of the study is to apply the normality test to real-
world datasets, a third objective has been added: to demonstrate the practical effectiveness of the
proposed test variants using R scripts applied to real-world data.



To achieve this, a personality measurement instrument was administered to a sample of 385 students
who applied for admission to a psychology program at a public university in northeastern Mexico. The
study assessed alexithymia, a trait characterized by difficulty in identifying and expressing feelings, as
well as a cognitively externalized style disconnected from the internal experiential world of emotions,
dreams, and fantasies. This personality trait is evaluated using the Toronto Alexithymia Scale (TAS-20)
[18], which was validated in Mexico by Moral [19].

Alexithymia—measured on an interval scale such as the total TAS-20 score—is expected to follow a
normal distribution, given that this personality trait is influenced by both environmental and biological
factors [18]. It is hypothesized that TAS-20 total scores within the central range of the distribution reflect
adaptive or functional expressions of the trait, whereas scores in the tails reflect maladaptive
manifestations (right tail) and exceptional emotional competence and awareness (left tail). Specifically,
individuals with alexithymic personality disorder are expected to score in the right tail of the
distribution. Empirical evidence supports this model [20].

2. The Summary of the Seven Numbers to Evaluate Normality

In the test based on the PSNS, the test statistic, symbolized by Q, is defined as the sum of the squares of
the quantiles corresponding to the orders -2, -4/3, -3/4, 0, 2/3, 4/3, and 2 of a standard normal
distribution. Before squaring and summing the seven sample quantiles, they are standardized [5].
Initially, the sample mean and standard deviation are used for standardization. Subsequently, they are
re-standardized using the expected mean and standard deviation under the null hypothesis of a
standard normal distribution. Since these variables are correlated, the sampling distribution of this
quadratic form follows a generalized chi-square distribution [21]. However, Moral [5] suggested a
simplified approach for calculating the p-value by approximating it with a chi-square distribution with
seven degrees of freedom.

It is worth noting that the 2nd, 8th, 25th, 50th, 75th, 92nd, and 98th percentiles of a standard normal
distribution are approximately evenly spaced. When rounded to two decimal places, the second
percentile corresponds to -2.05, the eighth to -1.34, the twenty-fifth to -0.67, the fiftieth to 0, the seventy-
fifth to 0.67, the ninety-second to 1.34, and the ninety-eighth to 2.05. Within this sequence, the quantiles
are separated by a distance of 0.67 along the Z-score axis, except at the two extremes, where a slight
discrepancy of 0.04 is observed (-1.34 - (-2.05) = 0.71 = 0.67 + 0.04 and 2.05 - 1.34 = 0.71 = 0.67 + 0.04).

To achieve a more precise alignment with evenly spaced quantiles, the following orders must be used:
0.0228, 0.0912, 0.2525, 0.5, 0.7475, 0.9088, and 0.9772. These yield the quantiles -2, -4/3, -2/3, 0, 2/3, 4/3,
and 2, which are evenly spaced at two-thirds intervals within the range [-2, 2], centered at 0. These seven
quantiles closely approximate the percentiles used in the seven-number summary, namely the
minimum (Oth percentile), 10th percentile, 25th percentile, 50th percentile, 75th percentile, 90th
percentile, and maximum (100th percentile) of a standard normal distribution. Therefore, they are
considered a summary of seven key values for a normal distribution [5], also referred to as the PSNS
[22-23].

It should be noted that, since the normal distribution has infinite support over the interval (-, +e0), it
does not inherently have a minimum or maximum. However, any finite sample x of size n drawn from
a normal distribution will have a limited range of scores, bounded by the sample minimum and
maximum, [min(x), max(x)]. Moreover, approximately 95.44% of the distribution lies within the interval
[-2, 2]. For this reason, in the PSNS [5], the minimum is replaced by the 0.0228 quantile and the
maximum by the 0.9772 quantile.

In asymptotic sampling, the distribution of the quantiles of a distribution with finite moments follows
a normal distribution [10]. If X is a random variable with a density function fx(x) and finite moments,
the sample quantile of order p, denoted as g«(p), follows a normal distribution. Its arithmetic mean or
expected value, denoted as p[gx(p)], corresponds to the population quantile Qx(p). The variance is given
by the ratio of the product of the quantile order and its complement (numerator) to the product of the
sample size and the square of the density function evaluated at the quantile (denominator). See Equation
1. The standard deviation or standard error, denoted as o[gx(p)], is the square root of this ratio (Equation
2).
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Equation 2 can be used to obtain the asymptotic standard errors of the seven quantiles that make up the
PSNS, based on the orders of the quantiles (p = 0.02275, 0.09121, 0.25249, 0.5, 0.74751, 0.90879, and
0.97725) of a standard normal distribution [2, 5]. Table 1 presents these quantiles, specifically for the
standard normal distribution N(0, 1).

Table 1. Value in the probit function, cumulative distribution function, density function, and
asymptotic standard errors of the PSNS in a standard normal distribution

Qz(p) =zp Fz(zp) =p J2(zp) o(zp)

2 0.02275 0.05399 2.76168/\n
-4/3 0.09121 0.16401 1.75544/\n
2/3 0.25249 0.31945 1.35998/\n

0 0.5 0.39894 1.25331/\n
2/3 0.74751 0.31945 1.35998/\/n
4/3 0.90879 0.16401 1.75544/\n

2 0.97725 0.05399 2.76168/\n

Note. Qz(p) = ®'(p) = zp = probit function, quantile function, or inverse function of the cumulative distribution
function of a variable following a standard normal distribution N(0, 1), p = order or cumulative probability
associated with the quantile zy in the standard normal distribution, fz(zp) = @(z») = density function of the standard
normal distribution, (zp) = asymptotic standard error of the sample p-th quantile calculated from a random
sample of size n drawn from a standard normal distribution.

The standard errors in Table 1 (0[zy]) allow the definition of asymptotic confidence intervals within
which sample quantiles are expected to fall when computed from random samples of size n drawn from
a standard normal distribution, with a probability of 1 - a [10]. See Equation 3.

Z ~N(0,1)

px(1—p) pxA-p|\_, _ )

P 5 —_ _ _
€| T At nxfzz(zp) P nxfzz(zp)

zp = population p-th quantile of the standard normal distribution.

Z,=sample quantile or point estimate of the population p-th quantile of a variable X following
a standard normal distribution.

n = sample size.

f#(z,) =squared height or density of the z in a standard normal distribution.

zta2 = (1-a/2)-th quantile of a standard normal distribution, where « is the significance level,
typically 0.05 (zo975 = 1.96).

From this asymptotic confidence interval, it is possible to derive a normally distributed statistic with a
mean of 0 and a variance of 1, which allows testing whether a standardized sample quantile
(standardized using its sample mean and variance) corresponds to the expected quantile of a standard
normal distribution [5]. See Equation 4.
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3. Testing the Expected Value Under Normality for a Number of the PSNS
Based on the Z statistic in Equation 4, a statistical test can be formulated to assess whether the sample
p-th quantile is equivalent to the expected value under a normal distribution, and this test can then be
generalized to the seven values of the PSNS.

Equation 5 shows the statistical hypotheses of the two-tailed test.

Ho: 2105 ()] = 21— ,p) = s, where 2N (0,1)
Q) — 1 ©)
Hy: Z[Qx(p)] = % # Q;(p) = z,, where Z~N(0,1)

Z[Qx(p)] = population p-th quantile of variable X, standardized by population mean and variance.
zp = hypothetical value of the p-th quantile in a standard normal distribution N(0, 1).

Assumptions: A random sample of large size drawn from a normal distribution.
Test statistic: Equation 6 shows the double standardization (first by the sample mean and standard

deviation and second by the mean and expected standard deviation under the null hypothesis of
normality) experienced by the sample quantile gx(p).

[ ( )] M — Zp
2[2(qe ()] = 22U 2 Sna (%) .
pi-p)  [0-p)
nf7 (Zp) nff ( Zp)

The theoretical quantile zy is obtained by evaluating the probit function or quantile function of a
standard normal distribution in p (Equation 7). In the context of the PSNS, p takes the following values:
Fz(-2) =0.0228, Fz(-2/3) = 0.0912, Fz(-1/3) = 0.2525, Fz(0) = 0.5, Fz(1/3) = 0.7475, Fz(2/3) = 0.9088, and Fz(2)
=0.9772, where Z ~ N(0, 1) and Fz is its cumulative distribution function, usually expressed as ®(zy) = p.
Qz(p) = ©~1(p) = z,,where X ~ N(0,1) (7)

To obtain the standardized sample p-th quantile, denoted by z[c:(p)], we start by calculating this quantile.
To do this, the n sample data of X are ordered in ascending direction: xw, i =1, 2, -+, n. For more details
refer to Equation 8.

x={x;}; ={x, x5, € X ®)
X(1) < X(2) << X(n)
The position of the quantile g, among the n sample observations is calculated using R’s type-8 rule,
which provides greater accuracy in estimating quantiles across different distributions compared to
other linear interpolation methods [4, 24-25]. Refer to Equation 9 for more details. The type-6 rule is also
recommended for general use with very different distributions [26], while the type-9 rule is specifically
suggested for the normal distribution [27].

i=1/3+pxm+1/3)=i+(—li]) 9)
If the value of i is an integer, the data is searched in that order; whereas if it is a number with decimal
places, the quantile is obtained by linear interpolation (Equation 10).
Qx(P) = a(p) = xqup + (i = LD (xquer) — Xqan) (10)

The mean (Equation 11) and sample standard deviation (Equation 12) are further calculated.

n
N _ i=1%Xi
fy =X - (11)
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Finally, the sample quantile is standardized, as shown in Equation 13.

Adaupy] = @) ~Ax _a:(p) —

= 13
Ox Sp—1(x) 13)

Sampling distribution: The random variable Z[z(cx(p))], proposed as a test statistic, follows a standard
normal distribution under the null assumption or hypothesis that variable X follows a normal
distribution (Equation 14).

Z[z(q, ()]~ N(0,1) (14)

Decision based on probability value or critical level: Let P(Z < |z1) the probability of obtaining a value
less than or equal to the absolute value of the test statistic in a standard normal distribution. If 2-tailed
p-value=2 x (1 - P(Z < |zl) 2 a, the null hypothesis is maintained in a two-tailed test with a
significance level. Conversely, if 2-tailed p-value =2 x (1 - P(Z < |z1) < q, it is rejected.

4. The Omnibus Test of Normality Based on the PSNS

4.1. Approach

If the seven standardized values z[z(cx(p))] are squared and added together, the resulting statistic,
denoted by Q, follows a generalized chi-square distribution, since it is the sum of squares of seven
dependent random variables with a standard normal distribution [28-29]. The chi-square distribution
with seven degrees of freedom is a concrete case of this generalized chi-square distribution. This
equality occurs when quantiles, considered as random variables, have very small or no correlations.
Moral [5] proposed using the chi-square distribution with seven degrees of freedom as an
approximation to the generalized chi-square distribution and, in this way, obtain an omnibus test of
normality with simple and well-known calculations of the probability, power, and effect size value [30].
Analogous to the variance formula of a quantile (Equation 1), the formula of covariance between two
quantiles is a quotient, the numerator of which is the product of the order of one quantile and the
complement of the order of the other quantile, and its denominator is the product of the sample size
and densities of both quantiles [10]. See Equation 15. This covariance converges to zero when the sample
size (1) tends to infinity, which is favored by a greater distance between the two quantiles. Except in the
uniform distribution, the more distant two quantiles are, the lower their correlation. Also, the variance
and standard deviation of each quantile tend to zero as the sample size increases. However, the
correlation or quotient between the covariance and the geometric mean of the variances (Equation 16)
is independent of the sample size. The # in the numerator of the covariance is simplified with the two
square roots of n of each standard deviation in the denominator. On the other hand, this correlation is
always positive, since there is no term that could be negative in the formula. Precisely, the definition of
quantile or order statistic implies a monotonic non-decreasing order [31].

p1 X (1 —py)

a(qpl’ qu) = n x fZ(Zpl) X fZ(sz) ,Where P1 < P2 (15)
_ J(qpl' qu) _ G(qm' qu)
P(Qm'%z) _\/ = U(Qpl) % a(qu) (16)

Uz(qm) x 02(%2)

The correlations between the quantiles of the PSNS of a normal distribution vary from a minimum of
0.023 to a maximum of 0.581 with a mean of 0.275, 12 out of the 21 correlations are less than 0.3, with 5
out of these 12 correlations being less than 0.1. In turn, 5 out of the 21 correlations take values between
0.3 and 0.49 and 4 between 0.5 and 0.59. The four highest correlations are between the third and fourth
numbers and between the fourth and fifth numbers, as well as between the third and fifth numbers with
their values contiguous towards the corresponding tail (Table 2).



Table 2. Matrix of correlations between PSNS quantiles of a normal distribution

p(zii, 21il) [1] [.2] 3] [4] [,°] 6] [.7]
1] 1 0.4816 0.2625 0.1526 0.0887 0.0483 0.0233
2] 0.4816 1 0.5451 0.3168 0.1841 0.1004 0.0483
3] 0.2625 0.5451 1 0.5812 0.3378 0.1841 0.0887
[4] 0.1526 0.3168 0.5812 1 0.5812 0.3168 0.1526
(5] 0.0887 0.1841 0.3378 0.5812 1 0.5451 0.2625
(6] 0.0483 0.1004 0.1841 0.3168 0.5451 1 0.4816
[7,] 0.0233 0.0483 0.0887 0.1526 0.2625 0.4816 1

Note. p(zii), zij)) = correlation between quantiles of a standard normal distribution: 1 = z(p = Fz(-2)), 2 = z(p = Fz(-
2/3)), 3 =z(p = Fz(-1/3)), 4 = z(p = Fz(0)), 5 = z(p = Fz(1/3)), 6 = z(p = Fz(2/3)), and 7 = z(p = Fz(2)), where Fz is the
cumulative distribution function of a standard normal distribution.

The formula shown in Equation 16, which requires Equations 2 and 15 for calculation, provides the
population correlation, i.e., when the sample size tends to infinity. Appendix F contains an R script for
computing this correlation matrix using a bootstrap procedure.

By extracting a large sample of 1,000 data points from a standard normal distribution using a single
seed (original reproducible sample), generating 10,000 bootstrap samples, computing the seven
quantiles in each bootstrap sample, calculating the 21 correlations between these quantiles, and
averaging the 10,000 estimates for each correlation, the resulting correlation matrix closely resembles
the one obtained using the formula above (Table 3). The absolute residuals, or differences, between the
corresponding correlations (asymptotic vs. bootstrap) range from 0.0003 to 0.0237, with a mean of 0.0101.
The Root Mean Square Error (RMSE) is 0.0090. Therefore, both matrices can be considered equivalent.

Table 3. Correlation matrix obtained by bootstrap (10,000 replications) from a random sample of 1000
data extracted from a standard normal distribution.

r(gsti), guin) [1] [2] [3] [4] [,5] L6] L7]

[1,] 1 0.4677 0.2628 0.1465 0.0933 0.0323 0.0206
[2,] 0.4677 1 0.5301 0.2965 0.1751 0.0913 0.0581
[3,] 0.2628 0.5301 1 0.5575 0.3212 0.1758 0.0934
[4,] 0.1465 0.2965 0.5575 1 0.5647 0.3064 0.1507
[5,] 0.0933 0.1751 0.3212 0.5647 1 0.5374 0.2555
[6,] 0.0323 0.0913 0.1758 0.3064 0.5374 1 0.4732
[7,] 0.0206 0.0581 0.0934 0.1507 0.2555 0.4732 1

Note. gx1i1 = i-th quantile and cij; = j-th quantile of a sample x of size 1000 randomly drawn from a standard normal
distribution using a fixed seed (123) to ensure reproducibility. Quantile order (i for the quantile per row and j for
the quantile per column): 1 =®(-2), 2 = P(-4/3), 3 = D(-2/3), 4 = D(0), 5 = D(2/3), 6 = D(4/3), and 7 = P(2), where P is
the cumulative distribution function of a standard normal distribution, and r(gxii), q1j1) = Pearson's product-
moment correlation coefficient between the sample quantiles of order i and order j (computed from 10,000
bootstrap samples using R's type-9 rule).

It should be noted that the high correlations between the terms (random variables) in the sum of squares
of the Q statistic cause the generalized chi-square distribution to deviate from the standard chi-square
distribution due to pronounced leptokurtosis. This results in a greater concentration of values around
the center and a shorter right tail. This effect occurs because, when variables are correlated, they tend
to move together, reducing the overall dispersion of the sum of squares. Consequently, leptokurtosis
increases (more values near the mean), and positive skewness decreases, with fewer extreme values
appearing in the right tail.

One of the challenges of the generalized chi-square distribution is the absence of tables for its cumulative
densities and probabilities, as it does not have a standard form, unlike the chi-square distribution. If
this distribution is used as an approximation to compute the p-value, the significance level could be
increased to compensate for the shortening of the right tail [5].

Another, much better option is to compute the p-value, statistical power, and effect size using the
bootstrap procedure [32]. This empirical method allows for the generation of the generalized chi-square



distribution underlying the test statistic, which is a sum of squares of dependent standard normal
variables, thereby preserving the original formulation. A third alternative is to express the statistic as a
quadratic form-specifically, the product of the transposed vector of standardized quantiles, the
correlation matrix of the quantiles, and the vector of standardized quantiles-and use R's
CompQuadForm package [11]. In this approach, 21 duplicate summands are incorporated,
corresponding to the cross-products of the seven quantiles weighted by their correlations.

4.2, Statistical Hypotheses
Equation 17 presents the statistical hypotheses of the Q test. They are formulated as a two-tailed test
and involve a random vector consisting of seven standardized normal variables (quantiles).
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4.3. Assumptions

Itis assumed that the sample is random and consists of # scores or values from a continuous quantitative
variable that follows a normal distribution. A large sample size is required.

Based on a simulation study, Moral [5] recommended a minimum sample size of 150 participants when
approximating the p-value using the chi-square distribution with seven degrees of freedom (original
formulation). This sample size ensures high accuracy (i.e., a proportion of correct decisions—retaining
or rejecting the null hypothesis of normality —of at least 0.8), as well as high statistical power for
detecting non-normality and a high complement of power (i.e., the probability of correctly retaining the
null hypothesis of normality when the alternative is false) for the normal distribution, with both values
(@ when Hy should be retained, or 1 — @ when H, should be rejected) being > 0.8. However, the test
achieved perfect accuracy (i.e., 1) in detecting normality with a sample size as small as 20, although with
a power below 0.2. The test’s limited power to reject the null hypothesis of normality was observed in
the presence of symmetric mesokurtic distributions, such as the uniform and semicircular distributions,
as well as symmetric distributions with slight leptokurtosis, such as the logistic distribution. This
limitation can be attributed to the high correlations among the four central values of the PSNS (Table
2).

4.4. Test Statistics (Three Variants)

4.4.1 Statistics Q and Qs

The test statistic is defined as the sum of squared standardized quantiles from the PSNS, using the
expected values under the assumed distribution (standard normal), and excluding the influence of the
sample mean (X = Y-;x;/n) and standard deviation (s,_;(x) = XL;(x; — %)?/(n—1)). This new
random variable is denoted as Q, in reference to the quadratic forms described in Cochran’s theorem
[28]. See Equation 18, where x is a random sample of n data from a variable X with unknown distribution
Fx that is hypothesized to be normal and Z is a variable defined over the domain (-eo, +e°) that follows a

standard normal distribution. The R’s implementation is provided in Appendix A.

x = {x;}o~ B (x); € X~ Fx(xiz)i z; € Z ~ Fz(z) = N(O, 12)

a(p) — 2(p) — %
Q _ 7 m - qz(pl) _ i m_zm = (18)
L J(qz(Pi)) i=1 G(Zpi)
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It should be noted that this sum of squares, derived from seven correlated Gaussian random variables
with a mean of 0 and variance of 1, does not account for the standardized covariance matrix of the
quadratic form. Strictly speaking, it is not a true quadratic form, as it does not assume that this matrix
is an identity matrix. Therefore, the symbol Q serves as a referential allusion to Cochran's theorem [28].
In the Qs variant, the distribution of the test statistic in the sampling process —used for computing the
p-value (see Appendix B for the R implementation) and statistical power (see Appendix C for the R
implementation) —is determined using the empirical resampling method with replacement (bootstrap),
which provides a more accurate approximation than the original approach.

4.4.2 Qr Statistic

Another option is to express the statistic as a quadratic form without ignoring the correlation matrix
and use R's CompQuadForm package [11] to compute the probability value and power. This option is
denoted Qr and is properly a quadratic form. The subscript T refers to the fact that the matrix of
covariances is theoretically established from the null hypothesis of normal distribution.
A quadratic form is a linear combination involving a transposed vector (of order 1 x k), a symmetric
matrix of order k x k, and the original vector of order k x 1. To obtain the quadratic form, the values
z[z(gx(p)] are used as the vector, denoted by z (Equation 19). The symmetric matrix corresponds to the
matrix of standardized covariances or correlations between the quantiles of the PSNS of a normal
distribution. This matrix is denoted by R as the correlation matrix (Equation 20).
The quadratic form z" R z results in a second-degree polynomial with k x k terms, comprising the sum
of the squared variables and the cross-products of the variables weighted by their corresponding
correlations (Equation 21). If the vector and the matrix contain only numerical values, without variables,
the quadratic form yields a scalar. See Appendix D for the calculation of the Qr statistic in R.
zt=(21 Zp Z3 Zy Zs Zg Zy) (19)
1 0.2819 0.2625 0.1526 0.0887 0.0826 0.0233
/0.2819 1 0.9314 0.5413 0.3146 0.2930 0.0826\
0.2625 0.9314 1 0.5812 0.3378 0.3146 0.0887
R=10.1526 0.5413 0.5812 1 0.5812 0.5413 0.1526 (20)
0.0887 0.3146 0.3378 0.5812 1 0.9314 0.2625

0.0826 0.2930 0.3146 0.5413 0.9314 1 0.2819
0.0233 0.0826 0.0887 0.1526 0.2625 0.2819 1
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+2x0.2625 X 2y X z3+2 X 0.1526 X z; X z, + 2 X 0.0887 X z; X zg
+2x0.0483 X 2y X zg +2 % 0.0233 X 2y X z; + 2 X 0.5451 X z, X z3
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+2x0.1841 X z3 X z5 + 2 X 0.0887 X z3 X z; + 2 X 0.5812 X z, X zg
+2x03168 Xz, Xzg+2%X0.1526 X z, X z; + 2 X 0.5451 X z5 X zg4
42X 0.2625 X z5 X z; + 2 X 0.4816 X zg X 2,

21

4.5. Sampling Distribution

The statistic or random variable Q or Qs (sum of squares) follows a generalized chi-square distribution,
X2%(7, L), as does the quadratic form Qr (Equation 22). This distribution deviates from the chi-square
distribution with seven degrees of freedom due to leptokurtosis and a shortened right tail, a
consequence of the positive correlations among the seven random variables whose sum of squares
defines it [21, 28-29].

The Q statistic would follow a chi-square distribution if the seven variables were independent, and the
Qr statistic would do so if the R matrix were an identity matrix. However, the seven quantiles are
dependent because they originate from the same distribution, with an average correlation of 0.275.

If the chi-square distribution with seven degrees of freedom is used as an approximation, the
significance level could be increased to 0.1 to compensate for the shortened right tail (see Appendix E
for the calculation in R).

However, an approximation to the generalized chi-square distribution can be obtained via the bootstrap
method. On the one hand, the empirical bootstrap distribution is generated from 10,000 replications of
the original sample. On the other hand, the normative bootstrap distribution is obtained from 2,000
replications of a random sample drawn from a normal distribution whose location parameter is the
arithmetic mean of the original sample and whose scale parameter is the standard deviation of the
original sample, corrected using Bessel's correction. The 0.95 quantile (using R’s type-8 method) of
normative bootstrap distribution serves as the critical value. The bootstrap right-tailed p-value is
computed, defined as the proportion of values (Q estimates) in the normative bootstrap distribution
that exceeds the test statistic (from original sample). See Appendix B for the R code used in this
calculation. This empirical approach provides a more accurate estimation of both the p-value (Appendix
B) and the statistical power (see the R script in Appendix C) compared to the chi-square distribution
with seven degrees of freedom (see the R script in Appendix E). This approach replaces the chi-square
distribution with a normative bootstrap distribution that has a similar form, as it constitutes a
generalized chi-square distribution. Consequently, the probability value is computed based on the right
tail of the distribution.

Q~x5(7,%) and Qr~x%(7,R) (22)
4.6. Decision
Let P(x?g(7, L) 2 Q), be the probability of obtaining a value greater than or equal to the test statistic Q in
a generalized chi-square distribution with seven degrees of freedom. If P(x%(7, £) =2 Q) = a, the null
hypothesis of normality is retained in a two-tailed test with a significance level of a. Conversely, if
P(x%(7, L) < a, the null hypothesis is rejected.
The same procedure applies to the quadratic form Qr and the initial approximation of the Q statistic
using the chi-square distribution with seven degrees of freedom [5].

4.7. Statistical Power
4.7.1 With Qs Statistic

Type II error is defined as the probability of retaining the null hypothesis given that the alternative
hypothesis is true (Q > critical value). Therefore, it represents the error of failing to reject the null
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hypothesis. It is denoted by (3. Its complement, denoted by ¢, represents the statistical power, that is the
probability of correctly rejecting the null hypothesis when the alternative hypothesis is true [33].
Using a resampling procedure with replacement from the original sample, 10,000 bootstrap samples are
generated. For each bootstrap sample, the Q statistic is calculated, and the proportion of null hypothesis
rejections is determined. The null hypothesis of normality is rejected if the Q statistic exceeds the critical
value obtained from 2,000 samples generated under normality (normative bootstrap distribution). The
rejection rate represents the bootstrap power, reflecting the test’s ability to detect deviations from
normality in the original sample. See Appendix E for the R implementation.

4.7.2 With the Qr Statistic

The statistical power of the quadratic form Qr=z" R z can be computed using Davies' AS 155 algorithm
(1980) [34]. The initial evaluation of the generalized non-central chi-square distribution (which
corresponds to the distribution of a quadratic form of correlated variables) is performed at a critical
level associated with a specific alternative hypothesis. This level corresponds to the (1 - at)th quantile of
a chi-square distribution, where the degrees of freedom equal the number of eigenvalues of the
correlation matrix. Since this is an iterative procedure, the critical value is adjusted at each step.

In Davies' model, the A parameter (degrees of freedom) is the eigenvalue vector of the correlation matrix
R, while the 6 parameter (non-centrality parameter) is defined as the element-wise product of the
eigenvalues and the squared standardized quantiles. See Appendix D for the calculation in R.

4.7.3 With the Q Statistic

If we consider the approximation to the chi-square distribution with seven degrees of freedom of the
original proposal, the Type II error (3) can be computed using the cumulative distribution function of a
non-central chi-square distribution with seven degrees of freedom. Its non-centrality parameter is set to
the value of the test statistic Q and is evaluated at the critical level corresponding to the true alternative
hypothesis (see Equation 23). The statistical power (¢) is the complement of this cumulative probability
(Equation 24). See Appendix E for the calculation in R.

B= X§f=7,NCP=Q(1—aX§f) (23)
p=1-pf=1- X§f=7,NCP=Q(O.90X%) (24)

4.8. Effect Size
4.8.1 With the Qs Statistic

The effect size of the deviation from normality for the Q statistic can be calculated as a standardized
distance, analogous to Cohen’s d statistic [35]. The mean of Q in the normative bootstrap sampling
distribution (obtained from 2,000 bootstrap samples of size n drawn from a standard normal
distribution) serves as the expected value of Q, while the sample standard deviation of Q in that
distribution represents the bootstrap standard error.

Using these two values, the standardization, denoted by z, is performed. This value can be interpreted
in relation to the dispersion of a normal distribution: a z value below 1.7 indicates a trivial effect size,
below 2.5 a small effect, below 3 a medium effect, and above 3 a very large effect (Equation 25). See
Appendix B for the calculation in R.

<17 trivial

7= |Q - Qllavootstrap| _ )< 25 small (25)
T sel T )1<3 median
ootstrap >3 large

4.8.2 With the Qr Statistic

For the quadratic form Qr, whose vector consists of correlated standard normal variables and whose
symmetric matrix is the correlation matrix of these variables, the mathematical expectation of Qris given
by the trace of the correlation matrix R, i.e., E[QT] = tr(R) = 7. The variance of Qr is equal to twice the
sum of the squared eigenvalues of R [36-37].

The seven eigenvalues of the correlation matrix of the quantiles from the PSNS of the normal
distribution are: 3.281666, 1.449412, 0.8942277, 0.8293143, 0.4113026, 0.06717703, and 0.06690025.
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Consequently, the standard deviation of Qr is the square root of twice the sum of the squares of these
eigenvalues, resulting in o(Qr) = 5.3918.

By standardizing Qr using its mean and standard deviation, a measure of effect size in terms of
standardized distance is obtained. This measure is analogous to Cohen’s d [35], though applied in the
context of tests based on quadratic forms rather than mean differences. It can be interpreted relative to
the dispersion of a normal distribution: a z-value below 1.7 indicates a trivial effect size, below 2.5 a
small effect, below 3 a medium effect, and above 3 a very large effect (Equation 26). See Appendix D for
the calculation in R.

Qr =z" xRxz~ x5(7,R)

< 1.7 trivial
7= Qr —E@Qp| _1Qr—tr(R)l _1Qr =7l <25 small (26)
- a(Qr)  [2x>7 .22 53918 )<3 median
’ XLim A >3 large
4.8.3 With Q Statistic

If we consider the approximation to the chi-square distribution with seven degrees of freedom of the
original proposal, the effect size of the deviation from normality in the sample distribution can be
measured using Cramér’s V coefficient [38], which ranges from 0 to 1 [39]. Following Cohen [35], V
values below 0.1 indicate a trivial effect size, values between 0.1 and 0.29 indicate a small effect, between
0.3 and 0.49 a medium effect, between 0.5 and 0.69 a large effect, and values of 0.7 or higher indicate a
very large effect (Equation 27). See Appendix E for the calculation in R.

<0.1 trivial
Q Q <0.3 small
V= = =<{< 0.5 median (27)
df xn 7Xn <0.7 large
> 0.7 huge

5. Materials and Methods

5.1. Sample Generation

Samples were generated using the reverse transform procedure [40] in the R program for 31 sample
sizes (ranging from 50 to 1500, with increments of 50 and 2000) and 12 continuous distributions: Laplace
(mu = 50, sigma = 10), normal (mean = 50, sd = 10), Student’s t-distribution with 4 degrees of freedom,
linearly transformed to have a mean of 50 and a standard deviation of 10, chi-square with 5 degrees of
freedom, arcsine or beta (shapel = 0.5, shape2 = 0.5), uniform (min = 0, max = 100), triangular (min =0,
max = 3, mode = 2.99), semicircular Wigner or beta (shapel = 1.5, shape2 = 1.5), linearly transformed to
have a radius of 3, exponential (rate = 2), hyperbolic drying linearly transformed to have a mean of 50
and a standard deviation of 10, logistic (location = 50, scale = 10), and Rayleigh (sigma = 12). A seed was
set for result reproduction (123, except for 12 with the normal distribution). You can visualize the
samples used with the following script [41]. The result obtained from running the script in Appendix G
with the first listed distribution —without a hash symbol, which is the Laplace distribution —is shown
in Table 4. For presentation purposes, each one of 31 original samples (of different size) drawn from
Laplace distribution in the Table 4 was reduced to the minimum, median and maximum values, with
the other values being indicated by ellipses (...).

Table 4. Original sample drawn from a Laplace's distribution

Sample size Minimum Median Maximum
50 9.5898829 47.61486 77.26236
100 20.4659908 50.09903 93.65911
150 -6.1995893 48.75828 83.52246
200 -14.2188404 49.47437 99.03407
250 -2.2532879 50.11989 103.48888
300 -1.2977199 49.56351 97.06442
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350 -14.1836689 50.73552 100.83601

400 -40.8138988 49.94166 99.69524
450 -5.7418691 49.28067 94.29004
500 -9.2878793 49.86201 121.60666
550 -26.2334393 49.62307 102.91311
600 0.7197058 50.27604 106.89202
650 -8.4086652 50.04799 99.44288
700 -35.1873205 49.93920 124.71132
750 -4.3566404 49.76694 106.39675
800 -27.0054577 50.10379 135.88705
850 -6.2540337 49.47890 160.39084
900 -23.8530300 49.94832 112.82285
950 -21.2402997 49.16473 109.56630
1000 -10.3551434 50.22167 121.36216
1050 -10.9874128 49.84465 126.42730
1100 -17.6727651 49.13120 112.89938
1150 -19.3386696 49.82527 114.30884
1200 -34.2327092 50.41611 112.19349
1250 -11.8510114 50.06876 105.43839
1300 1.8400462 49.71477 119.94513
1350 -24.1708992 49.83466 129.00185
1400 -17.6022695 50.03964 108.28709
1450 -34.8161317 50.20337 106.84666
1500 -26.7905853 49.88449 111.58504
2000 -27.9725620 50.11953 117.70299

5.2. Statistical Analysis

Two criteria were considered to evaluate the performance of the normality tests. One criterion was the
proportion of hits, defined as the ratio between the number of correct or successful identifications and
the total number of original samples drawn from each distribution (31 samples). A hit occurs when the
null hypothesis of normality is retained at the 5% significance level for a sample drawn from a normal
distribution with a mean of 50 and a standard deviation of 10. Conversely, a hit also occurs when the
hypothesis is rejected at the 5% level for a sample drawn from a non-normal distribution. Another
criterion was statistical power at the 5% significance level. For samples drawn from a non-normal
distribution, power was defined as the probability of correctly rejecting the null hypothesis of normality,
that is, detecting a deviation from normality when it truly exists. In the case of normal samples, its
complement, the Type Il error (i.e., the probability of failing to reject the null hypothesis when it is false),
was assessed. A value close to 1 in this context would indicate a high probability of retaining the null
hypothesis when the data are actually normal.

Since a single seed was used (123 for non-normal distributions and 12 for the normal distribution) to
generate the 31-size samples across 12 distributions, the four normality tests are treated as a repeated-
measures factor. Accordingly, hit rates were compared using Cochran’s Q-test, with post-hoc
comparisons performed using Dunn'’s test with Bonferroni correction [42]. The effect size in the omnibus
test was measured using the eta-squared coefficient [43]. Confidence intervals for the hit rates were
calculated using Wilson’s procedure [44].

Statistical power means were compared using a repeated measures analysis of variance. The normality
test served as the within-subjects factor with four levels. Distribution was included as a between-
subjects factor with twelve independent groups, and sample size was treated as a covariate. The model
included the main effect of the test as well as its interactions with sample size and distribution type.
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The assumption of homogeneity of covariance matrices was assessed using Box’s M test, and sphericity
was evaluated using Mauchly’s test. Due to a violation of the sphericity assumption, the multivariate
approach based on Wilks’ lambda was applied [41]. Effect size was estimated using partial eta squared
(%) [43].

Normality in the distributions of mean differences was assessed using the Shapiro-Wilk W test [12-13].
In case of violation of this assumption, pairwise comparisons between the 4 levels of the repeated
measures factor were performed using Student's t-test, with the p-value calculated using the bootstrap
procedure (by drawing 1000 samples with replacement from the original sample), and confidence
intervals were computed using the Bias-Corrected and Accelerated (BCa) percentile method. The
interactions between the test and the distribution were examined by checking whether the 95%
bootstrap BCa confidence intervals for the power means overlapped (not significant) or did not overlap
(significant), in addition to analyzing crossovers in the power mean plot with lines separated by
normality test (4 lines) [46]. The interactions between the test and the sample size were assessed using
the power mean plot with lines separated by normality test, also evaluating the crossovers.

Statistical analyses were executed with R version 4.4 [41], Excel version 365 [47] and SPSS version 2021
[48].

6. Results

6.1. Comparison of Hit Ratio or Test Accuracy

When comparing the number of hits among the four normality tests using Cochran’s Q test for the
equality of binary proportions in related samples, the difference was significant (Qi-3 n-3721 = 158,980,
asymptotic two-tailed p-value < 0.001), with a large effect size calculated through the eta-squared
coefficient (n? = 0.142 > 0.14). Comparisons performed using Dunn's post-hoc test revealed that five out
of six differences were statistically significant, even after applying Bonferroni correction. The Shapiro-
Wilk W test showed the highest hit rate (0.976, 95% Wilson-type CI [0.955, 0.987]), followed by the Q
test based on bootstrap procedures (0.952, 95% Wilson-type CI [0.925, 0.969]), with their hit rates being
statistically equivalent (¢ =1.137, p = 0.256, psc = 1). Third place was for the Q test based on the chi-square
distribution with seven degrees of freedom (0.849, 95% Wilson-type CI [0.810, 0.882]). The Q test based
on a quadratic form using a generalized chi-square distribution for p-value calculation yielded the
lowest hit rate (0.766, 95% Wilson-type CI [0.721, 0.806]). Refer to Table 5 and Figure 1 for further details.
In the representation of the hit-and-miss proportion for each normality test in Figure 1, yellow is used
for hits and red for misses.

0O Hits 0O Misses
1 AN 562
0.23 0.15
0.8
&
c 06
5 0.98
o 0.95 .
g2 04 0.77 U
0.2
0
Quadratic form Bootstrap Chi-2[7] W

Test for normality

Figure 1. Stacked bar plot illustrates the hit-and-miss proportions for each of the four normality tests. These
proportions reflect the retention of the null hypothesis of normality for samples drawn from a normal
distribution, or its rejection for samples drawn from non-normal distributions, using a significance level of 0.05.
Normality tests: Quadratic Form = Q test based on the quadratic form and using the generalized chi-square
distribution to calculate the probability value; Bootstrap = Q test employing the bootstrap approach for this
calculation; Chi-2[7] = Q test with approximate probability values calculated using the chi-square distribution
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with seven degrees of freedom, assuming independence among random variables; and W = Shapiro-Wilk W test
standardized using Royston's method [12-13].

Table 5. Pairwise comparisons of the proportions of hits using Dunn's test

Test1-Test2 MSD se t p pe

Hits_Chi2 - Hits_Quadratic 0.083 0.019 4.406 <0.001 <0.001
Hits_Bootstrap - Hits_Quadratic 0.188 0.019 9.949 <0.001 <0.001
Hits_W - Hits_Quadratic 0.210 0.019 11.086 <0.001 <0.001
Hits_Bootstrap - Hits_Chi2 - -0.105 0.019 -5.543 <0.001 <0.001
Hits_W - Hits_Chi2 0.126 0.019 6.680 <0.001 <0.001
Hits_W - Hits_Bootstrap 0.022 0.019 1.137 0.256 1

Note. MSD = Minimum Significant Difference. Each row tests the null hypothesis that the proportions of hits in
Test 1 and Test 2 are equal. se = asymptotic standard error, t = test statistic value, p = asymptotic two-tailed
probability value, and p. = adjusted probability value using Bonferroni correction at a significance level of 0.05.
Hits corresponding to each normality test: Quadratic = Q test based on the quadratic form, using the generalized
chi-square distribution to compute the probability value; Bootstrap = Q test employing the bootstrap approach for
this computation; Chi2 = Q test using an approximate probability calculation based on the chi-square distribution
with seven degrees of freedom (which assumes independence between random variables); and W = Shapiro-Wilk
W test standardized using Royston's method.

When calculating the confidence intervals for the hit rates per distribution using Wilson's formula [44],
the Qr test showed significantly lower proportions compared to the other three tests (Qs, Q, and W) for
the chi-square and uniform distributions. For the Rayleigh and logistic distributions, the hit rates of the
Qr and Q tests were significantly lower than those of the W and Qs tests, whose confidence intervals
overlapped. Across the full set of 12 distributions, the hit rates for the Qr and Q tests were significantly
lower than those of the W and Qs tests, which were statistically equivalent (Table 6).

Table 6. Proportions of hits and their 95% Wilson-type confidence intervals for each normality test
across different distributions

Distribution Qr Qs Q W
0.871 0.935 0.903 0.968
Laplace
[0.711, 0.949] [0.793, 0.982] [0.751, 0.967] [0.838, 0.994]
Normal L 1 L 1
[0.890, 1] [0.890, 1] [0.890, 1] [0.890, 1]
Student 0.968 0.935 0.968 1
[0.838, 0.994] [0.793, 0.982] [0.838, 0.994] [0.890, 1]
Chin 0.484 1 0.968 1
[0.320, 0.652] [0.890, 1] [0.838, 0.994] [0.890, 1]
Arcsine 0.935 1 0.968 1
[0.793, 0.982] [0.890, 1] [0.838, 0.994] [0.890, 1]
Uniform 0.774 0.968 0.871 1
[0.602, 0.886] [0.838, 0.994] [0.711, 0.949] [0.890, 1]
Triangular 0.839 0.968 0.871 1
[0.674, 0.929] [0.838, 0.994] [0.711, 0.949] [0.890, 1]
Semicirdle 0.839 0.903 0.871 1
[0.674, 0.929] [0.751, 0.967] [0.711, 0.949] [0.890, 1]
Exponential 1 1 ! 1
[0.890, 1] [0.890, 1] [0.890, 1] [0.890, 1]
HSD 0.871 0.935 0.774 0.935
[0.711, 0.949] [0.793, 0.982] [0.602, 0.886] [0.793, 0.982]
Rayleigh 0.645 0.968 0.645 0.968
[0.469, 0.789] [0.838, 0.994] [0.469, 0.789] [0.838, 0.994]
Logist 0.355 0.839 0.516 0.871
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[0.211, 0.531] [0.674, 0.929] [0.348, 0.6801] [0.711, 0.949]
0.766 0.954 0.849 0.976
[0.721, 0.806] [0.928, 0.971] [0.810, 0.882] [0.955, 0.987]
Note. Normality tests: Qr = Q test based on the quadratic form using the generalized chi-square distribution to
calculate the probability value; B = Q test employing the bootstrap approach for this calculation; x?[7] = Q test
with approximate probability values derived from the chi-square distribution with seven degrees of freedom,

assuming independence among random variables; and W = Shapiro-Wilk W test standardized using Royston's
method [12-13].

Total

6.2. Comparison of Mean Statistical Power

A repeated-measures model was defined to compare the mean statistical power of the four normality
tests. The type of distribution was included as a fixed-effects factor for independent measures, while
sample size was treated as a covariate. The assumption of sphericity was not met, as indicated by the
Mauchly test (W =0.900, x?[5] = 37.615, p < 0.001), and the null hypothesis of equal covariance matrices
was rejected by the Box test (M of Box = 3005.680, F[90, 107675.456] =28.462, p < 0.001). Consequently,
the multivariate omnibus test of Wilks' lambda was used.

The effect of normality tests (an intragroup factor with four levels) was significant, with a large effect
size. Additionally, the interaction between the normality test and sample size (a covariate with 31 values)
was significant, showing a medium effect size, as was the interaction between the normality test and
the type of distribution (a fixed-effect factor with 12 levels), which had a large effect size. The statistical
power for these differences was unitary. For more details, refer to Table 7.

Table 7. Multivariate test: Wilks lambda

Effect A F dfi  df p Np? NCP )
Test 0.710 48,700 3 357 <0.001 0.290 146.101 1
TestN  0.840 22,679 3 357 <0.001 0.160 68.037 0.999
Test*Dist  0.407 11.375 33 1052.492 <0.001 0.259 367.578 1

Note. Intra-subject design: normality test (with four levels). Interaction of the test with N (sample size) and Distr.
(type of distribution). The sample size includes 31 values (treated as a covariate), and the type of distribution
encompasses 12 categories (a fixed-effects factor for independent groups). A = Wilks Lambda statistic, where the
asterisk denotes its exact calculation; df = degrees of freedom; p = right-tailed probability in the Snedecor-Fisher F
distribution; np? = partial eta-squared coefficient; NCP = non-centrality parameter; and ¢ = statistical power
calculated at a significance level of 0.05.

The assumption of a normal distribution in the six power differences among the four normality tests is
satisfied only with the logistic distribution in three out of six comparisons and with the normal
distribution in two out of six comparisons. For the other distributions, as well as in the combined sample,
the null hypothesis of normality is rejected using the Shapiro-Wilk test [12-13] at a significance level of
5% (Table 8).

Table 8. Testing normality for the difference in power between the four normality tests

Distribution  Diff. n W z p Diff. n |44 z p
Laplace Qr-B 31 0.651 5.036  <0.001 B-x2 31 0.445 5.998 <0.001
Normal 31 0.919 2.010 0.022 31 0.928 1.766  0.039
Student 31 0.514 5.723  <0.001 31 0472 5.894  <0.001
Chi-2 31 0.789 3.994  <0.001 31 0.326 6.400 <0.001
Arcsine 31 0.269 6.568  <0.001 31 0.269 6.568 <0.001
Uniform 31 0451 5975  <0.001 31 0.533 5.640 <0.001
Triangular 31 0.616 5.234  <0.001 31 0489 5.826  <0.001
Semicircle 31 054 5.609  <0.001 31 0.787 4.013 <0.001
Exponential 31 0.176 6.816  <0.001 31 0.192 6.776  <0.001
Hyperbolic 31 0.69 4791 <0.001 31 0.643 5.083 <0.001
Rayleigh 31 0.522 5.688  <0.001 31 0.723 4.558 <0.001
Logistic 31 0.965 0.272 0.389 31 0.945 1.208 0.116
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Total 372 0.683 10.444 <0.001 372 0.704 10.281  <0.001
Laplace Qr-x2 31 0.676 4.882 <0.001 B-W 31 0.4 6.159 <0.001
Normal 31 097 -0.048 0.513 31 0.945 1.208 0.116

Student 31 0.334 6.375 <0.001 31 044 6.016 <0.001
Chi-2 31 0.829 3.558 <0.001 31 0.263 6.585 <0.001
Arcsine 31 0.269 6.568 <0.001 31 0.202 6.750 <0.001
Uniform 31 0.566 5.488 <0.001 31 0.326 6.400 <0.001
Triangular 31 0.652 5.030 <0.001 31 0.414 6.110 <0.001
Semicircle 31 0.694 4.764 <0.001 31 0.375 6.244 <0.001
Exponential 31 0.282 6.531 <0.001 31 0.179 6.809 <0.001
Hyperbolic 31 0.65  5.042 <0.001 31 0.644 5.078 <0.001
Rayleigh 31 0.717 4.602 <0.001 31 054 5.609 <0.001
Logistic 31 0.875 2.909 0.002 31 0.829 3.558 <0.001
Total 372 0.667 10.56 <0.001 372 0.549 11.280 <0.001
Laplace Qr-W 31 0.639 5.106 <0.001 x2>-W 31 0.435 6.035 <0.001
Normal 31 0.738 4.442 <0.001 31 0.755 4.303 <0.001
Student 31 0.356 6.306 <0.001 31 0.313 6.440 <0.001
Chi-2 31 0.797 3.914 <0.001 31 0.332 6.382 <0.001
Arcsine 31 0.282 6.531 <0.001 31 0.276 6.548 <0.001
Uniform 31 0.456 5.956 <0.001 31 0.527 5.666 <0.001
Triangular 31 0.616 5.234 <0.001 31 0.487 5.835 <0.001
Semicircle 31 0.559 5.521 <0.001 31 0.721 4.573 <0.001
Exponential 31 0.331 6.385 <0.001 31 0.277 6.545 <0.001
Hyperbolic 31 0.694 4.764 <0.001 31 0.686 4.817 <0.001
Rayleigh 31 0.468 5.910 <0.001 31 0.702 4.709 <0.001
Logistic 31 0.927 1.795 0.035 31 0.956 0.746 0.232

Total 372 0.691 10.383 <0.001 372 0.651 10.672  <0.001

Note. Diff = random variable of the power difference between tests of normality: Qr= Q test from quadratic form
using the generalized chi-square distribution for the calculation of the probability value, B = Q test from its
bootstrap approach and x%7 = Q test from the chi-square approximation with seven degrees of freedom, and W =
Shapiro-Wilk test with Royston's standardization. Test to check the normality of power differences: W= Shapiro-
Wilk test statistic, n = sample size, z = standardized value of the logarithmic transformation of W (Royston’s
standardization), and p = probability to the right tail in a standard normal distribution.

When pairwise comparisons were conducted using the paired-samples Student's t-test with a bootstrap
procedure for calculating p-values and obtaining BCa percentile confidence intervals (1,000
replications), the mean power of the W test was significantly higher than that of the other three tests.
The statistical power of the bootstrap version of the Q test was significantly higher than that of the other
two versions, which did not differ significantly from each other. See Table 9, which presents the group
means, the mean differences with their corresponding 95% BCa confidence intervals, and the two-tailed
bootstrap p-values.

Table 9. Comparison of mean statistical power using Student's t-test for two matched samples, with
the BCa method applied for calculating the bootstrap confidence interval.

Tets mi M2 md p_boot
Qr-B 0.902 0.935 -0.033 0.001
[0.882, 0.922] [0.920, 0.950]° [-0.049, -0.018]°
Qr-x27 0.902 0 0.983
[0.881, 0.920]° [-0.014, 0.014]°
Qr-W 0.961 -0.059 0.001
[0.946, 0.975]° [-0.075, -0.046]°
B-X17) 0.935 0.902 0.034 0.001
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[0.920, 0.950] [0.881, 0.920] [0.020, 0.049]6

B-W 0.961 -0.040 0.001
[0.946, 0.975] [-0.055, -0.026]°

-W 0.902 0.961 -0.060 0.001
[0.881, 0.920] [0.946, 0.975] [-0.074, -0.046]°

Note. Statistical tests of normality: Qr = Q test based on the quadratic form, using the generalized chi-square
distribution to compute the p-value; B = Q test employing the bootstrap approach; x?[7] = Q test using the chi-
square approximation with seven degrees of freedom; and W = Shapiro-Wilk test standardized using Royston's
method. m1 = mean power of the test serving as the minuend, m2 = mean power of the test serving as the
subtrahend, md = difference between the two means (mean difference) with a 95% bootstrap confidence interval
computed using the BCa method, and p_boot = bootstrap probability for the null hypothesis of mean equality.

Figure 2 displays the average power values for the non-normal distributions and the average
complement of power (beta error) for the normal distribution for the four normality tests. The curves
are represented in different colors: the Shapiro-Wilk test is shown in yellow, the Q test (quadratic
version) in blue, the bootstrap version of the Q test in red, and the version of the Q test that uses an
approximate p-value based on the chi-square distribution with seven degrees of freedom in black.
Statistical power increased with sample size. The W test showed the fastest improvement as sample size
increased, exhibiting higher average power than the other tests. The bootstrap version of the Q test
outperformed the other two Q test versions from the smallest sample size. At a sample size of 1,000, all
four tests reached unit power.
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Figure 2. Diagram of the marginal means of power by normality test in relation to sample size. Tests: Q_T = Q test
based on the quadratic form, using the generalized chi-square distribution to calculate the probability value; B =
Q test employing the bootstrap approach; Chi2 = Q test with approximate probability values derived from the chi-
square distribution with seven degrees of freedom (assuming independence among random variables); and W =
Shapiro-Wilk test standardized using Royston’s method [12-13].

The interaction effect between the distribution and the normality test was assessed using the mean
diagram (Figure 3) and the overlap of the 95% bootstrap confidence intervals obtained via the BCa
percentile method. If no overlap was observed, the difference was considered significant in a two-tailed

test at a 5% significance level (Table 10).

Table 10. Mean power in the interaction between the distribution and the test, with 95% bootstrap
confidence intervals obtained via the BCa method

Distr. Qr Bootstrap x3[71 W
Laplace 0.909 [0.834, 0.969]°  0.950 [0.871, 0.998]>  0.935 [0.863, 0.991]>  0.967 [0.895, 1]°
Normal 0.830 [0.812, 0.845]>  0.724 [0.667, 0.776]> 0.853 [0.836, 0.870]° 0.947 [0.910, 0.973]°

18



Student 0.979 [0.927, 1]° 0.946 [0.891, 0.993]>  0.985 [0.942, 1]° 0.989 [0.963, 1]°
Chi-2 0.806 [0.708, 0.890]> 0.997 [0.988, 1]° 0.986 [0.963, 1]° 0.995 [0.983, 1]°
Arcsine 0.992 [0.976, 1]° 0.999 [0.995, 1]° 0.981 [0.943, 1] 0.991 [0.991, 1]°
Uniforme  0.964 [0.915,0.996]> 0.982 [0.938, 1]° 0.941 [0.874, 0.989]b  0.955 [0.956, 1]b
Triangular  0.873[0.778, 0.956]> 0.988 [0.956, 1]° 0.944 [0.882, 0.993]>  0.985 [0.959, 1]b
Semicircular 0.908 [0.821, 0.974]> 0.935[0.857, 0.993]> 0.830 [0.728, 0.916]> 0.954 [0.882, 0.998]
Exponential  1[0.999, 1] 1[0.999, 1] 1[0.999, 1] 1[0.999, 1]

Secant 0.909 [0.830, 0.971]b  0.924 [0.846, 0.982]>  0.866 [0.768, 0.949]> 0.934 [0.830, 0.996]
Rayleigh 0.959 [0.906, 0.992]b  0.951 [0.889, 0.996]> 0.795 [0.678, 0.898]> 0.948 [0.859, 0.999]b
Logistic 0.693 [0.611, 0.774]>  0.830[0.739, 0.909]>  0.705 [0.608, 0.794]> 0.836 [0.719, 0.927]b

Note. Normality test: Qr = Q test from the quadratic form using the generalized chi-square distribution for the
calculation of the probability value, Bootstrap = Q test from the bootstrap approach for this calculation, x?[7] = Q
test with the approximate probability calculation from the chi-square distribution with seven degrees of freedom
(which implies assuming independence between random variables), and W = Shapiro-Wilk W test with Royston's
standardization.

The mean diagram in Figure 3 shows that the highest average power is achieved by the Shapiro-Wilk
W test across all distributions, except for the Rayleigh distribution, where the maximum occurs with
the quadratic form of the Q test (Qr). For the normal distribution, the average power of the bootstrap
version of the Q test (QB) was significantly lower than that of the other three tests (Table 10).
Additionally, for the chi-square distribution, the average power of the quadratic form of the Q test was
significantly lower (Qr) than that of the other three tests (Table 10). For the remaining distributions, no
significant differences in average power were found among the four normality tests (Table 10).
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Figure 3. Diagram of the marginal mean power of the normality tests in relation to the type of distribution.
Normality test: Q_T = Q test based on the quadratic form, using the generalized chi-square distribution to
compute the probability value; B = Q test employing the bootstrap approach for this computation; Chi2 = Q test
using an approximate probability calculation based on the chi-square distribution with seven degrees of freedom
(which assumes independence between random variables); and W = Shapiro-Wilk W test standardized using
Royston's method.

6.3. Application of R scripts to real-world data

Alexithymia was measured using the 20-item Toronto Alexithymia Scale (TAS-20) [18], adapted for the
Mexican population by Moral [19]. The scale consists of 20 Likert-type items with six response options
(0 to 5), yielding a total score ranging from 0 to 100. The sample consisted of 385 participants (85 men
and 300 women) who took the entrance examination for a psychology program at a public university in
northeastern Mexico. Below is the random vector of TAS-20 total scores.
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x<-c(34,14,13,17,44, 4, 6, 33, 22, 28, 14, 23, 13, 12, 32,12, 7, 48, 55, 45, 24, 13, 61, 23, 55, 35, 11, 13, 29, 30,
10, 29, 29, 26, 14, 41, 11, 17, 21, 26, 10, 38, 24, 20, 50, 26, 27, 27, 25, 17, 16, 27, 20, 28, 35, 28, 27, 40, 10, 12,
21,19, 23, 40, 22, 4, 8, 26, 14, 35, 47, 24, 21, 31, 33, 23, 0, 33, 36, 31, 24, 25, 25, 4, 43, 21, 41, 26, 27, 21, 21, 32,
12,22, 18, 30, 36, 26, 9, 38, 18, 35, 31, 41, 26, 15, 17, 31, 24, 44, 56, 16, 52, 30, 24, 25, 52, 44, 4, 19, 34, 22, 28,
31,3,12,0, 34, 10, 44, 18,17, 7, 48,20, 17,17, 42, 9, 22, 18, 58, 49, 32, 24, 16, 22, 9, 25, 28, 27, 46, 30, 10, 15,
29, 22,18, 16, 13, 34, 13, 12, 14, 25, 33, 52, 5, 35, 20, 16, 28, 17, 20, 5, 25, 35, 9, 35, 45, 16, 26, 32, 27, 20, 27,
10, 23, 24, 20, 43, 28, 15, 21, 26, 32, 22, 51, 11, 27, 39, 21, 26, 18, 20, 19, 26, 14, 29, 25, 29, 23, 6, 19, 31, 5, 20,
33,12, 32, 14, 24, 45, 39, 21, 20, 33, 18, 23, 15, 6, 25, 8, 54, 36, 16, 12, 28, 25, 17, 50, 7, 31, 28, 20, 20, 20, 27,
29,32, 34,41, 29, 31, 18, 4,19, 30, 31, 5, 12, 35, 34, 17, 39, 14, 23, 18, 21, 22, 31, 36, 19, 50, 23, 10, 31, 36, 29,
21,13, 28, 43,17, 24, 43, 20, 17, 60, 39, 22, 30, 19, 37, 25, 21, 30, 9, 39, 21, 10, 17, 45, 33, 32, 33, 14, 31, 33, 16,
24,19, 8, 4,27, 21, 58, 38, 40, 14, 21, 14, 2, 29, 18, 42, 25, 28, 49, 37, 24, 34, 33, 30, 23, 10, 30, 46, 12, 38, 11,
32,27,37,7,25,24,12, 22,10, 5, 24, 24, 20, 19, 16, 29, 28, 18, 19, 28, 17, 13, 47, 27, 15, 13, 25, 35, 6, 19, 45,
36,17, 32, 25,5, 30, 37, 41, 46, 15, 14, 13, 32)

The script in Appendix A yields the following results. First, it produces a density histogram of the
empirical distribution with the empirical and normal density curves overlaid (Figure 4). The histogram
was constructed following the Freedman-Diaconis rule [49], and the density was estimated using
Epanechnikov's kernel [50] and the Sheather-Jones bandwidth [51]. The histogram profile (12 yellow-
filled bins) and its corresponding density curve (dark blue line) resemble the normal curve (red line),
although a slight positive (right-tailed) skewness is noticeable (Figure 4). Second the script provides the
sample quantiles corresponding to the PSNS (Table 11), along with the statistics needed to standardize
these quantiles (sample size, mean, and standard deviation), and a table showing the calculations used
to calculate the Q-statistic, which is obtained by summing the values in the last column of this table and
equals 13.7043 (Table 12).
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Figure 4. Density histogram of the empirical distribution (using the Freedman-Diaconis rule) with the empirical
density curve (based on Epanechnikov’s kernel and the Sheather—Jones bandwidth) and the normal density curve
overlaid.

Table 11. Sample quantiles corresponding to Parametric Seven-Number Summary (PSNS)
2.275013%  9.121122%  25.24925% 50% 74.75075%  90.87888%  97.72499%
4 10 17 24 32 43 52

Statistics needed to standardize sample quantiles corresponding to the PSNS:
Sample size: 385.

Sample mean: 25.01818.

Sample standard deviation: 12.01441.
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Table 12. Testing normality using the test based on the Parametric Seven-Number Summary

e_zp ) d_zp ee_zp X_p Z_Xp z Z_sq
-2 0.0228 0.054 0.1407 4 -1.7494 1.7804 3.1698
-1.3333 0.0912 0.164 0.0895 10 -1.25 0.9313 0.8673
-0.6667 0.2525 0.3194 0.0693 17 -0.6674 -0.0103 le-04
0 0.5 0.3989 0.0639 24 -0.0847 -1.3268 1.7603
0.6667 0.7475 0.3194 0.0693 32 0.5811 -1.2342 1.5233
1.3333 0.9088 0.164 0.0895 43 1.4967 1.8259 3.3339
2 0.9772 0.054 0.1407 52 2.2458 1.7463 3.0495
Sum 13.7043

Note: e_zp = expected value for the p-th quantile in a N(0, 1) distribution, p = quantile order,

d_zp = density of the p-th quantile in a N(0, 1) distribution, ee_zp = standard error of the p-th quantile for n normally
distributed data points, x_p = p-th sample quantile, z_xp = standardized quantile (calculated using the sample mean
and standard deviation), z = (z_xp - e_zp) / ee_zp = standardization of the z_xp statistic under the assumption of
normality, z*2 = squared z_xp statistic.

Value of test statistic in original sample 13.70427.

The script in Appendix B applies bootstrap procedures to compute the critical value for a 5%
significance level. This value is obtained from the normative bootstrap distribution (Figure 5) as its 0.95
quantile, using R’s Type 8 quantile estimator (Q_critical = 6.43475). The script also calculates the p-value,
defined as the proportion of values in the normative bootstrap distribution that are greater than the
observed test statistic, based on the 2000 Q estimates that constitute the distribution (Figure 6). In
addition, it computes the effect size as the standardized distance between the test statistic and its
expected value (in the normative bootstrap distribution), using its standard deviation for scaling. The
null hypothesis of normality is rejected (Q statistic= 13.70427 > Q_critical value = 6.43475; p-value =
0.0005 < o = 0.05), with a large effect size: Z = (13.70427 - 2.961112) / 1.902137 = 5.6479 > 3.

Bootstrap sampling distribution of the Q statistic generated from the original sample (Figure 5).
Number of extractions with replacement = 2000.

Bootstrap estimation of the Q =17.59577.

Bootstrap standard error of the Q =7.13478.

Bootstrap bias of the Q = 3.891502.

Normative bootstrap sampling distribution of the Q statistic (Figure 6).

This is generated from a normal distribution with mean 25.01818 and standard deviation 12.01441
Based on 2000 extractions of size 385.

Bootstrap expected value of Q under normal =2.961112.

Bootstrap standard error of Q under normal = 1.902137.

Bootstrap critical value for the Q statistic with a significance level of 0.05 = 6.43475.

Bootstrap p-value = 0.0005.

The null hypothesis that the data follow a normal distribution is rejected with a significance level of 0.05
based on the bootstrap p-value.

Effect size as standardized distance: Z_Q = 5.647943.

Interpretation of effect size

< 1.7: Trivial

[1.7, 2.5): Small

[2.5, 3): Medium

= 3:Large

Based on the Z statistic = 5.6479, the size effect of the deviation from the normal distribution model is
classified as large.

The normative bootstrap distribution of the Q statistic (derived from normally distributed samples) is
represented in Figure 5 by a histogram and a density curve, along with the chi-square distribution with
7 degrees of freedom (red curve). The vertical dotted lines indicate the test statistic (black) and the
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bootstrap critical value (purple). The normative bootstrap distribution appears more peaked and has a
longer right tail than the chi-square distribution with 7 degrees of freedom.

Bootstrap distribution under normality

0.20
|

Density

0.00
I

I I I I
0 5 10 15

Q Statistic (Normal samples)

Figure 5. Histogram of normative bootstrap distribution (under null hypothesis of normality) of Q-Statistic with
empirical and chi-2[7] density curves overlaid. The critical value (from the normative bootstrap distribution of the
Q-statistic) is represented by a purple dotted line, while the test statistic value is shown with a black dotted line.

The empirical bootstrap distribution of the Q statistic (derived from the original sample) is shown in
Figure 6 as a histogram and a density curve, together with the chi-square distribution with 7 degrees of
freedom (red curve). The vertical dotted lines represent the test statistic (black) and the bootstrap critical
value (purple). In contrast to what is observed in Figure 5, the chi-square distribution appears more
peaked and exhibits a longer right tail than the empirical bootstrap distribution.
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Figure 6. Histogram of bootstrap distribution (from original sample) of Q-Statistic with empirical and chi-2[7]
density curves overlaid. The critical value (from the normative bootstrap distribution of the Q-statistic) is
represented by a purple dotted line, while the test statistic value is shown with a black dotted line.

Appendix C script using 10,000 bootstrap samples (generated from original sample) computes statistical
power or proportion of rejections across simulations. When you run the script, you get a very high
power value (¢ =1 > 0.90).

Number of bootstrap samples = 10000.

Number of data per bootstrap sample = 385.

22



Bootstrap power at a significance level of 0.05=1.

The script in Appendix D yields the quadratic form of the Q statistic. First, it presents the Gaussian
vector with quantiles standardized under the null hypothesis of normality. Second, it displays the
matrix of correlations between quantiles under the null hypothesis (Table 13). Third, it computes the
scalar resulting from the quadratic form —namely, the row Gaussian vector multiplied by the square
correlation matrix, and then by the column Gaussian vector —which gives the value of the test statistic
(Q_T =13.08073). The p-value is calculated using a generalized chi-square distribution and is greater
than the significance level, so the null hypothesis of normality is retained (p-value = 0.9103499 > a =
0.05). Finally, the effect size is computed as the standardized distance between the test statistic and its
expected value, which turns out to be trivial: Z_Q = (13.08073 - 7) / 4.829811 = 1.259 < 1.7.

Gaussian vector z:

z <- (1.780379, 0.9313009, -0.01029847, -1.326763, -1.23424, 1.825896, 1.746296)

Table 13. Correlation matrix of PSNS quantiles (under the assumption of normality)

Quantile [1] [,2] [,3] [,4] [,5] [,6] [,7]
[1,] 1 0.4816 0.2625 0.1526 0.0887 0.0483 0.0233
[2,] 0.4816 1 0.5451 0.3168 0.1841 0.1004 0.0483
[3,] 0.2625 0.5451 1 0.5812 0.3378 0.1841 0.0887
[4,] 0.1526 0.3168 0.5812 1 0.5812 0.3168 0.1526
[5,] 0.0887 0.1841 0.3378 0.5812 1 0.5451 0.2625
[6,] 0.0483 0.1004 0.1841 0.3168 0.5451 1 0.4816
[7,] 0.0233 0.0483 0.0887 0.1526 0.2625 0.4816 1

The Q statistic value in the quadratic form = 13.08073.

Eigenvalues: 2.747683, 1.535561, 0.9552459, 0.6382596, 0.4665808, 0.3647546, and 0.2919151.

Number of eigenvalues: 7.

Sum of eigenvalues: 7.

p-value for the Q_T statistic = 0.1019042.

Statistical power: 0.9103499.

Expected value of the Q_T statistic="7.

Standard deviation of the Q_T statistic = 4.829811.

Effect size as standardized distance: Z_Q =1.259.

Interpretation of effect size.

<1.7: Trivial

[1.7, 2.5): Small

[2.5, 3): Medium

= 3: Large

Based on Z statistic = 1.259, the effect size of the deviation from the normal distribution model is
classified as trivial.

When you run the Appendix E script to calculate the p-value, statistical power, and effect size of the Q
statistic using the chi-square approximation with 7 degrees of freedom, the result resembles the
quadratic form of the Q statistic. This aligns with the hypothesized distribution of the TAS-20 total score
but differs from the result obtained using the bootstrap version of the Q statistic, which does not support
this hypothesis.

Test Statistic: Q = 13.70427, critical value with a significance level of 0.05=14.06714 , asymptotic p-value
=0.05669822.

The null hypothesis that the data follow a normal distribution is not rejected with a significance level of
0.05 by the Q test.

The statistical power to the right tail for the alternative hypothesis of non-normality for the Q test: ¢ =
0.2222.
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If the null hypothesis of normality is maintained, the power must be less than 0.5; while, if rejected, it
must be greater than 0.5. In the latter case, it is classified as good with a value of 0.8 and very good with
a value of 0.9.

Effect size via Cramer's V-coefficient: V =0.0713.

Interpretation of effect size based on Cohen (1988) [35]:

<0.1: Trivial

[0.1, 0.3): Small

[0.3, 0.5): Medium

= 0.5: Large

Based on the V statistic = 0.0713, the size of the effect of the deviation from the normal distribution
model is classified as trivial.

The Shapiro-Wilk test, using Royston’s procedure (Appendix H), confirms the result obtained with the
bootstrap version of the Q statistic and the histogram of deviations from normality. In contrast, the
quadratic form and chi-square versions of the Q statistic support the null hypothesis of normality.
Consequently, this example validates the results of the analysis with simulated data, indicating that the
bootstrap version is the most appropriate option for the PSNS Q test.

Shapiro-Wilk W-statistic: w = 0.9819425.

Logarithmic transformation of W-statistic: In(1 - w) =-4.014193.

Expected value of In(1 - w) = -5.583649.

Standard deviation of In(1 - w) = 0.4210108.

Royston’s standardized W-statistic: z_w = 3.727829.

Right-tailed p-value = 9.656814e-05.

The null hypothesis that the data follow a normal distribution is rejected with a significance level of 0.05
by the Shapiro-Wilk W-test using Royston's procedure.

Statistical power: ¢ = 0.9813733.

It should be noted that both the Kolmogorov-Smirnov-Lilliefors test [52] (D = 0.051253, p-value =0.01674)
and the Anderson-Darling test [53] (A2 = 1.4911, p-value = 0.000751) reject the null hypothesis of
normality at the 5% significance level. The Anscombe-Glynn kurtosis test [54] indicates mesokurtosis
(kurt=2.99577, z=0.16173, p-value = 0.8715), whereas the D'Agostino asymmetry test [55] reveals right-
tail asymmetry (skew = 0.46965, z = 3.65637, p-value = 0.0002558). However, no outliers are detected
(Grubbs test [56] for one outlier: G = 2.99489, U = 0.97658, p-value = 0.5018). See Appendix H for the
implementation of these tests.

7. Discussion

The initial proposal of the Q test for normality, based on the PSNS, defined a sum of squares of seven
standardized quantiles without interaction terms [5]. Although it does not assume independence
between quantiles, their correlations are ignored to allow the use of the chi-square distribution with
seven degrees of freedom as an approximate sampling distribution. This approximation greatly
simplifies the calculation of the probability value, Type II error, statistical power, and effect size, as is
also done in the K? test [55, 57-60]. The test requires a large random sample of a continuous variable.
Based on a simulation study and the approximate calculation of the probability value and statistical
power using the chi-square distribution with seven degrees of freedom, Moral [5] suggested a minimum
sample size of 150 participants for the Q test to achieve high accuracy (proportion of correct decisions
in retaining or rejecting the null hypothesis of normality) and high power (for non-normal distributions)
or complement of power (for the normal distribution). However, for the normal distribution, the test
exhibited an accuracy of 1 in detecting or retaining the null hypothesis of normality with a sample size
as small as 20, while maintaining a power below 0.2.

The lower power of the Q test in rejecting the null hypothesis for non-normal distributions was
particularly evident in symmetric distributions with slight leptokurtosis (logistic) or platykurtosis
(uniform, semicircular, and arcsine). This reduced power is explained by the high correlations observed
among the four central numbers of the seven-number summary.

24



The present study does not ignore the correlation between quantiles but addresses it in two ways: by
generating the sampling distribution of the Q statistic using the bootstrap method (Qs) or by introducing
a new expression of the statistic that incorporates interaction terms between pairs of random variables,
weighted by their corresponding correlations. This new approach takes the form of a quadratic
expression, where the vector of standardized quantiles remains the same as in the previous proposal,
but the symmetric square matrix is replaced by the correlation matrix of the quantiles under the null
hypothesis of normality, instead of an identity matrix. Since the standardization of the quantiles and
the correlation matrix is based on their expected values under the null hypothesis of normality, the
subscript T (theoretical distribution) is added to Q (quadratic form) to denote the test statistic.

A sample simulation was used as in the previous study. Thus, simulations were performed for 31
sample sizes across 12 distributions (one normal and 11 non-normal) using a fixed seed, resulting in 372
random samples, each of which was subjected to four normality tests. On the one hand, normality was
assessed using three versions of the Q-test: one ignoring the correlations between quantiles, one
generating the sampling distribution using a bootstrap procedure, and one specifying the quadratic
form with the correlation matrix of the quantiles. On the other hand, normality was also tested using
the Shapiro-Wilk W test [12-13]. The effectiveness (hit rate) and power of the tests were evaluated, and
both metrics were compared across the four normality tests using two repeated measures tests:
Cochran's Q test for proportion of correct classifications and Friedman's test for mean power.

As in the previous study [5], the W test exhibited the highest accuracy and statistical power. Its power
was significantly higher than those of the three versions of the Q test and its hit ratio was significantly
higher than those of the approach Q test based on chi-square distribution and generalized chi-square
distribution, but not than bootstrap approach. The latter showed significant differences in accuracy (hit
ratio) y statistical power than other two versions of Q test.

The Qs test demonstrated perfect accuracy, or hit ratio, for normal distribution that is a mesokurtic
symmetrical distribution, as well as for distributions very distant from normality (exponential, arcsine,
and chi-square), except for these last two distributions are results shared by the four normality tests. Its
accuracy was very high for platykurtic symmetrical distributions (uniform, arcsine, and semicircular)
with an average of 0.957, which was the weakness of the original version of Q test. It also was very high
for leptokurtic symmetrical distribution (Laplace, Student, and hyperbolic secant) with an average of
0.935, even for a distribution with slight positive asymmetry (VB: ~ 0.631) and slight pointing (B, - 3
~ (.256) as is the Rayleigh distribution with a value of 0.968. For the slightly leptokurtic symmetrical
distribution included in the study, namely the logistic distribution, its accuracy was high of 0.806. In
fact, its accuracy was equivalent to that of the W test across all 12 distributions. Meanwhile, the Qr test
showed lower accuracy than the W test for the chi-square, uniform, logistic, and Rayleigh distributions,
as well as lower accuracy than the original version of the Q test for the logistic and Rayleigh
distributions. Consequently, the bootstrap approach is the best choice among the three versions of the
Q test.

Is it worth questioning why the quadratic form is not the best option for the Q test—or, in fact, why it
performs the worst? The quadratic form is the most theoretically grounded expression, clearly based on
the assumption of normality, which serves as the null hypothesis of the distributional model.
Accordingly, it is denoted with the subscript T (for theoretical) and has a specific implementation in R.
The issue may lie in the second-degree polynomial involving squared standardized values and their
cross-products, weighted by the corresponding correlation coefficients. This arithmetic structure makes
the test overly conservative with respect to the null hypothesis, ultimately rendering it inadequate and
lacking in statistical power. In contrast, the bootstrap procedure generates the sampling distribution in
a way that incorporates the influence of quantile correlations, but without the excessive conservatism
of the explicit quadratic form. It also avoids the theoretical limitation of assuming independence, as in
the original test form, which proved to be both appropriate and powerful.

While the bootstrap approach is as accurate as the other two versions of the Q test in maintaining the
null hypothesis under normally distributed data, it exhibits a lower type II error rate (i.e., higher
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statistical power). Thus, it represents the least conservative formulation with respect to the null
hypothesis of normality in the Q test.

Although the W test was a better option than the Qs test in its bootstrap approach, the latter remains an
important alternative when using the seven-number summary to assess normality. Both tests showed
similar accuracy (0.952, 95% Wilson-type CI [0.925, 0.969] vs. 0.976, 95% Wilson-type CI [0.955, 0.987])
and average power (0.935, 95% BCa CI [0.919, 0.950] vs. 0.961, 95% BCa CI [0.946, 0.975]). Notably, the
W test does not clearly outperform the Q test with samples of 50, and a previous study had already
reported this finding with smaller samples of 20 and 30 data points [5]. Similarly, Souza, Toebe, Mello,
and Bittencourt [61] found that the Shapiro-Wilk test performed poorly with small samples.

The example with real data demonstrates that the bootstrap version of the Q test leads to the same
conclusion as traditional normality tests—such as the Shapiro-Wilk test—namely, the rejection of the
null hypothesis. In contrast, the other two versions of the Q test assume normality. Although this
assumption is supported by previous studies conducted with psychology students [62], high school
students [63], and both clinical [20] and general [64] populations, the current sample consists of students
specifically aspiring to enter a psychology program during the selection process. Therefore, the
deviation from normality, characterized by positive skewness, may be attributed to impression
management (i.e., social desirability). Since alexithymia entails low emotional intelligence, it is not a
desirable trait for candidates seeking to become psychologists. Consequently, participants provide
lower scores on the alexithymia scale.

Regarding the limitations of the study, it should be noted that the simulation was restricted to a single
sample per condition (sample size x distribution type) due to computational processing constraints.
However, a seed was used to ensure the reproducibility of results and to achieve greater statistical
power in comparisons among the four normality tests when applying repeated measures statistical tests
(Cochran’s Q and Friedman's test). Small sample sizes (20, 30, 40) were not included, as a previous study
on the Q test indicated the necessity of larger samples, including W test [5]. Additionally, only 12
continuous distributions were considered, meaning the behavior of the Q test with discrete distributions,
such as uniform, binomial, negative binomial, hypergeometric, negative hypergeometric, or Poisson,
was not examined [65]. The comparison was limited to the Shapiro-Wilk test [12-13], which is currently
regarded as the most powerful test for sample sizes ranging from 3 to 2000 [66]. However, other
alternatives exist, such as the Shapiro-Francia test [16-17], which can be used for samples of up to 5,000
data points and has a statistical power similar to that of the Shapiro-Wilk test [15].

8. Conclusions

It is concluded that the bootstrap approach in the Q test, based on the parametric seven-number
summary (PSNS), represents a substantial improvement over the original version, which relied on the
chi-square distribution with seven degrees of freedom and did not account for correlations among the
seven quantiles. The Qs variant significantly improves both the test's accuracy and statistical power.
Furthermore, its performance is comparable to that of the Shapiro-Wilk W test, which is currently
regarded as the most powerful normality test for samples of up to 2,000 observations.

9. Suggestions

Further investigation of the Qs test with discrete distributions that converge to normality is
recommended, considering both parameterizations that deviate from normality and parameter values
that ensure proximity to it. For instance, the binomial distribution B(10, 0.1) can be considered far from
normal, warranting rejection of the null hypothesis of normality in this case. In contrast, the binomial
distribution B(100, 0.5) has parameter values that closely approximate the normal distribution,
supporting the retention of the null hypothesis.

Similarly, in the case of the Poisson distribution, a rate parameter of 3 results in a distribution that
deviates significantly from normality, justifying rejection of the null hypothesis. Conversely, a rate
parameter of 100 provides an acceptable approximation to normality, reinforcing the retention of the
null hypothesis.

It is also suggested to include larger sample sizes (ranging from 1,000 to 10,000 in increments of 500)
and to compare the Qs test with the Shapiro-France normality test [16-17] and the quantile-based test
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by Avdovi¢ and Jevremovic [6]. The expectation is that the Qr test will exhibit similar or slightly lower
accuracy and power values. If additional tests such as the Kolmogorov-Smirnov test [67] or the G-test
[68] are included, the Qs test is expected to demonstrate superior performance.

The application of the Qs test is recommended either as a standalone procedure—accompanied by
graphical representations such as bar and box plots, histograms with overlaid density and normal
curves, and normal quantile-quantile plots [69-70] —particularly when the seven-number summary is
reported [4], or as a complementary test alongside the Shapiro-Wilk test [12-13]. The R scripts
developed in this study are available for this purpose.

The Freedman-Diaconis rule is used to determine the bin width and number of bins for the histogram
[49] representing the sample data. Epanechnikov’s kernel function [50] and the Sheather—Jones
bandwidth selector [51] are employed to estimate the density of the overlaid empirical curve. These
options were selected due to their flexibility regarding the normality assumption and their closer
alignment with empirical data [71]. Additionally, a normal curve is included as a theoretical reference
in the plot, which can be saved in Tagged Image File Format (TIFF). This format, developed by Aldus
Corporation, is known for its high quality and support for both lossless and lossy compression, making
it suitable for various purposes, including archiving and printing [72].

Funding: This research received no external funding.

Acknowledgments: The author expresses his gratitude to the reviewers and editors for the suggestions and
corrections received for the improvement of the manuscript.

Conflicts of Interest: The author declares no conflict of interest.

References
[1] A. L. Bowley, Elements of Statistics. P. S. King, London, 1901.
[2] A.L.Bowley, Elementary Manual of Statistics. P. S. King, London, 1910.

[3] P.Muthudoss, S. Kumar, E. Y. C. Ann, K. J. Young, R. L. R. Chi, R. Allada, B. Jayagopal, A. Dubala, 1. B. Babla, S. Das, S. Mhetre, L.
Saraf, and A. Paudel, "Topologically directed confocal Raman imaging (TD-CRI): Advanced Raman imaging towards compositional and
micromeritic profiling of a commercial tablet components," J. Pharm. Biomed. Anal., vol 210, article 114581, February 2022.
https://doi.org/10.1016/j.jpba.2022.114581

[4] J. W. Tukey, Exploratory Data Analysis. Addison and Wesley, Reading, MA, 1977.

[5] J. Moral, "Testing for normality from the parametric seven number summary," Open J. Stat., vol. 12, no. 1, pp. 118-154, February 2022.
https://doi.org/10.4236/0js.2022.121009

[6] A. Avdovi¢, and V. Jevremovi¢, "Quantile-zone based approach to normality testing," Mathematics, vol. 10, no. 11, article 1828, May
2022. https://doi.org/10.3390/math10111828

[7] G. Dikta, and M. Scheer, Bootstrap Methods: with Applications in R. Springer Nature, Cham, Switzerland, 2021.
https://doi.org/10.1007/978-3-030-73480-0

[8] B. Efron, and B. Narasimhan, "The automatic construction of bootstrap confidence intervals," J Comput Graph Stat., vol. 29, no. 3, pp.
608-619, Mach 2020. https://doi.org/10.1080/10618600.2020.1714633

[91 G. Rousselet, C. R. Pernet, and R. R. Wilcox, "An introduction to the bootstrap: a versatile method to make inferences by using data-
driven simulations", Meta-Psychology, vol. 7, article 2058. https://doi.org/10.15626/MP.2019.2058

[10] A. Stuart, and J. K. Ord, Kendall’s Advanced Theory of Statistics. Volume 1. Distribution Theory, 6th ed., Edward Arnold, London,
1994.

[11] P. Lafaye de Micheaux, Package CompQuadForm: Distribution function of quadratic forms in normal variables, 2025. https://cran.r-
project.org/web/packages/CompQuadForm/CompQuadForm.pdf

[12] S.S. Shapiro, and M. B. Wilk, "An analysis of variance test for normality (complete samples)," Biometrika, vol. 52, no. 3-4, pp. 591-611,
December 1965. https://doi.org/10.1093/biomet/52.3-4.591

[13] J. P. Royston, "Approximating the Shapiro-Wilk W-test for non-normality," Statistics and Computing, vol. 2, no. 3, pp. 117-119,
September 1992. https://doi.org/10.1007/BF01891203

[14] J. Arnastauskaite, T. Ruzgas, and M. Brazénas, "An exhaustive power comparison of normality tests," Mathematics, vol. 9, no. 7, article
788, April 2021. https://doi.org/10.3390/math9070788

[15] N. Khatun, "Applications of normality test in statistical analysis," Open J. Stat.,, vol. 11, no. 1, pp. 113-122, January 2021.
https://doi.org/10.4236/0js.2021.111006

[16] S.S. Shapiro, and R. S. Francia, "An approximate analysis of variance test for normality," J. Am. Stat. Assoc., vol. 67, no 337, pp. 215-
216, June 1972. https://doi.org/10.1080/01621459.1972.10481232

[17] J. P. Royston, "A toolkit of testing for non-normality in complete and censored samples," J. Roy. Stat. Soc. Ser. D-The Statistician, vol.
42, no. 1, pp. 37-43, March 1993. https://doi.org/10.2307/2348109

[18] R. M. Bagby, J. D. Parker, and G. J. Taylor, "The twenty-item Toronto Alexithymia Scale--I. Item selection and cross-validation of the
factor structure," J. Psychosom. Res., vol. 38, no. 1, pp. 23-32, Janaury 1994. https://doi.org/10.1016/0022-3999(94)90005-1

[19] J.Moral, "Propiedades psicométricas de la Escala de Alexitimia de Toronto de 20 reactivos en México," Revista Electronica de Psicologia
Clinica de Iztacala, vol. 11, no. 2, pp. 97-114, July 2008. Available at: https://www.iztacala.unam.mx/carreras/psicologia/psiclin/

27



[20]

[21]

[22]

[23]
[24]
[25]
[26]
[27]
[28]
[29]

[30]
[31]

[32]
[33]

[34]
[35]
[36]
[37]

[38]
[39]

[40]
[41]
[42]
[43]
[44]

[43]
[46]

[47]
[48]
[49]
[50]
[51]
[52]
[53]

[54]

G. Pedersen, E. Normann - Eide, I. U. M. Eikens, E. H. Kvarstein, and T. Wilberg, "Psychometric evaluation of the Norwegian Toronto
Alexithymia Scale (TAS - 20) in a multisite clinical sample of patients with personality disorders and personality problems,” J. Clin.
Psychol., June 2022, vol. 78, no. 6, pp. 1118-1136, 2022. https://doi.org/10.1002/jclp.23270

H. Zhang, J. Shen, and Z. Wu, "A fast and accurate approximation to the distributions of quadratic forms of Gaussian variables," J
Comput. Graph. Stat., vol. 31, no. 1, pp. 304-311, January 2022. https://doi.org/10.1080/10618600.2021.2000423

M. Estaki, L. Jiang, N. A. Bokulich, D. McDonald, A. Gonzalez, T. Kosciolek, C. Martino, Q. Zhu, A. Birmingham, Y. Vazquez-Baeza,
M. R. Dillon, E. Bolyen, J. Caporaso, G., and R. Knight, "QIIME 2 enables comprehensive end-to-end analysis of diverse microbiome
data and comparative studies with publicly available data," Curr. Protoc. Bioinformatics, vol. 70, article €100, April 2020.
https://doi.org/10.1002/cpbi.100

J. M. O. Machado, Outlier detection in accounting, master thesis, University of Porto. Institutional repository of the University of Porto,
2018. https://sigarra.up.pt/fep/en/pub_geral.show_file?pi_doc_id=423163

S. Cai, J. Zhou, and J. Pan, "Estimating the sample mean and standard deviation from order statistics and sample size in meta-analysis,"
Stat. Methods Med. Res., 30, vol. 12, pp. 2701-2719, October 2021. https://doi.org/10.1177/09622802211047348

R. J. Hyndman, and Y. Fan, "Sample quantiles in statistical packages," Am. Stat., vol. 50, no. 4, pp. 361-365, November 1996.
https://doi.org/10.1080/00031305.1996.10473566

L. Makkonen, and M. Pajari, "Research article defining sample quantiles by the true rank probability," J. Probab. Stat., vol. 2014, article
326579, December 2014. http://dx.doi.org/10.1155/2014/326579

D. M. Hawkins, "Quantile-quantile methodology-detailed results," arXiv, article 2303.03215, October 2023.
https://doi.org/10.48550/arXiv.2303.03215

W. G. Cochran, "The distribution of quadratic forms in a normal system, with applications to the analysis of covariance," Math. Proc.
Camb. Philos. Soc., vol. 30, no. 2, pp. 178-191, April 1934. https://doi.org/10.1017/S0305004100016595

P. McCullagh, "Gaussian distributions," in Ten Projects in Applied Statistics, Springer Series in Statistics. Springer, Cham, pp. 251-277.
https://doi.org/10.1007/978-3-031-14275-8 15

G. Casella, and R. Berger, Statistical Inference. CRC Press, Hoboken, NJ, 2024. https://doi.org/10.1201/9781003456285

W.Y. Chen, G. W. Peters, R. H. Gerlach, and S. A. Sisson, "Dynamic quantile function models," Quantitative Finance, vol. 22, no. 9,
pp. 1665-1691, April 2022. https://doi.org/10.1080/14697688.2022.2053193

A. Canty, B. Ripley, and A. R. Brazzale, Package ‘boot’. Bootstrap functions, 2024 https://cran.r-project.org/web/packages/boot/boot.pdf

J. Cohen, "A power primer," in A. E. Kazdin, Ed., Methodological Issues and Strategies in Clinical Research, 4th ed. American
Psychological Association, Washington, DC, 2016, pp. 279-284. https://doi.org/10.1037/14805-018

R. B. Davies, "Algorithm AS 155: The distribution of a linear combination of chi-2 random variables." J. R. Stat. Soc. Ser. C Appl., vol.
29, no. 3, pp. 323-333, December 1980. https://doi.org/10.2307/2346911

J. Cohen, Statistical Power Analysis for Behavioral Sciences, 2nd ed. Lawrence Erlbaum Associates, Hillsdale, NJ, 1988.

G. E. P. Box, "Some theorems on quadratic forms applied in the study of analysis of variance problems. II. Effects of inequality of
variance and of correlation between errors in the two-way classification,”" Ann. Math. Stat., vol. 25, no. 3, pp. 484-498, September 1954.
https://doi.org/10.1214/aoms/1177728717

A. Das, "New methods to compute the generalized chi-square distribution,”" arXiv, article 2404.05062, February 2024.
https://doi.org/10.48550/arXiv.2404.05062

H. Cramer, Mathematical Methods of Statistics. Princeton University Press, Princeton, NJ, 1946.

S. J. Peterson, and S. Foley, "Clinician's guide to understanding effect size, alpha level, power, and sample size," Nutr. Clin. Pract., vol.
36, no. 3, pp. 598-605, June 2021. https://doi.org/10.1002/ncp.10674

C. Baumgarten, and T. Patel, "Automatic random variate generation in Python," Proceedings of the 21st Python in Science Conference,
July 11, 2022., pp. 46-51. https://doi.org/10.25080/majora-212¢5952-007

R Core Team (2025). R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna,
Austria. https://www.R-project.org

N. Smeeton, N. Spencer, and P. Sprent, Applied Nonparametric Statistical Methods. CRC Press, Boca Raton, FL, 2025.
https://doi.org/10.1201/9780429326172

C. F. Fey, T. Hu, and A. Delios, "The measurement and communication of effect sizes in management research," Manag. Organ. Rev.,
vol. 19, no. 1, pp. 176-197, February 2023. https://doi.org/10.1017/mor.2022.2

L. A. O. Orawo, "Confidence intervals for the binomial proportion: a comparison of four methods," Open J. Stat., vol. 11, no. 5, pp. 806-
816, October 2021. https://doi.org/10.4236/0js.2021.115047

H. Pham, Springer Handbook of Engineering Statistics, 2023. https://doi.org/10.1007/978-1-4471-7503-2

M. J. Blanca-Mena, R. Alarcon, J. Arnau, J. Garcia-Castro and R. Bono, "How to proceed when normality and sphericity are violated in
the repeated measures ANOVA," Ann. Psychol., vol. 40, no. 3, pp. 466-480, July 2024. https://doi.org/10.6018/analesps.594291

Microsoft Corporation. Microsoft Excel (version 2021) [Software], Microsoft Corp., 2021.
IBM Corporation, IBM SPSS Statistics (version 27) [Software], IBM Corp., 2020.

D. Freedman, and P. Diaconis, "On the histogram as a density estimator: L2 theory," Probab. Theory Relat. Fields, vol. 57, no. 4, pp.
453-476, December 1981. https://doi.org/10.1007/BF01025868

V. A. Epanechnikov, "Non-parametric estimation of a multivariate probability density," Theory Probab. Appl., vol. 14, no. 1, pp. 153-158,
January 1969. https://doi.org/10.1137/1114019

S. J. Sheather, and Jones, M. C. "A reliable data-based bandwidth selection method for kernel density estimation," J. R. Stat. Soc. Ser. B
Stat. Method., vol. 53, no. 3, pp. 683-690, December 1991. https://doi.org/10.1111/1.2517-6161.1991.tb01857.x

H. Lilliefors, "On the Kolmogorov-Smirnov test for normality with mean and variance unknown," J. Am. Stat. Assoc., vol. 62, no. 318,
pp- 399-402, June 1967. https://doi.org/10.1080/01621459.1967.10482916

T. W. Anderson, and D. A. Darling, "Asymptotic theory of certain “goodness-of-fit” criteria based on stochastic processes," Ann. Math.
Stat., vol. 23, no. 2, pp. 193-212, June, 1952. https://doi.org/10.1214/a0oms/1177729437

F.J. Anscombe and W. J. Glynn, "Distribution of the kurtosis statistic b2 for normal samples," Biometrika, vol. 70, no. 1, pp. 227-234,
April 1983 https://doi.org/10.1093/biomet/70.1.227R.

28



[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]

[64]

[65]
[66]
[67]
[68]
[69]
[70]
[71]

[72]

R. B. D’Agostino, "Transformation to normality of the null distribution of gl1," Biometrika, vol. 57, no. 3, pp. 679-681, December 1970.
https://doi.org/10.1093/biomet/57.3.679

F. E. Grubbs, "Sample criteria for testing outlying observations," Ann. Math. Statist. Vol. 21, no. 1, pp. 27-58, March, 1950.
https://doi.org/10.1214/a0ms/1177729885

D’Agostino, and E. S. "Pearson, Tests for departure from normality: empirical results for the distributions of b2 and v bl," Biometrika,
vol. 60, no. 3, pp. 613-622, 01 December 1973. https://doi.org/10.1093/biomet/60.3.613

R. B. D’Agostino, A. Belanger, and R. B. Jr. D’Agostino, "A suggestion for using powerful and informative tests of normality," Am.
Stat., vol. 44, no. 4, pp. 316-321, December 1990. https://doi.org/10.1080/00031305.1990.10475751

C. M. Jarque, and A. Bera, "A test for normality of observations and regression residuals," Int. Stat. Rev., vol. 55, no. 2, pp. 163-172,
August 1987. https://doi.org/10.2307/1403192

C. Urzua, "On the correct use of omnibus tests for normality," Econ. Lett., vol. 53, no. 3, pp. 247-251, December 1996.
https://doi.org/10.1016/S0165-1765(96)00923-8

R. R. De Souza, M. Toebe, A. C. Mello, and K. C. Bittencourt, "Sample size and Shapiro-Wilk test: An analysis for soybean grain yield,"
Eur. J. Agron., vol. 142, no. 1, article 126666, January 2023. https://doi.org/10.1016/j.€ja.2022.126666

Y. Sener, and Y. Glinaydin, "Attitudes Toward Dating Violence, Social Impact, and Alexithymia in University Students: A Structural
Equation Modeling," Psychol Reports, 0(0), July, 2024. https://doi.org/10.1177/00332941241265618

M. A. Terzioglu, and A. Biiber, "Alexithymia, internet addiction, and cyber-victimisation among high school students in Turkey: an
exploratory study," Behav. Inform. Technol., vol. 44, no. 7, pp. 1350-1361, May 2024. https://doi.org/10.1080/0144929X.2024.2353273
M. Miniati, C. Poidomani, C. Conversano, G. Orru, R. Ciacchini, D. Marazziti, G. Perugi, A. Gemignani, and L. Palagini, "Alexithymia
and interoceptive confusion in Covid-19 pandemic distress," Clinical Neuropsychiatry: Journal of Treatment Evaluation, vol. 20, no. 4,
pp. 264-270, January 2023. https://doi.org/10.3613 1/cnfioritieditore20230405

J. L. Devore, K. N. Berk, and M. A. Carlton, Modern Mathematical Statistics with Applications. Springer Nature, Berlin, 2021.
https://doi.org/10.1007/978-3-030-55156-8

S. Demir, "Comparison of normality tests in terms of sample sizes under different skewness and Kurtosis coefficients," IJATE, vol. 9,
no. 2, pp. 397-409, June 2022. https://doi.org/10.21449/ijate.1101295

J. Vrbik, "Deriving CDF of Kolmogorov-Smirnov test statistic," Appl. Math., vol. 11, pp. 227-246, March 2020.
https://doi.org/10.4236/am.2020.113018

S. S. Mangiafico, "G-test of goodness-of-fit," in An R Companion for the Handbook of Biological Statistics, Version 1.3.9, 2023.
https://rcompanion.org/rcompanion/b_04.html

H. Wickham, W. Chang, L. Henry, K. Takahashi, C. Wilke, K. Woo, H. Yutani, D. Dunnington, T. van den Brand, and P. L. Pedersen,
ggplot2: Create elegant data visualisations using the grammar of graphics, 2024. https://doi.org/10.32614/CRAN.package.ggplot2

S. Phuyal, M. Rashid, and J. Sarkar, Glplot: An R package for visualizing the summary statistics of a quantitative variable, 2021.
https://cran.r-project.org/web/packages/Glplot/index.html

L. Gonzales-Fuentes, L. Barbé, K., Barford, L. Lauwers, and L. Philips, "A qualitative study of probability density visualization
techniques in measurements," Measurement, vol. 65, no. 1, pp. 94-111, April 2015. https://doi.org/10.1016/j.measurement.2014.12.022

A.J. Qasim, and F. Q. A. Alyousuf, "History of image digital formats using in information technology," Qalaai Zanist Scientific Journal,
vol. 6, no. 2, pp. 1098-1112, June 2021. https://doi.org/10.25212/1fu.qzj.6.2.41

Appendices

Appendix A. Q-statistic

# Shared script for the Qs and Q tests.

# It serves as the introductory section of the scripts found in Appendices C and E.

# Define data vector.

X <-

<()

# Sample representation using a histogram (based on the Freedman-Diaconis rule) with density curves
(Epanechnikov’s kernel and Sheather-Jones bandwidth) and normal curves overlaid.

# Remove the hash symbol from tiff() and dev.off to save the graphic as a TIFF file.

tiff("histogram.tiff”, width = 1600, height = 900, units = "px", res = 300)

par(mar =c(4, 4, 1, 1) + 0.1) # Set the plot margins.

# Define a wider range for x to ensure complete visualization

x_range <- range(X)
x_buffer <- 0.2 * diff(x_range)
xlim_adjusted <- c(x_range[1] - x_buffer, x_range[2] + x_buffer)

# Compute density for ylim

density_x <- density(x, kernel = "epanechnikov", bw = "S]")

y_normal <- dnorm(x, mean = mean(x), sd = sd(x))

# Histogram based on the Freedman-Diaconis rule.

hist(x, breaks = "FD", freq = FALSE, col = "lightyellow", border = "black",
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main = "", xlab = "Scores of X", xlim = xlim_adjusted, ylab = "Density", ylim = ¢(0, max(density_x$y,
y_normal) +0.01))

# Overlay a density curve (Epanechnikov’s kernel and Sheather-Jones bandwidth)
lines(density_x, col = "darkblue", Iwd = 4)

# Overlay the expected density curve if data follow a normal distribution.

x_seq <- seq(xlim_adjusted[1], xlim_adjusted[2], length.out = 1000)

y_normal <- dnorm(x_seq, mean = mean(x), sd = sd(x))

lines(x_seq, y_normal, col = "red", lwd = 4)

# Add legend.

legend("topleft", legend = c("Empirical”, "Normal"), col = c¢("darkblue”, "red"),

Iwd =4, bty ="n", title="", cex = 0.8)

dev.off()

# Calculation of sample quantiles at the orders corresponding to the parametric seven-number summary
for a normal distribution, using the R type-8 rule.

p <- c¢(pnorm(-2), pnorm(-4/3), pnorm(-2/3), pnorm(0), pnorm(2/3), pnorm(4/3), pnorm(2))

q <- quantile(x, probs = p, type = 8)

cat("\nSample quantiles corresponding to Parametric Seven-Number Summary (PSNS)\n")
print(round(q, 4))

cat("\nStatistics needed to standardize sample quantiles corresponding to the PSNS:\n")
n <- length(x) # sample size

m <- mean(x) # sample mean

s <- sd(x) # sample standard deviation

cat("\nSample size:", n, ".\n")

cat("\nSample mean:", m, ".\n")

cat("\nSample standard deviation:", s, ".\n")

# Computation of the statistical value for the normality test, derived from the parametric seven-number
summary.

e_zp <- qnorm(p) # Expected value under normal.

d_zp <- dnorm(qnorm(p)) # Expected density under normal.

ee_zp <- sqrt((p * (1 - p)) / (n * dnorm(qnorm(p))"2)) # Standard error under normal.

zx <- (q - m) / s # Standardized quantile.

z <- (zx - e_zp) [ ee_zp # Standardization of zx under assumption of normality.

z_sq <- z"2 # squared of the z_q statistic.

Q_stat <- sum(z_sq) # test statistic for the normality Q test.

# Creating a table from a data frame with the previous calculations.
tabla <- data.frame(e_zp = round(e_zp, 4), p = round(p, 4), d_zp = round(d_zp, 4), ee_zp = round(ee_zp,
4), x_p =round(q, 4), z_xp = round(zx, 4), z =round(z, 4), z_sq = round(z_sq, 4))

" "

fila_suma <- data.frame(e_zp ="Sum", p="", d_zp="", ee_zp="", x_p="", z_xp="",
z="", z_sq = format(Q_stat, digits = 6))

tabla <- rbind(tabla, fila_suma)

# Displaying the table.

cat("\nTable: Testing normality using the test based on the Parametric Seven-Number Summary\n")
print(tabla, row.names = FALSE)

cat("\nNote: e_zp = expected value for the p-th quantile in a N(0, 1) distribution,

p = quantile order,

d_zp = density of the p-th quantile in a N(0, 1) distribution,

ee_zp = standard error of the p-th quantile for n normally distributed data points,
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X_p = p-th sample quantile,

z_xp = standardized quantile (calculated using the sample mean and standard deviation),
z=(z_xp - e_zp) / ee_zp = standardization of the z_xp statistic under the assumption of normality,
z"2 = squared z_xp statistic.\n")

# Display value of test statistic in original sample.
cat("\nValue of test statistic in original sample: Q-statistic =", Q_stat, ".\n")

Appendix B. Bootstrap version of PSNS Q test

# Script for the Qs test: Bootstrap probability and effect size.

# This script is designed to be used in conjunction with the script from Appendix B, but it can also be
executed independently.

# Function to compute the Q statistic from a sample vector using R’s type-8 quantiles.
compute_g_statistic <- function(sample, type = 8) {

# Define the seven standard normal quantiles used in the PSNS:

p < ¢(pnorm(-2), pnorm(-4/3), pnorm(-2/3), pnorm(0), pnorm(2/3), pnorm(4/3), pnorm(2))

# Obtain the sample quantiles at those probabilities

q <- quantile(sample, probs = p, type = type)

# Standardize the sample quantiles using the mean and standard deviation of the bootstrap sample.
zx <- (q - mean(sample)) / sd(sample)

# Compute the squared deviations between the standardized sample quantiles and the corresponding
theoretical quantiles, scaled by its standard error (under null hypothesis of normality)

z_sq <- ((zx - qnorm(p)) / sqrt((p * (1 - p)) / (length(sample) * dnorm(qnorm(p))"2)))"2

sum(z_sq)

}

# Value of test statistic in original sample.
Q_stat <- compute_q_statistic(x)

# Bootstrap sampling distribution for the Q statistic in the normality test based on the Parametric
Seven-Number Summary (PSNS).

set.seed(123) # Seed for reproducibility of results.

Q_bootstrap <- numeric(2000)

for (i in 1:2000) {

x_boot <- sample(x, length(x), replace = TRUE)

Q_bootstrap[i] <- compute_q_statistic(x_boot)

}

# print(round(Q_bootstrap, 4)) # Remove the hash symbol if you want to display the empirical
bootstrap distribution.

# Bootstrap critical value for the null hypothesis of normality using R's type-9 quantiles in the function
that computes the Q statistic.

set.seed(123) # Seed for reproducibility of results,

Q_null <- numeric(2000)

for (i in 1:2000) {

x_norm_boot <- rnorm(length(x), mean = mean(x), sd = sd(x))

Q_null[i] <- compute_q_statistic(x_norm_boot, type = 9)

}

# print(round(Q_null, 4)) # Remove the hash symbol if you want to display the normative bootstrap
distribution.
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# Critical value and bootstrap p-value
alpha <- 0.05
Q_critical <- quantile(Q_null, 1 - alpha, type = 8)

# Print results.

cat("\nValue of test statistic in original sample", Q_stat, ".\n")

cat("\nBootstrap sampling distribution of the Q statistic generated from the original sample\n")
cat("\nNumber of extractions with replacement =", length(Q_bootstrap), ".\n")

cat("\nBootstrap estimation of the Q =", mean(Q_bootstrap), ".\n")

cat("\nBootstrap standard error of the Q =", sd(Q_bootstrap), ".\n")

cat("\nBootstrap bias of the Q =", mean(Q_bootstrap) - Q_stat, ".\n")

cat("\nNormative bootstrap sampling distribution of the Q statistic\n")

cat("\nThis is generated from a normal distribution with mean", mean(x), "and standard deviation",
sd(x), "\n")

cat("\nBased on", length(Q_null), "extractions of size", length(x), ".\n")
cat("\nBootstrap expected value of Q under normal =", mean(Q_null), ".\n")
cat("\nBootstrap standard error of Q under normal =", sd(Q_null), ".\n")
p_bootstrap <- mean(Q_null > Q_stat)

cat("\nBootstrap critical value for the Q statistic with a significance level of", alpha,
"An")

cat("\nBootstrap p-value =", format(p_bootstrap, scientific = FALSE, digits = 5), ".\n")

if (p_bootstrap < alpha) {

cat("\nThe null hypothesis that the data follow a normal distribution is rejected \nwith a significance
level of", alpha, "based on the bootstrap p-value.\n")

} else {

cat("\nThe null hypothesis that the data follow a normal distribution is not rejected \nwith a
significance level of", alpha, "based on the bootstrap p-value.\n")

}

n_n

, Q_critical,

# Effect size.

Z._Q <- abs(Q_stat - mean(Q_null)) / sd(Q_null)

cat("\nEffect size as standardized distance: Z_Q =", Z_Q, ".\n")

cat("\nInterpretation of effect size\n")

cat('<1.7: Trivial\n[1.7, 2.5): Small\n[2.5, 3): Medium\n > 3: Large\n")

effect_size <- ifelse(Z_Q < 1.7, "trivial",

ifelse(Z_Q < 2.5, "small",

ifelse(Z_Q < 3, "medium", "large")))

cat("\nBased on the Z statistic =", round(Z_Q, 4), ", the size effect of the deviation from the normal
distribution model is classified as", effect_size, ".\n")

# Histogram of the bootstrap sampling distribution of the Q statistic from the sample data,

# with an overlaid kernel density estimate and a chi-square density curve with seven degrees of
freedom.

# Remove the hash symbol from tiff() and dev.off to save the graphic as a Tagged Image File Format
(TIFF) file.

# tiff("Empiric_hist.tiff", width = 1600, height = 900, units = "px", res = 300)

par(mar =c(4, 4, 1, 1) + 0.1) # Set the plot margins

# Define x-axis limits

x_min <- min(Q_bootstrap)

x_max <- max(Q_bootstrap)
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# Compute kernel density and chi-square density

dens_kernel <- density(Q_bootstrap)

dens_chisq <- dchisq(dens_kernel$x, df = 7)

# Determine max y value for ylim

y_max <- max(dens_kernel$y, dens_chisq)

# Plot histogram with adjusted ylim

hist(Q_bootstrap, breaks = "fd", freq = FALSE, col = "lightyellow", border = "black",
main = "Bootstrap distribution", xlab = "Q statistic (sample data)",

ylab = "Density", xlim = c¢(x_min, x_max), ylim = ¢(0, y_max * 1.05))

# Overlay kernel density estimate (Gaussian kernel)

lines(dens_kernel, col = "darkblue", lwd = 4)

# Overlay chi-square density curve with 7 degrees of freedom
curve(dchisq(x, df =7), from =0, to = x_max, col = "red", Iwd =4, add = TRUE)
# Add vertical line for Q_critical

abline(v = Q_critical, col = "purple", lwd = 3, Ity = 2)

# Add vertical line for Q_statistic

abline(v = Q_stat, col = "black”, Iwd = 3, Ity = 2)

# dev.off()

# Histogram of the bootstrap sampling distribution of the Q statistic under normality,
# with an overlaid kernel density estimate and a chi-square density curve with seven degrees of
freedom.

# Remove the hash symbol from tiff() and dev.off to save the graphic as a TIFF file.

# tiff("Normative_hist.tiff", width = 1600, height = 900, units = "px", res = 300)

par(mar =c(4, 4, 1, 1) + 0.1) # Set the plot margins.

# Density histogram using Freedman-Diaconis rule.

# Check if the upper limit of 16 for the ordinate axis is appropriate.

hist(Q_null, breaks = "fd", freq = FALSE, col = "lightyellow", border = "black",

main =" Bootstrap distribution under normality", xlab = "Q Statistic (Normal samples)", ylab =
"Density", xlim = ¢(0, 16))

# Overlay kernel density estimate (Gaussian kernel)

lines(density(Q_null), col = "darkblue”, Iwd = 4)

# Overlay chi-square density curve with 7 degrees of freedom

# Check if the upper limit of 16 for the curve is appropriate.

curve(dchisq(x, df =7), from =0, to = 16, col = "red", lwd =4, add = TRUE)

# Add vertical line for Q_critical

abline(v = Q_critical, col = "purple", Iwd =3, Ity = 2)

# Add vertical line for Q_statistic

abline(v = Q_stat, col = "black”, Iwd = 3, Ity = 2)

# dev.off()

Appendix C. Statistical power of bootstrap version of PSNS Q test
# Script for computing the bootstrap power of the normality test using the Qs statistic.

x <- ¢() # Define data vector.
Q_critical <- 6.43475 # Bootstrap critical value. It is taken from the result of the previous script.
alpha <- 0.05 # Level of significance or complement of the critical value order (Q_critical).

# Bootstrap power calculation.
set.seed(456) # Seed for reproducibility of results.
# Create a vector to store results of 10000 simulated tests
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for (i in 1:10000) {

x_boot <- sample(x, length(x), replace = TRUE)

p <- c¢(pnorm(-2), pnorm(-4/3), pnorm(-2/3), pnorm(0), pnorm(2/3), pnorm(4/3), pnorm(2))
q <- quantile(x_boot, probs = p, type = 8)

zx <- (q - mean(x_boot)) / sd(x_boot)

z_sq <- ((zx - gnorm(p)) / sqrt((p * (1 - p)) / (length(x_boot) * dnorm(qnorm(p))"2)))"2
Q_sim <- sum(z_sq)

}

# Compute empirical power as the proportion of rejections across simulations.

power <- mean(Q_sim > Q_critical)

# Display results
cat("\nNumber of bootstrap samples =", length(Q_sim), ".\n")
cat("\nNumber of data per bootstrap sample =", length(x_boot), ".\n")

cat("\nBootstrap power at a significance level of", alpha, "=", format(power, scientific = FALSE, digits =
5)[ n. \nn)

Appendix D. Quadratic form version of PSNS Q test
# Script for calculating the Qr statistic (quadratic form), its probability value, statistical power, and
effect size.

# Replace the example with your own data vector.
x <-¢(-0.23, -1.39, 0.38, 0.52, -0.49, 0.28, -0.04, 0.11, 1.03, -0.33, -0.33, 0.06, 0.16, 0.29, -0.16, -1.06, 0.54,
0.88, -1.64, -0.31)

# Gaussian vector z.

p <- ¢(pnorm(-2), pnorm(-4/3), pnorm(-2/3), pnorm(0), pnorm(2/3), pnorm(4/3), pnorm(2))
q <- quantile(x, probs = p, type = 8) # Parametric seven-number summary

n <- length(x) # Sample size

m <- mean(x) # Sample Mean

s <- sd(x) # Standard Sample Deviation

e_zp <- qnorm(p) # Expected value under normal

d_zp <- dnorm(qnorm(p)) # Expected density under normal

ee_zp <- sqrt((p * (1 - p)) / (n * dnorm(gnorm(p))"2)) # Standard error under normal
zx <- (q - m) / s # Standardized quantile

z <- (zx - e_zp) [ ee_zp # Standardization of zx statistic under assumption of normality
cat("\nGaussian vector z:\n")

cat(z, "\n")

# Matrix of correlations R under the assumption of normality.

p <- pnorm(c(-2, -4/3, -2/3, 0, 2/3, 4/3, 2)) # Cumulative probabilities corresponding to PSNS z-scores
d <- dnorm(c(-2, -4/3, -2/3, 0, 2/3, 4/3, 2)) # Density values corresponding to PSNS z-scores
n <- 1000 # Number of simulations

# Initialize a square matrix of zeros to store the theoretical covariance values.

cov_matrix <- matrix(0, nrow = length(p), ncol = length(p))

# Compute the diagonal elements (variances) of the covariance matrix.

# These are based on the variance of the sample quantiles under normality.

for (i in 1:length(p)) {

cov_matrix[i, i] <- (p[i] * (1 - p[i])) / (n * d[i]"*2)}

# Compute the off-diagonal elements (covariances) of the covariance matrix.

# These reflect the expected covariances between different quantiles under normality.
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for (iin 1:(length(p) - 1)) {

for (jin (i + 1):length(p)) {

cov_matrix[i, j] <- (pli] * (1 - p[jl)) / (n * d[i] * dj])

cov_matrix[j, i] <- cov_matrix[i, j]}}

# Convert the covariance matrix to a correlation matrix.

# This is done by standardizing each covariance by the square roots of the corresponding variances.
corr_matrix <- cov_matrix / sqrt(outer(diag(cov_matrix), diag(cov_matrix)))

cat("\nCorrelation matrix under the assumption of normality \n")

print(round(corr_matrix, 4))

# Quadratic form.
Q_T <- t(z) %*% corr_matrix %*% z

cat("\nThe Q statistic value in the quadratic form =", Q_T, ".\n")

# Probability value with the generalized chi-square distribution (Davies method).
library(CompQuadForm)

eigenvalues <- eigen(corr_matrix, symmetric = TRUE, only.values = TRUE)$values
p_value <- davies(Q_T, lambda = eigenvalues)$Qq

cat("\nEigenvalues:", eigenvalues, ".\n")

cat("\nNumber of eigenvalues:", length(eigenvalues), "\n")

cat("\nSum of eigenvalues:", sum(eigenvalues), ".\n")

cat("\np-value for the Q_T statistic =", p_value, ".\n")

# Exact calculation of power using the generalized chi-square distribution.

alpha <- 0.05

Q_alpha <- qchisq(1 - alpha, df = length(eigenvalues)) # Initial approach

delta <- eigenvalues * z2

power <- davies(Q_alpha, lambda = eigenvalues, delta = delta)$Qq
cat("\nStatistical power:", power, ".\n")

# Effect size.

ev_Q <- sum(diag(corr_matrix)) # Expected value of the Q_T statistic.

sd_Q <- sqrt(2 * sum(eigenvalues "2)) # Standard deviation of the Q_T statistic.
Z_Q<-abs(Q_T -ev_Q)/sd_Q # Standarized value of the Q_T statistic.
cat("\nExpected value of the Q_T statistic=", ev_Q, ".\n")

cat("\nStandard deviation of the Q_T statistic=", sd_Q, ".\n")

cat("\nEffect size as standardized distance: Z_Q =", Z_Q, ".\n")
cat("\nInterpretation of effect size.\n")

cat('<1.7: Trivial\n[1.7, 2.5): Small\n[2.5, 3): Medium\n > 3: Large\n")
effect_size <- ifelse(Z_Q < 1.7, "trivial",

ifelse(Z_Q < 2.5, "small",

ifelse(Z_Q < 3, "medium", "large")))

cat("\nBased on Z statistic =", round(Z_Q, 4), ", the effect size of the deviation from the normal
distribution model is classified as", effect_size, ".\n")

Appendix E. Chi-square approximation to PSNS Q test

# Script for calculating the probability value, statistical power, and effect size based on the chi-square
approximation with 7 degrees of freedom.

# To be used following script in Appendix B.

cat("\nCalculation of probability value, statistical power, and effect size using the chi-square
approximation with 7 degrees of freedom.\n")
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# Calculation of the probability value from the chi-square approximation with 7 degrees of freedom.
alpha <- 0.05

p_asint <- pchisq(Q_stat, df =7, lower.tail = FALSE)

cat("\nTest Statistic: Q =", Q_stat, ",", "critical value with a significance level of", alpha,"=",
qchisq(alpha, df =7, lower.tail = FALSE), ",", "asymptotic p-value =", p_asint, ".\n")

if (p_asint < alpha) {

cat("\nThe null hypothesis that the data follow a normal distribution is rejected \nwith a significance
level of", alpha, "by the Q test.\n")

} else {cat("\nThe null hypothesis that the data follow a normal distribution is not rejected \nwith a
significance level of", alpha, "by the Q test.\n")}

# Statistical power of the Q test using the chi-square distribution approximation with 7 degrees of
freedom.

power <- 1 - pchisq(qchisq(alpha, df = 7, lower.tail = FALSE), df =7, ncp = Q_stat, lower.tail = FALSE,
log.p = FALSE)

cat("\nThe statistical power to the right tail for the alternative hypothesis of non-normality for the Q
test: ¢ =", round(power, 4), ".\n")

cat("\nlf the null hypothesis of normality is maintained, the power must be less than 0.5; \nwhile, if
rejected, it must be greater than 0.5. In the latter case, it is classified as \ngood with a value of 0.8 and
very good with a value of 0.9.\n")

# Effect size calculation using the chi-square distribution approximation with 7 degrees of freedom.
v <- sqrt(Q_stat / (n * 7))
cat("\nEffect size via Cramer's V-coefficient: V =", round(v, 4), ".\n")

# Interpretation based on Cohen (1988) [29].

cat("\nInterpretation of effect size based on Cohen (1988):\n")

cat("<0.1: Trivial\n[0.1, 0.3): Small\n[0.3, 0.5): Medium\n= 0.5: Large\n")

effect_size <- ifelse(v < 0.1, "trivial",

ifelse(v < 0.3, "small",

ifelse(v < 0.5, "medium", "large")))

cat("\nBased on the V statistic =", round(v, 4), ", the size of the effect of the deviation from the normal
distribution model is classified as", effect_size, ".\n")

Appendix F. Correlation matrix

# Population correlation matrix of PSNS quantiles in a normal distribution
set.seed(123) # Seed for reproducibility of results.

n <- 1000 # Original sample size and each bootstrap sample.

B <- 10000 # Number of bootstrap samples.

p <- pnorm(c(-2, -4/3, -2/3, 0, 2/3, 4/3, 2)) # Quantile orders.

# Function for extracting sample quantiles by R type-9 rule.

get_quantiles <- function(sample) {quantile(sample, probs = p, type = 9)}

# Generating bootstrap distributions.

original_sample <- rnorm(n, 0, 1)

bootstrap_samples <- replicate(B, sample(original_sample, n, replace = TRUE))
# Calculation of quantiles for each bootstrap sample.

quantiles_matrix <- apply(bootstrap_samples, 2, get_quantiles)

# Calculation and printing of the correlation matrix.

correlation_matrix <- cor(t(quantiles_matrix))

print(correlation_matrix)
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Appendix G. Generation of original samples
# Generation of original samples of different sizes, drawn from various distributions

# Required libraries.
library(VGAM)
library(EnvStats)
library(extraDistr)

# Define an empty dataframe to store the results.
results <- data.frame(Sample_Size = integer(), Min = numeric(), Gap1l = character(), Mdn = numeric(),
Gap2 = character(), Max = numeric())

# Define sample sizes.
n_values <- ¢(seq(50, 1500, by = 50), 2000) # De 50 a 1500 en pasos de 50, mas 2000

# Set a seed for reproducibility.
set.seed(123)

# set.sed (12) # For normal distribution
# Iterate over sample sizes

for (sample_size in n_values) {

# Generate data from a distribution.

# To select a distribution, remove the hash symbol (#) from the corresponding sample generator. In this
run, the hash was removed from the generator for the Laplace distribution.

x <- rlaplace(sample_size, mu = 50, sigma = 10) # Laplace’s distribution.

# x <- rnorm(sample_size, mean = 50, sd = 10) # Normal distribution.

# x <- rt(sample_size, df =4) * 10 + 50 # Student's t-distribution with 4 degrees of freedom.

# x <- rchisq(sample_size, df = 5) # Chi-square distribution with 4 degrees of freedom.

# x <- rbeta(sample_size, shapel = 0.5, shape2 = 0.5) # Arcsine distribution.

# x <- runif(sample_size, min = 0, max = 100) # Continuous uniform distribution.

# x <- rtri(sample_size, min = 0, max = 3, mode = 2.99) # Triangular distribution.

# x <- 3 * (2 * rbeta(sample_size, shapel = 1.5, shape2 = 1.5) - 1) # Wigner’s semicircle distribution.

# x <- rexp(sample_size, rate = 2) # Exponential distribution.

#x<-50+10*2/pi* log(tan(pi/2 * runif(sample_size, min =0, max =1))) # Hyperbolic secant distribution.
# x <- rlogis(sample_size, location = 50, scale = 10) # Logistic distribution.

# x <- rrayleigh(sample_size, sigma = 12) # Rayleigh’s distribution.

# Calculate the minimum, median and maximum.

results <- rbind(results, data.frame(Sample_Size = sample_size, Min = min(x), Gapl = "...", Mdn =
median(x), Gap2 ="...", Max = max(x)))

}

# Print the final table.

# Remove the hash symbol from the corresponding distribution.

cat("\nOriginal sample drawn from a Laplace's distribution\n")

# cat("\nOriginal sample drawn from a normal distribution\n")

# cat("\nOriginal sample drawn from a Student's t-distribution with 4 degrees of freedom\n")
# cat("\nOriginal sample drawn from a chi-square distribution with 4 degrees of freedom\n")
# cat("\nOriginal sample drawn from an arcsine distribution\n")

# cat("\nOriginal sample drawn from a continuous uniform distribution\n")

# cat("\nOriginal sample drawn from a triangular distribution\n")
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# cat("\nOriginal sample drawn from a Wigner's semicircle distribution\n")
# cat("\nOriginal sample drawn from an exponential distribution\n")

# cat("\nOriginal sample drawn from a hyperbolic secant distribution\n")

# cat("\nOriginal sample drawn from a logistic distribution\n")

# cat("\nOriginal sample drawn from a Rayleigh's distribution\n")

colnames(results) <- ¢("Sample size", "Minimum", "...", "Median", "...", "Maximum")
print(results, row.names = FALSE)

Appendix H. Shapiro-Wilk W test and other tests of normality
# Shapiro-Wilk W test using Royston's procedure for samples of 12 to 2000 data points and statistical
power estimation.

# Define a vector of data points
x<-c()

# Load required library
library(nortest)

# Define significance level
alpha <- 0.05

# Compute statistics

sw <- shapiro.test(x)

w <- swstatistic

p_value <- sw$p.value

sample_size <- length(x)

m <- 0.0038915 * log(sample_size)"3 - 0.083751 * log(sample_size)"2 - 0.31082 * log(sample_size) - 1.5861
sd <- exp(0.0030302 * log(sample_size)"2 - 0.082676 * log(sample_size) - 0.4803)

z_w <- (log(1-w)-m)/sd

zc <- qnorm(0.95, mean = m, sd = sd)

power <- 1 - pnorm((zc - log(1 - w)) / sd)

# Display results

cat("Shapiro-Wilk W statistic: w =", w, "\n")

cat("Logarithmic transformation of W statistic: In(1 - w) =", log(1 - w), "\n")
cat("Expected value of In(1 - w):", m, "\n")

cat("Standard deviation of In(1 - w):", sd, "\n")

cat("Royston's standardized W statistic: z_w =", z_w, "\n")
cat('Right-tailed p-value:", p_value, "\n")

if (p_value < alpha) {

cat("\nThe null hypothesis that the data follow a normal distribution is rejected \nat the", alpha,
"significance level by the Shapiro-Wilk W test using Royston's procedure.\n")

} else {

cat("\nThe null hypothesis that the data follow a normal distribution is not rejected \nat the", alpha,
"significance level by the Shapiro-Wilk W test using Royston's procedure.\n")

}
cat("\nStatistical power: ¢ =", power, "\n")

# Lilliefors (Kolmogorov-Smirnov) normality test
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lillie.test(x)
# Anderson-Darling normality test
ad.test(x)

# Outliers, symmetry, and kurtosis tests.

library(outliers)
grubbs.test(x, type = 10)
library(moments)
anscombe.test(x)
agostino.test(x)
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Abstract: In this study, various machine learning algorithms were evaluated for estimating wind energy production
using hourly meteorological data of Yalova province in 2018. The input parameters were input parameters of
weather parameters such as temperature, relative humidity, air pressure, wind direction, and wind speed. In the
analysis performed on a total of 50530 data points, methods such as Gradient Boosting (GB), Random Forests (RF),
k-nearest neighbor (kNN), and Stochastic gradient descent (GBD) were compared. Model performances were
evaluated according to Mean Absolute Error (MAE), Mean Square Error (MSE), Root Mean Square Error (RMSE),
MAPE, and R? criteria. According to the results, the best-performing algorithm was RF with an MSE value of 0.039,
RMSE value of 0.197, MAE value of 0.081, MAPE value of 0.377, and R? score of 0.961. On the other hand, the SGD
model showed the lowest performance with an MSE value of 0.175, RMSE value of 0.418, MAE value of 0.303,
MAPE value of 0.581, and R? score of 0.822. These findings show that machine learning models, supported by
selecting the correct weather parameters, can provide high accuracy in estimating wind energy production and
contribute to energy management policies in this direction.

Keywords: Wind energy, weather parameters, machine learning, forecasting

1. Introduction

Today, energy holds much greater global significance than in the past. A significant portion of the
current energy demand is met through fossil fuels [1]. The various environmental, economic, and
health-related negative impacts of fossil fuels make it necessary to seek new and sustainable solutions
in the energy sector [2]. In this regard, renewable energy sources, developed as alternatives to depletable
energy resources, are expected to play a much more significant role in future energy production [3].
Renewable energy sources, such as wind, solar, geothermal, biomass, hydroelectric, and wave energy,
stand out due to their sustainable and environmentally friendly nature [4]. Enabling countries to
produce energy within their borders, reducing dependence on foreign sources, and ensuring long-term
economic benefits make these energy sources strategically valuable. Furthermore, the inexhaustible
nature of renewable energy sources and their ability to minimize carbon emissions and reduce
environmental impacts strengthen their critical role in the global energy transition process.

Wind energy has gained particular prominence among renewable resources due to its clean and
inexhaustible nature [5]. As a renewable and clean energy source, wind energy has emerged as an
alternative for energy production [6]. Its environmental benefits, increased electricity production, and
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reduced fossil-based energy production have made wind energy increasingly important [7]. The
amount of energy produced in wind farms is related to weather parameters [8]. For efficient use of wind
energy, changes in wind speed need to be observed, and production potential must be accurately
predicted [9].

Electricity production from wind energy is highly variable because it directly depends on atmospheric
conditions. Variations in wind speed, changes in direction, and other meteorological factors are the
main factors determining the daily and seasonal fluctuations in energy production. Machine learning
techniques are frequently used to model these variations, and hybrid models are developed to improve
accuracy [10]. Atmospheric parameters such as temperature, pressure changes, humidity, and air
density directly affect the efficiency of wind turbines. Changes in air density can cause the same wind
speed to carry different amounts of energy. These variations necessitate reliable forecasting methods to
ensure the stable operation of energy plants. In this context, machine learning algorithms are used to
forecast the power produced by wind turbines, and the performance of these methods is evaluated
using various statistical criteria [11]. Ensuring grid security, making energy production planning more
predictable, and enhancing economic sustainability are critical aspects where the accuracy of wind
energy forecasts plays a vital role.

Wind energy generation occurs when wind turbines convert kinetic energy into electrical energy [12].
The movement of the wind strikes the blades of the turbine, causing them to rotate. This rotational
movement is converted into mechanical energy through the rotor and transmitted to the turbine shaft
[13]. The mechanical energy transferred from the turbine shaft to the electric generator is converted into
electrical energy and is ready for use [14]. The electricity is increased to the appropriate voltage level
with the help of transformers and transmitted to the electricity grid after adjusting the frequency [15].
Thus, wind energy is vital in meeting sustainable energy needs, reaching various applications from
households to industrial facilities [16].

Wind energy fluctuates depending on meteorological variables [8]. Traditional statistical forecasting
methods often fail to model the complex relationships between these variables accurately and may not
provide sufficiently accurate predictions [17]. These limitations become more apparent in complex
systems like energy markets with dynamic and multidimensional datasets. Traditional approaches
typically rely on linear assumptions and fixed parameters, which cannot fully reflect the nonlinear
interactions and time-dependent changes between variables [18].

Traditional forecasting methods include physical modeling techniques, statistical analysis methods, and
time series models; however, their limitations in accurately modeling the complex variables in the
atmosphere have increased the need for new and more advanced approaches [19], [20]. Today, artificial
intelligence (AI) and machine learning techniques are increasingly used for more precise evaluation of
meteorological data [21]. Deep learning algorithms, big data analytics, and hybrid forecasting models
improve the predictability of wind energy production by modeling atmospheric variables more
accurately [22]. In this regard, the detailed analysis of weather parameters and their integration into
forecasting models significantly improves operational efficiency in the renewable energy sector.
Machine learning algorithms, a subset of Al can process large energy datasets and make more accurate
predictions [23]. Therefore, data-driven models in wind power forecasting help make energy
production processes more efficient and reliable [24].

Machine learning algorithms enable predicting future events by analyzing large datasets [25]. Used
across many sectors, these algorithms are particularly significant for more efficient management of
renewable resources in the energy sector [26]. In wind power forecasting, machine learning methods
assist in identifying the relationships between variables affecting energy production by processing large
datasets [27]. The most commonly used methods for wind power forecasting include Random Forest
(RF), k-nearest Neighbors (kNN), gradient-boosted trees (GBT), and Artificial Neural Networks (ANN)
[28].

Studies on machine learning methods in wind power forecasting aim to determine the most suitable
methods by comparing the forecasting performances of different algorithms [29]. In wind power
forecasting, the use of Genetic Algorithm (GA) has achieved a prediction accuracy of 98% by analyzing
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SCADA data and NASA meteorological data collected [30]. In a similar study, Support Vector
Regression (SVR), Gaussian Process Regression (GPR), and Decision Trees (DT) algorithms were used
for short-term wind power forecasting, with the DT algorithm providing a prediction accuracy of
R?=0.92 [31]. In a previous study, Artificial Neural Networks (ANN), Recurrent Neural Networks
(RNN), Convolutional Neural Networks (CNN), and Long Short-Term Memory (LSTM) models were
compared, and the highest accuracy for wind power forecasting was achieved with the LSTM model
[32]. In another study, the effect of the placement of wind turbines within the plant on energy
production was analyzed, and plant data were evaluated using Random Forest (RF) and Gradient
Boosting Descent (GBD) models, and it was found that optimal turbine placement could increase energy
production [33].

This study consists of four main sections. The first section provides a literature review on the subject
and methodology of the study. The second section includes information about the methods used. The
third section discusses the analysis and forecasting results obtained from the proposed methods.
Finally, the last section presents the general structure of the study and its contributions to the literature.

2. Materials and Methods

This study aims to estimate wind energy production using hourly meteorological data from 2018 in
Yalova province. The data set used includes weather parameters. These meteorological variables were
included in the model as independent variables (input), while the amount of wind energy production
was used as the dependent variable (output). In the pre-processing process of the data, missing and
outlier values were detected and corrected with appropriate statistical techniques. Then, all variables
were normalized and prepared for the modeling phase. This preparation process was implemented to
increase the accuracy of the models and strengthen the learning processes. The variables considered in
the study are provided in Table 1.

Table 1. The features of the dependent and independent variables

Variable Types Unit Data Type Data Source
Energy Output Dependent kW Continuous kaggle

Wind Speed Independent m/sec Continuous Open-Meteo
Wind Direction Independent @) Continuous Open-Meteo
Temperature Independent °C Continuous Open-Meteo
Humidity Independent RH Continuous Open-Meteo
Dew Point 2m Independent °C Continuous Open-Meteo
Pressure MSL Independent hPa Continuous Open-Meteo
Cloud Cover Independent % Continuous Open-Meteo
Wind Gusts Independent m/s Continuous Open-Meteo
Precipitation Independent mm Continuous Open-Meteo

The primary data source used in this study is the Wind Turbine SCADA Dataset, obtained from the
Kaggle platform [34]. This dataset includes operational data on wind turbines. In addition, Open API)
where other datasets are provided, is a weather data source known for its reliability and widespread
use [35]. However, there may be deviations in the data supplied by Open-Meteo API. This is because
API includes model predictions and meteorological measurements; sometimes, deviations from real-
time values may be observed. The following code was used to retrieve data from the Open-Meteo API
Archive for this study:

import requests
import pandas as pd
import numpy as np

def open_meteo_to_full_climate_data_excel(lat, lon,
start_date, end_date, output_file):

nnn

Retrieves climate data from the Open-Meteo
API for the specified location (Yalova) and date
range,

performs interpolation at 10-minute intervals,
and saves the data to an Excel file.

This function fetches the following climate
parameters:
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- temperature_2m, relative_humidity_2m,
dew_point_2m, apparent_temperature,
pressure_msl, cloud_cover, wind_speed_10m,
wind_direction_10m, wind_gusts_10m,
precipitation.

nmn

base_url = "https://archive-api.open-
meteo.com/v]/archive”
params = {
"latitude”: lat,
“longitude”: lon,
"start_date”: start_date,
"end_date”: end_date,

"n,on

“temperature_unit”: “celsius”,
“wind_speed_unit": "kmh”,
“timezone”: "Europe/Istanbul”,
“hourly”: ”," join([
“temperature_2m”, #
Temperature at 2m height
"relative_humidity_2m”", #
Relative humidity at 2m height
"dew_point_2m”, #
Dew point at 2m height
"apparent_temperature”, #
Apparent temperature

"pressure_msl”, # Mean
sea level pressure
"cloud_cover”, # Cloud
cover
"wind_speed_10m”", #
Wind speed at 10m height
"wind_direction_10m”, # Wind
direction at 10m height
"wind_gusts_10m”, #
Wind gusts at 10m height
"precipitation” #
Precipitation amount
1,
}
try:

# Fetch data from the Open-Meteo API

response = requests.get(base_url,
params=params)

response.raise_for_status()

data = response.json()

if "hourly” in data:
hourly_df =
pd.DataFrame(datal "hourly”])
hourly_dfl “time”] =
pd.to_datetime(hourly_dfl "time”])

# Interpolate the data to 10-minute
intervals

hourly_df.set_index("time”,
inplace=True)

# Resample hourly data to 10-minute
intervals with linear interpolation

ten_minute_df =
hourly_df.resample('10min’).interpolate(method="li
near’)

# Save the data to an Excel file
ten_minute_df.to_excel(output_file,
index=True)
print(f”Data has been successfully
written to {output_file}.”)
else:
print("Hourly data not found.”)

except requests.exceptions.RequestException as

print(f”Error during API request: {e}")
except Exception as e:
print(f” An unexpected error occurred: {e}”)

# Yalova coordinates
yalova_lat = 40.6559
yalova_lon =29.2715

# Define the date range for 2018

start_date = "2018-01-01"

end_date = "2018-12-31"

output_file=
"yalova_2018_full_climate_data_10min.xlsx”

# Call the function to fetch and save the data
open_meteo_to_full_climate_data_excel(yalova_lat,
yalova_lon, start_date, end_date, output_file)

In this study, ML algorithms, Random Forest (RF), Gradient Boosting (GB), k-nearest neighbor (kNN),
and Stochastic Gradient Descent (SGD), were used to obtain the amount of energy produced from
estimated wind energy. These algorithms were run in the Orange 3.34 Data Mining program to get
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performance and prediction data. The workflow diagram of the methodology of the study is given in
Figure 1.
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Figure 1. The flowchart of the method

Random Forest (RF) is an ensemble learning algorithm combining multiple decision trees. Each decision
tree is trained based on a different subset of the dataset, and the results obtained are combined to
increase the prediction accuracy [36]. The basic operating principle of the RF algorithm is based on
training each decision tree independently by selecting random samples from the dataset and
determining random subsets of features [37]. In this process, each decision tree produces its prediction.
At the same time, the final result is determined by two different methods: majority voting in
classification problems, and the final decision is formed by averaging the predictions in regression
problems [38].

The Gradient Boosting (GB) algorithm is an ensemble learning method that focuses on obtaining more
accurate predictions by minimizing error rates in the learning process [39]. The GB model aims to create
a strong prediction model by sequentially training weak learners (usually decision trees) and
performing optimizations to reduce the error rates of previous models at each stage [40]. Each new
model improves the learning process by taking into account the errors made by the previous model
more and increases the prediction accuracy.

k-nearest neighbor (k-NN) is an unsupervised learning algorithm that estimates a data point's class or
value by looking at its nearest neighbors [41]. This algorithm is generally used in classification and
regression problems. To determine the class or value of a data point, k-NN examines the labels or values
of the nearest neighbors in the specified k number and usually estimates according to the class or
average of these neighbors [42]. The user determines the k value, and it is generally necessary to select
the most appropriate value using cross-validation. Although k-NN is widely preferred with its simple
structure and understandability, the computational cost can be high in large data sets because distance
calculations must be made over the entire data set for each estimate [43].

Stochastic gradient descent (SGD) is a widely used optimization algorithm in machine learning [44].
This method updates parameters using only the gradient of one data point at each iteration, to minimize
the model's error function (usually the loss function) [45]. While the traditional gradient descent
algorithm updates parameters by computing the gradient over the entire training data, SGD calculates
only one randomly selected data point at a time. This provides a faster and lighter optimization process
but can sometimes experience more fluctuations due to drift and noise. SGD is often preferred in large
datasets and deep learning models because each iteration is faster and puts less pressure on the local
memory [46]. However, it is important to choose the right learning rate and carefully monitor the
parameter updates, as incorrect settings can negatively affect the success of the model.

To compare the performances of the ML algorithms used in the study, the root mean squared error
(RMSE), the mean squared error (MSE), the mean absolute error (MAE), and the mean absolute
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percentage error (MAPE) criteria, which express the error coefficients, as well as the R? values were
calculated [47, 48]. The following formulas were used to calculate the data belonging to the performance

criteria.
1 n
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The formulas presented are common error metrics used in regression analysis to evaluate the
performance of predictive models. In these equations, y; represents the actual (observed) values, ¥;
represents the predicted values, ¥ denotes the mean of the actual values, and n is the total number of
observations.

3. Results

In this study, wind energy data obtained by considering the effects of environmental factors belonging
to Yalova province were estimated with ML algorithms. Descriptive statistics of dependent and
independent variables constituting the data set of the study are given in Table 1.

Table 1. Descriptive statistics of variables

Variable N Mean StDev Variance Min Max Skew Kurt
Wind Speed (m/s) 50530 | 75,58042,272,0]178,689,0| 0.00000 |252,060| 0.62| 0.06
Wind Direction (°) 50530 | 123.69| 93.4400| 8731.730| 0.00000|360.000| 0.70| -0.75
Energy Produced (MW) 50530 | 13,077 13,125,0]17,225,00|-0.00247 36,1870 0.60| -1.16
Temperature 2m (°C) 50530 | 16,551 7,143,00]51,016,00 | -0.20000 | 33,6000 0.01] -0.91
Relative Humidity 2m (%) 50530 | 75,736 13,699,0|187,657,0| 23,0000 |100,000| -0.69| -0.13
Dew Point 2m (°C) 50530 | 11,921 |6,204,00 | 38,484,00 | -5,80000 | 23,6000 | -0.32| -0.78
Pressure MSL (hPa) 50530 | 1014.4| 6.40000| 41.00000| 990.300|1033.80| 0.20| -0.02
Cloud Cover (%) 50530 | 51,094 39,042,0]1,524,277| 0.00000|100,000| -0.01] -1.64
Wind Gusts 10m (m/s) 50530 | 22,851 12,055,0]145,316,0| 1,80000|79,6000| 0.71| 0.03
Precipitation (mm) 50530 (0.08851 | 0.33285] 0.110790| 0.00000|710,000| 7.47| 84.84

Descriptive statistics for meteorological variables presented in Table 1 reveal the environmental factors
affecting wind energy production in Yalova province in detail. Wind speed and direction variables
constitute the essential inputs of wind energy production (MW). The average wind speed is 75.58 m/s
and varies between a minimum of zero and a maximum of 252.06 m/s. The high standard deviation
(42.27) and variance (178.689) reveal that wind speed varies greatly. The average wind direction is
123.69° and is observed to differ slightly from the normal distribution with a kurtosis value of -0.75. The
MW variable reflects the fluctuation in energy production and varies between -0.002 and 36.18 MW. In
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addition, meteorological variables such as temperature (Temperature 2m), relative humidity (Relative
Humidity 2m), dew point (Dew Point 2m), and atmospheric pressure (Pressure MSL) can also be related
to wind energy production. While the average temperature is 16.55°C, the dew point is calculated as
11.92°C. The pressure variable shows a relatively low variability, averaging around 1014.4 hPa. The
cloud cover variable varies between 0 and 100 and has a wide distribution due to the high standard
deviation (39.04). Wind gusts (10m) have an average of 22.85 m/s and can reach a maximum value of
79.6 m/s. The precipitation amount variable varies between 0 and 710 mm, while the high kurtosis value
(84.84) shows that the data distribution contains sharp and extreme values. These data provide an
essential basis for analyzing how wind energy production is affected by atmospheric conditions.

Linear regression analysis was performed to measure the statistical effect and strength of the
independent variables on the dependent variable. In this study, linear regression analysis was applied
to measure the statistical impact and strength of the effect of various independent variables
(Temperature, Humidity, Wind Speed, etc.) on a dependent variable. The ANOVA table (Table 2) of
the linear regression analysis is presented to evaluate how much of the variance each independent
variable explains on the dependent variable and whether this explanation is statistically significant.
ANOVA is a method used to assess the mean differences between groups statistically. In Table 2, the
degrees of freedom (DF), corrected sum of squares (Adj SS), corrected mean squares (Adj MS), F value,
and P value of each independent variable are presented. While P values show the statistical significance
of the effect of independent variables on the dependent variable, F values and Adj SS values show the
effect size. Figure 2 shows the power of influence of independent variables on the dependent variable.
The variable with the most impact on the dependent variable has been determined as Wind Speed (m/s).

Table 2. ANOVA analysis

Source DF Adj SS Adj MS F-Value P-Value
Temperature at 2m (°C) 1 13.4000 13.4000 47.3900 0.001
Relative Humidity at 2m (%) 1 8.30000 8.30000 29.3000 0.000
Dew Point at 2m (°C) 1 12.6000 12.6000 44.5800 0.001
Mean Sea Level Pressure (hPa) 1 62.6000 62.6000 221.310 0.001
Cloud Cover (%) 1 1.80000 1.80000 6.46000 0.011
Wind Gusts at 10m (m/s) 1 94.6000 94.6000 334.400 0.002
Precipitation (mm) 1 13.2000 13.2000 46.6500 0.003
Wind Speed (m/s) 1 72157.9 72157.9 255115 0.002
Wind Direction (°) 1 4.90000 4.90000 17.4500 0.001

ANOVA analysis statistically reveals the effect of various meteorological variables on a specific
dependent variable. All analyzed variables were statistically significant, as all p-values were less than
0.05. In particular, variables such as temperature (p=0.001), relative humidity (p=0.000), dew point
(p=0.001), sea level pressure (p=0.001), and wind direction (p=0.001) all have high F-values and strongly
reveal their effects with very low p-values. For example, sea level pressure stands out with its adjusted
mean square value of 62.6 and F-value of 221.31. At the same time, wind direction has a relatively lower
effect (F=17.45) but still has a statistically significant effect. This situation reveals that many components
related to weather conditions directly and significantly affect the dependent variable in the system.

As a result of the analysis, the wind speed variable stands out with a corrected mean square value of
72,157.9 and an extraordinarily high F-value of 255,115, making it the most effective factor on the
dependent variable. This is followed by wind intensity with a corrected mean square value of 94.6 and
an F-value of 334.4. In addition, factors such as precipitation amount (F=46.65, p=0.003) and cloudiness
rate (F=6.46, p=0.011) also have significant effects despite lower F-values. This shows that the system is
affected by thermodynamic and atmospheric variables and that complex interactions between
meteorological parameters should be considered. In conclusion, this ANOVA table powerfully reveals
the effect of meteorological variables at individual and comparative levels and provides important clues
about which factors should be prioritized in modeling.
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Figure 2. Pareto chart of standardized effects of independent variables

The Pareto chart presented in Figure 2 shows the standardized effects of the independent variables on
the dependent variable (MW). According to the chart, the Wind Speed (m/s) (H) variable has the most
potent effect on the dependent variable, while the impact of the Cloud Cover (E) variable is relatively
low. This contradicts the claim in the text that the "Cloud Cover" variable is the most effective. The chart
also shows that the variables Precipitation (F), Sea Level Pressure (D), Temperature at 2m (A), and Dew
Point at 2m (G) have significant effects on the dependent variable. The effects of the variables Relative
Humidity (B) at 2m and Wind Direction (°) (J) are at the lowest level. The expression a = 0.05 in the chart
indicates the level of statistical significance. This is a threshold value used to evaluate whether the length
of the bars is statistically significant. If the bar length exceeds this threshold value, the effect of the
relevant independent variable is statistically significant. This analysis shows that the variables with the
most substantial impact on the dependent variable are Wind Speed and Rainfall. The performance
measurement criteria of ML algorithms, RMSE, MSE, MAE, MAPE, and R? data, are given in Table 3.

Table 3. Data on performance measurement criteria of ML algorithms

Model MSE RMSE MAE MAPE R2
RF 0.039 0.197 0.081 0.377 0.961
GB 0.071 0.266 0.117 0.421 0.928
kNN 0.039 0.198 0.111 0.689 0.960
SGD 0.175 0.418 0.303 0.581 0.822

Table 3 presents the data for RMSE, MSE, MAE, MAPE, and R? metrics used to evaluate the
performance of machine learning algorithms. According to the results in the table, the Random Forests
(RF) algorithm shows the best performance with the lowest MSE (0.039), RMSE (0.197), and MAE (0.081)
values. This indicates that the RF algorithm makes fewer prediction errors and produces results closer
to the actual values. In addition, the R? value of RF is relatively high (0.961), indicating that the model
can explain a large portion of the variance in the data. Although the kNN algorithm has similar MSE
(0.039) and RMSE (0.198) values to RF, its MAE value is higher than RF (0.111). The Gradient Boosting
(GB) algorithm has higher MSE (0.071), RMSE (0.266), and MAE (0.117) values than RF and K-NN,
indicating that GB performs worse than the other two algorithms.

SGD algorithm has the highest MSE (0.175), RMSE (0.418), and MAE (0.303) values compared to the
other algorithms, indicating that SGD performs the worst. In addition, SGD's R? value is the lowest
(0.822) compared to the other algorithms, indicating that the model cannot explain the variance in the
data. The results in Table 3 reveal that RF and K-NN algorithms perform better than the other
algorithms for this dataset. However, which algorithm is most suitable may vary depending on the
specific requirements and priorities of the application. For example, when the MAPE value is taken into
account, it is seen that RF (0.377) performs better than GB (0.421). This means that the percentage of
errors for RF is lower than that of GB.
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4. Conclusion

This study aims to increase predictability in renewable energy production by investigating the
effectiveness of machine learning (ML) algorithms in wind energy forecasting in Yalova province.
Comparisons between different ML models revealed that Random Forest (RF) and Gradient Boosting
algorithms provide high accuracy rates. The effect of meteorological variables (e.g., temperature,
humidity, pressure, and wind speed) used in the study on wind power production was analyzed in
detail, and it was seen that wind speed was the most dominant parameter in forecast performance. It
was shown that even in regions with moderate wind potential, such as Yalova, satisfactory forecast
results can be achieved with appropriate modeling and data analysis. These findings emphasize the
importance of environmental variables and data-driven approaches in energy production planning. As
a result, this study constitutes an example that will contribute to renewable energy management at the
local level and shows the applicability of similar methodologies in different geographical regions.
The results prove that wind energy forecasts should be addressed from a multi-dimensional
perspective, not only with technical data but also by considering environmental and statistical
components. In future studies, it may be possible to increase the prediction accuracy by using longer
data sets and integrating more advanced ML and deep learning methods. In addition, integrating these
models in energy supply-demand management with real-time systems will play a strategic role in
implementing sustainable energy policies.
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Oz: Bu calismada, bir ilag iiretim hattindaki siire¢ kararliligi ve fire oranlarinin analizi hedeflenmistir. ilk olarak, p
diyagrami kullanilarak siire¢ kararlilig1 degerlendirilmis ve siirecin kontrol dis1 oldugu belirlenmistir. Daha sonra,
farkli vardiyalardaki fire oranlarinin incelenmesi amaciyla ANOVA analizi yapilmistir. Analiz sonuglari, 6zellikle 4.
vardiyalarda fire oranlarmnin istatistiksel olarak anlaml sekilde daha yiiksek oldugunu gostermistir. Bu durumun
nedenlerini anlamak i¢in K6k Neden Analizi uygulanmis ve 4. vardiyalardaki yiiksek fire oranlarinin makinelerde
biriken toz sizdirmalarindan kaynaklandig: tespit edilmistir. Bu sorun, makine temizliginin yetersiz siklikta
yapilmasiyla iligkilendirilmistir. Calisma, siire¢ verimliligini artirmaya yonelik ¢6ziim Onerileri gelistirerek, kalite
kontrol ve siire¢ yonetimi alanlarinda katki saglamaktadir.

Anahtar Kelimeler: siire¢ kararliligy, p diyagrami, ANOVA, kék neden analizi, siireg yénetimi

Monitoring Defect Rates in the Pharmaceutical
Production Process: A Statistical Process Analysis

Abstract: This study aims to analyze process stability and defect rates in a pharmaceutical production line. First,
process stability was evaluated using a p-chart, which indicated that the process was out of control. Then, an ANOVA
analysis was conducted to examine defect rates across different shifts. The results showed that defect rates were
statistically significantly higher, particularly in the 4th shifts. To understand the root causes of this issue, a Root Cause
Analysis was performed, revealing that the high defect rates in the 4th shifts were due to dust accumulation in the
machines. This problem was linked to the insufficient frequency of machine cleaning. The study contributes to quality
control and process management by providing solutions to improve process efficiency.

Keywords: process stability, p-chart; ANOVA, root cause analysis, process management

1. Giris

Glintimiiziin yogun rekabet ortaminda isletmelerin sektdrde tutunabilmesi ve rekabet avantaji elde
edebilmesi igin maliyetleri en diisiik seviyede tutarak, yiiksek kaliteli tirlinleri miisterilere zamaninda
ulastirmasi gerekmektedir [1]. Firmalar arasi rekabetin artmasiyla birlikte isletmeler i¢in verimlilik, kalite
ve maliyet yonetimi hayati bir neme sahip hale gelmistir. Uretim siireglerinde ortaya gikan kayiplarin
azaltilmasi, isletmelerin stirdiiriilebilirligi ve karhihigi agisindan kritik bir faktordir [2]. Cogu
organizasyon, miisteriye birimden birime her zaman ayni olan veya miisteri beklentilerini karsilayan
seviyelerde kalite Ozelliklerine sahip iiriinler sunmay1 zor (ve pahali) bulur. Bunun baglica nedeni
degiskenliktir. Her iiriinde belirli bir miktarda degiskenlik bulunur; dolayistyla hicbir iki tiriin tamamen
ayni degildir [3]. Fire oranlarinin yiiksek olmasi, yalmzca isletmelerin maliyetlerini artirmakla kalmaz,
ayni zamanda siireclerin etkinligini ve iirlin kalitesini dogrudan etkileyerek miisteri memnuniyetini
azaltir. Bu durum, 6zellikle yogun rekabetin oldugu sektorlerde daha biiyiik bir risk olusturur. Kalite ve
verimlilik dengesini saglayabilmek, isletmelerin uzun vadede siirdiiriilebilir bir basar1 yakalayabilmesi
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igin kritik bir 6neme sahiptir. Istatistiksel Proses Kontrol (IPK) ve ilgili analiz yontemleri, bu hedefe
ulasmada isletmelere giiclii araglar sunarak siireglerin potansiyelini tam olarak kullanmalarina olanak
tanur. Istatistiksel Proses Kontrolii (IPK), bir prosesin izlenmesi ve kontrolii igin istatistiksel yontemlerin
uygulanmasidir ve bu prosesin tam potansiyeliyle ¢alismasin1 ve uyumlu bir iiriin iiretmesini saglar.
Istatistiksel Proses Kontrolii (IPK), siireg kabiliyetini iyilestirmek icin kontrol grafikleri, bireysel ve alt
grup Ol¢limleri ve nitelik verileri kullanarak siiregleri yonetmek ve izlemek i¢in kapsaml bir yaklagimdir
[4]. IPK kapsaminda bir proses, miimkiin olan en az atikla miimkiin oldugunca fazla uyumlu {iriin
iretmek icin dngdriilebilir sekilde davranir [5]. Kontrol grafikleri iiretim siireclerinin kararliligini 6lgmek
ve stirecteki degiskenlikleri izlemek i¢in 6nemli bir aragtir. Bu grafikler, bir siirecin istatistiksel kontrol
altinda olup olmadigin1 belirlemek i¢in kullanilir. Kontrol sinirlar1 dahilinde ¢alisan bir siireg, genellikle
ongoriilebilir sonuglar tiretir ve bu durum siireg kararliliginin gostergesidir. Ancak kontrol sinirlarinin
disinda meydana gelen dalgalanmalar, siiregteki potansiyel bir problemin isareti olabilir ve bu tiir
sorunlarin hizli bir sekilde ele alinmasi gerekir. Bir siire¢ kontrolden ¢iktiginda, miithendislerin atanabilir
varyasyon nedenlerini belirleyip bunlar1 ortadan kaldirmaya c¢alisabilmesi i¢in bir uyar1 mekanizmasi
devreye girer. Ancak, siire¢teki kontrol dist durumlarin olusmasini dnlemek icin proaktif bir yaklasim
benimsemek daha etkili bir yontemdir. Bu sayede, siire¢ dnleyici bir sekilde optimize edilerek daha az
uygunsuz lriin tretilmesi saglanabilir [6]. Modern {iretim sistemlerinde, {iretim siireclerinin
verimliligini artirmak ve hatalar1 en aza indirmek 6nemli bir hedef haline gelmistir. Bu gercevede, kalite
kontrol teknikleri ve istatistiksel analiz yontemleri, siire¢ iyilestirme calismalarinda yaygin olarak
kullanilmaktadir. Ozellikle Siire¢ Kontrol Diyagramlar: ve ANOVA gibi yontemler, iiretim hatalarinin
kok nedenlerini belirlemek ve siiregleri gelistirmek icin etkili araglar sunmaktadir.

Literatiirde, bu tekniklerin yiiksek hassasiyet gerektiren alanlarda basarili bir sekilde uygulandigina dair
birgok ¢alisma mevcuttur. Ayrica, belirli iiretim siireglerindeki verimlilik kayiplarini inceleyen vaka
calismalari, hem teorik bilgi birikimine hem de sektorel uygulamalara 6nemli katkilar saglamaktadir.
Aichouni vd.'nin 2012 yilinda yayinladiklar1 makale, siireg iyilestirme konusundaki temel kavramlarin
bir incelemesini yapmaya ve bu kavramlarin insaat firmalarinin iyilestirme projelerinde uygulanmasinin
faydalarmi gostermeye adanmistir. Analiz, beton iireticilerinin {iretim siireglerini etkili bir sekilde
iyilestirebileceklerini, paradan ve malzemeden tasarruf edebileceklerini ve siireglerini siirdiiriilebilir hale
getirebileceklerini acikca gostermektedir [7]. Yildirim vd. 2013 yilinda yaptiklar: bu ¢alismada, elektronik
sektoriinde yangin ve gaz algilama sistemlerinin iiretimini yapan bir isletmede Istatistiksel Proses
Kontrol tekniklerinin uygulamasi yapilmistir. Prosesin kontrol altinda olma durumunun belirlenmesi
i¢in kalite kontrol kismindan alinan veriler ile kontrol diyagramlar: olusturulmustur. Siiregte gelistirme
calismalar1 daha uyumlu, az toleransa sahip alict malzeme kullanilmasi, devrenin bu sekilde
tasarlanmasi ile yapilabilir oldugu sonucuna ulasilmistir. Duman yogunlugu miktarinin olgiildiigii,
riizgar tiinelinin bakimlarinin aksamadan yapilmasi, cihazlarin kalibrasyon ve dogrulamalarmin diizenli
takip edilmesinin faydali olacag1 belirtilmistir [8]. Abtew vd.'nin 2018'de yaptiklari arastirmanin temel
amaci, hazir giyim endiistrisinin dikim katindaki kalite 6zellikleri i¢in uygun Istatistiksel Proses Kontrol
(IPK) tekniklerini uygulamaktir. Meydana gelen 6zel nedenli degisimler ve proses istikrari igin diizeltici
eylem planlari gelistirilmistir. Proje, IPK kavramini ve uygulama prosediiriinii anlamak igin farkl kalite
ekibi tiiyeleri icin teorik ve is basinda egitim semalarini igermektedir. Uygulamadan sonra, dikim
béliimiinde 6nemli iyilestirmeler elde edilmistir. IPK araglarinin uygulanmasindan énce ve sonra yapilan
dort aylik analiz, reddetme oraninin %9,141'den %6,4'e diistiigiinti gostermistir [9]. Simatupang vd. 2024
yilinda yaptiklar1 ¢alismada Anova analizi kullanilarak palmiye c¢ekirdegi yag: iiretimi yapan bir
isletmede yag kalitesini etkileyen varyans: belirlemeyi amaglamislardir. Calismanin sonuglari, serbest
yag asitleri, nem igerigi ve safsizlik igerigi i¢in varyans analizi Fcount degerlerinin Ftable degerlerinden
daha kiigiik oldugunu, bu da bu dért veri grubunun 6l¢iim sonuglarmin veya ortalama degerlerinin
istatistiksel olarak anlaml farkliliklara sahip olmadigini gostermistir [10]. Flavius A. Ardelean 2017
yilinda gerceklestirdigi calismasinda Alti Sigma Tasarimi ANOVA (Varyans Analizi) yontemini
kullanarak, belirli bir karakteristik boyuta sahip ii¢ vardiyada iiretilen bir par¢anin analizini sunmay1
amaclamistir. Calismanin sonucunda gozlemlenen varyansa gore siireci iyilestirme adimna ¢alismalar
yapilmasi gerektigi vurgulanmagtir [11]. Paese vd. 2001 yilinda yaptiklar: calismada Rio Grande do Sul'da
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bulunan bir meta/mekanik tesisinde gelik ¢ubuklarin laminasyon siirecinde gozlemlenen degiskenlik
kaynaklarini belirlemek igin kullanilan Varyans Analizinin (ANOVA) bir uygulamasimi sunmaktadir.
Belirlenen degiskenligin ana kaynagmin gelik tiirii oldugu saptanmistir. Degiskenlik kaynaklarinin
incelenmesi, geleneksel kararlilik ve kapasite calismalariyla birlikte agiklanan Istatistiksel Siireg
Kontroliiniin kurulmasi igin bir temel gorevi gormiistiir [12].

Modern iiretim sistemlerinde fire oranlarinin diisiiriilmesine yonelik ¢alismalar, yalnizca sorunlari tespit
etmekle kalmayip, ayni zamanda bu sorunlarin kok nedenlerini anlamaya yonelik ydntemlerin
gelistirilmesiyle desteklenmektedir. Bu baglamda, istatistiksel siire¢ kontrolii, kalite yonetimi ve veri
analitigi gibi yontemler, iiretim siireclerindeki problemleri anlamak ve iyilestirme firsatlarm belirlemek
i¢in kritik araglar haline gelmistir. Ozellikle istatistiksel yontemler, siireclerin kararliligini 6lgmek,
problemleri dnceliklendirmek ve siireg iyilestirme kararlarmi daha bilingli bir sekilde alabilmek igin
biiylik bir avantaj sunar. Vardiyali ¢alisma diizenine sahip {iiretim tesislerinde, farkli vardiyalarin
performanst da iiretim siireclerinin genel verimliligi iizerinde nemli bir etkiye sahiptir. Ozellikle gece
vardiyalarinda yorgunluk, dikkat eksikligi ve motivasyon diistikliigli gibi faktorler, kotii iiriin
oranlarmin artmasina neden olabilir. Vardiyalar arasindaki bu performans farkliliklarinin dogru bir
sekilde analiz edilmesi, iiretim siireclerinde adaletli bir is yiikii dagilimi yapilmasini ve siireg iyilestirme
calismalarmin daha verimli hale getirilmesini saglar. Varyans analizi (ANOVA), iki farkli grup
ortalamalar1 arasinda fark olup olmadigini varyans kullanarak aragtiran istatistiksel bir yaklagimdir. Iki
grubun karsilastirilmasinda kullanilan farkli yontemler olsa da (Z veya T testi) en yaygin olanu F testi
yani Varyans Analizi (ANOVA, Analysis of Variance) dir. Tkiden fazla grubun 6nem seviyesi
degerlendirilmek istediginde aralarindaki farklilik sadece Varyans Analizi ile yapilabilmektedir [13]. Fire
oranlarini azaltmaya yo&nelik ¢aligmalar, yalnizca mevcut sorunlari ¢dzmekle sinirli kalmamali, ayni
zamanda uzun vadeli bir kalite kiiltiirii olusturmayr hedeflemelidir. Bu baglamda, siirekli iyilestirme
anlayisy, isletmelerin {iretim siireclerinde daha ytiiksek bir kalite standardina ulasmalarini saglarken, ayr
zamanda maliyetlerin kontrol altina alinmasina da olanak tanir. Siirekli iyilestirme yaklasimi, hem teknik
iyilestirmeleri hem de calisanlarin siireclere daha aktif bir sekilde katilmasini tesvik eden bir liderlik
anlayisini igerir.

Bu ¢alismada, bir ilag tiretim hattindaki siire¢ kararlilif1 ve fire oranlar incelenerek iiretim verimliligini
artirmaya yonelik iyilestirme firsatlar1 belirlenmesi amaglanmistir. Uretim siireci; Tartim, Karistirma,
Blister Dolum, Cihaz-Blister Montaji, Pouch (Torbalama) ve Kutulama/Kolileme asamalarindan
olugsmaktadir. Sema 1'de goriildiigli iizere calisma, 6zellikle Blister Dolum asamasina odaklanarak
gerceklestirilmistir. Yapilan saha gozlemleri ve tiretim miihendislerinin geri bildirimleri dogrultusunda,
iiretim siirecinde en fazla fire oraninin blisterleme asamasinda gerceklestigi bildirilmistir. Bu asamada
meydana gelen teknik aksakliklar ve iiritin yerlesim hatalari, hatali iiriin sayisinda ciddi artiglara neden
olmaktadir. Dolayisiyla, blisterleme siireci {iretim verimliligi acgisindan kritik bir nokta olarak one
¢ikmakta ve iyilestirme calismalari i¢in 6ncelikli miidahale alani olarak degerlendirilmektedir. Ilk olarak,
siireg istikrarmni degerlendirmek igin p diyagrami kullanilmig ve siirecin kontrol diginda oldugu tespit
edilmistir. Bu durumun olast nedenlerini anlamak adina, farkli vardiyalardaki fire oranlar1 arasinda
istatistiksel olarak anlamli bir fark olup olmadigini belirlemek i¢cin ANOVA analizi gergeklestirilmistir.
Analiz sonuglari, 6zellikle 4. vardiyalarda fire oranlarinin belirgin sekilde yiiksek oldugunu gostermistir.
Bunun nedenlerini daha ayrmtili incelemek amaciyla Kok Neden Analizi uygulanmis ve temel sorunun,
makinelerde biriken toz sizdirmalarindan kaynaklandig1 belirlenmistir. Bu sorunun, makine temizliginin
belirlenen siklikta yapilmamasindan kaynaklandig1 anlasilmistir. Elde edilen bulgular dogrultusunda,
iretim siirecinin verimliligini artirmak ve kalite kontrol siireglerini iyilestirmek icin cesitli Oneriler
gelistirilmistir. Calisma, ilag¢ iiretim stireclerinde kalite giivencesini artirmaya ve {iiretim kayiplarim
azaltmaya yonelik bilimsel ve pratik bir katki saglamay1 hedeflemektedir.
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yapildig1 asama

I emm

Sema 1. Calismanin yapildig1 asamay1 gosteren akis semast

2. Materyal ve Yontemler

Bu calismada, bir ilag tiretim hattindaki siire¢ kararliligini ve fire oranlarini analiz etmek igin nicel
yontemler kullanilmstir. {1k olarak, siire¢ kararliligini degerlendirmek amaciyla 30 partiden elde edilen
fire oranlar1 kullanilarak p diyagrami olusturulmus ve siirecin kontrol dis1 oldugu tespit edilmistir. Daha
sonra, vardiyalar arasindaki fire oraru farkliliklarini incelemek ve bu farkliliklarin istatistiksel olarak
anlamli olup olmadigini belirlemek icin ANOVA analizi gerceklestirilmistir. Elde edilen sonuglar
dogrultusunda, 4. vardiyalarda fire oranlarinin diger vardiyalara kiyasla daha yiiksek oldugu
belirlenmis ve bu durumun kok nedenleri K6k Neden Analizi yontemiyle analiz edilmistir. Bu
kapsamda, mevcut ara temizlik uygulamalari; yalnizca {iriin parametrelerinde ciddi sapmalar meydana
geldiginde, operatorler tarafindan ve sistematik olmayan bir sekilde yapilmaktadir. Temizlik siklig
iretim planlamasini aksatmamak amaciyla sabit tutulmakta, ancak bu yaklasim filtrelerdeki toz
birikimini 6nlemeye yetmemektedir. Bu metodolojik yaklasim, iiretim hattindaki temel problemleri
tespit etmek ve ¢oziim Onerileri gelistirmek igin biitiinciil bir bakis agis1 saglamstir.

Kontrol semasi, bir siireci zaman i¢ginde 6l¢mek, izlemek ve kontrol etmek i¢in kullanilan, kalite kontrolde
yaygin olarak kullanilan ve giiglii bir grafik aragtir [14]. P diyagrami, 6zellikle tiretim siireglerinde hatali
iirtin oranlarinin kontrol edilmesi ve siire¢ kararliiginin degerlendirilmesi igin énemli bir aragtir. Bu
diyagram, belirli bir zaman diliminde veya parti bazinda olusan hatal: {iriin oranlarini analiz ederek
siirecteki sapmalarin ve kontrol disi noktalarin tespit edilmesine olanak tanur. Siire¢ performansinin
gorsel olarak izlenmesine yardimci olan p diyagrami, ayni zamanda sistematik hatalarin veya 6zel
nedenlere bagli sapmalarin belirlenmesini kolaylagtirir. Bir siireg, ¢iktilardaki degisimlerin rastgele
varyasyonlardan kaynaklandigi durumlarda "kontrol altinda" olarak tanimlamir. Eger ¢ikti deseni,
rastgele nedenlerden beklenen dagilimi izlemiyorsa, bu siire¢ "kontrolden ¢ikmig" sayilir ve bu durumda
muhtemel bir neden belirlenebilir[15]. Uretim siireclerinde, kalite standartlarin siirekli olarak korumak
ve hatali tirtinleri minimuma indirmek biiyiik 6nem tasir. P diyagrami, siirecin kontrol altinda olup
olmadigini gostermekle kalmaz, ayni zamanda potansiyel problemleri erken asamada tespit ederek siireg
iyilestirme calismalarina rehberlik eder. Bu yoniiyle, kalite kontrol ve siire¢ yonetimi alanlarinda
glvenilir ve siklikla kullanilan yontemlerdendir. Bu c¢alismada stire¢ kararliligini degerlendirmek
amaciyla p diyagrami kullanilmistir. P diyagramy, siirecte iiretilen {iriinlerin hata oranlarini inceleyerek
siirecin kontrol altinda olup olmadigini degerlendirmek amaciyla kullanilmistir. Analiz kapsaminda, 30
partiye ait fire oranlar1 hesaplanmis ve her parti icin hatali {iriin orani, toplam {iriin sayisina boliinerek
elde edilmistir. Daha sonra, bu oranlar kullanlarak kontrol limitleri hesaplanmistir. Kontrol limitlerinin
belirlenmesinde asagidaki formiil uygulanmigtir:

»  Orta Hata (p):

p = (Hatali Uriin Sayis1) / (Toplam Uriin Sayis1)

>  Ust Kontrol Limiti (UCL):

UCL=p+3*[p *(1-p)/n]
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»  Alt Kontrol Limiti (LCL):
LCL=p -3*N[p *(1-p)/n]
Tek yonliit ANOVA, iiretim siireglerinde farkli kosullarin (6rnegin, farkli vardiyalar, makineler veya
iiretim yontemleri) tirtin kalitesi veya verimliligi iizerindeki etkilerini incelemek i¢in oldukca 6nemli bir
aractir. Uretim siireclerinde, birden fazla faktoriin etkilesimi ve bu faktorlerin {iretim ¢iktilari {izerindeki
etkisi genellikle karmasik olabilir. Tek yonlii ANOVA, bu faktorlerin her birini tek basina
degerlendirerek, farkli gruplar (6rnegin, farkli vardiyalarda iiretilen iriinler) arasindaki ortalama
farklarin anlamli olup olmadigin: belirler. Bu sayede, tiretim hattinda herhangi bir faktoriin (6rnegin,
vardiya degisiklikleri veya makineler arasindaki farklar) {iriin kalitesi veya verimliligi iizerinde anlamh
bir etki yaratip yaratmadig1 anlasilabilir. Uretim hattindaki vardiyalar arasinda gozlemlenen kalite
farkliliklarmi degerlendirmek igin tek yonlit ANOVA analizi uygulanmistir. ANOVA, grup i¢i ve grup
arast varyanslarin orani olan F istatistigini kullanir. Analizin temel ilgi alan1 grup ortalamalarinin
farklhiliklarma odaklanir; ancak ANOVA, varyans farkina odaklanir [13]. Bu yontem, dort vardiyadaki
kotii tirtin oranlarinin istatistiksel olarak anlamli bir farkliik gosterip gostermedigini belirlemek
amactyla kullanilmistir. Ik adimda, her vardiya i¢in kétii {irlin oranlarinin ortalamalar1 hesaplanmustir.
Sonraki adimda, grup ici varyans (grup icindeki bireysel 6l¢iimler arasindaki fark) ve grup disi varyans
(grup ortalamalar: arasindaki fark) hesaplanarak F-degeri bulunmustur. F-degeri, grup ici ve grup dist
varyans orani olarak tanimlanir. Bu degerin yiiksek olmasi, gruplar arasinda anlamh bir fark olduguna
isaret eder. Ardindan, p-degeri hesaplanarak, bu degerin istatistiksel olarak anlamli olup olmadig; test
edilmistir. Eger p-degeri belirlenen anlamlilik seviyesinden (genellikle 0.05) kiigiikse, null hipotez
reddedilerek vardiyalar arasinda anlamli bir fark oldugu sonucuna varilmistir.
Uygulama Adimlari:
e Her vardiyaya ait kotii {iriin oranlar1 hesaplanmigtir.
e Vardiyalar arasinda kotii tirtin oranlarindaki farkliliklar tek yonlit ANOVA testi ile analiz edilmistir.
e ANOVA sonucunda elde edilen p-degeri yorumlanarak vardiyalar arasinda anlaml bir fark olup
olmadig1 degerlendirilmistir.
Hipotezler:
e Hj (null hipotez): Tiim vardiyalarin ortalama koétii iiriin oranlar: birbirine esittir.
e H; (alternatif hipotez): En az bir vardiyanin ortalama kotii iirtin orani digerlerinden farklidir.
Analiz sonucunda, 6zellikle 4. vardiyada kétii irtin oranlariin diger vardiyalara gore anlamli bir sekilde
daha yiiksek oldugu tespit edilmistir (p <0.05). Bu durum, dérdiincii vardiyalarda {iretim performansin
diisiiren belirli faktorlerin varligina isaret etmektedir.
K6k Neden Analizi, bir problemin ytiizeysel belirtilerine degil, ardindaki gercek sebeplere odaklanarak
¢Ozlim tiretmeye yonelik giiclii bir aractir. Bu analiz yontemi, 6zellikle karmasik siireclerde tekrarlayan
sorunlar1 anlamak ve bunlarin temel nedenlerini ortaya ¢ikarmak icin kullanilir. Geleneksel yontemler
cogunlukla sorunun gegici ¢oziimleriyle sinirli kalirken, kok neden analizi, problemin kékenine inerek
daha kalict ve etkili gdziimler gelistirmeyi saglar. Uretim hattindaki fire oranlar1 veya verimlilik sorunlart
gibi durumlarda, kok neden analizi kullanilarak yalnizca digsal faktorler degil, siireclerin, ekipmanlarin,
insan hatalarinin ve organizasyonel zayifliklarin da etkileri goz 6niinde bulundurulur. Bu nedenle, kok
neden analizi, problemlerin tekrarlanmasini 6nlemek, kaynaklar1 daha verimli kullanmak ve siireclerin
siirdiiriilebilirligini saglamak igin kritik bir yontemdir. Bu calismada, 4. vardiyalarda gozlemlenen
yiiksek fire oranlarmin temel nedenlerini analiz etmek amaciyla 5 Neden yontemi kullanilmistir. Bu
metodoloji, sorunun kok nedenlerine ulasmay1 ve ¢6ziim onerileri gelistirmeyi hedeflemistir.
3.  Sonuglar
3.1. P Diyagram
Uretim siireci, 24 saatlik zaman dilimi igerisinde 3 vardiya esasma gore yiiriitiilmektedir. Her bir parti
iiriin, ardisik 4 vardiyada tamamlanacak sekilde {iretilmektedir. Bu ¢calismada, her vardiyada elde edilen
toplam {ir{in sayisi ile hatali iiriin sayist kullanilarak ilgili vardiya igin p degeri (hatali {iriin oran)
hesaplanmis ve bu degerler p diyagraminda gorsellestirilmistir.
30 Parti (120 vardiya) igin olusturulan p diyagrami, siirecteki fire oranlarmin belirli bir diizende
dagilmadigini ve siirecin kontrol disi oldugunu agik¢a gostermektedir. Bu sonug, tiretim siirecinde
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istenmeyen dalgalanmalarin ve hatalarin varhigin isaret etmektedir. Ancak, p diyagrami sadece siirecin
kontrol disinda oldugunu gostermekte olup, bu durumun sebeplerine dair daha detayli bir inceleme
yapilmasi gerekmektedir. Bu baglamda, ANOVA analizi kullanilarak, siirecin kontrol dis1 olmasinin
vardiya bazinda farkliliklar gosterip gostermedigi daha derinlemesine analiz edilecektir. Boylece, siirecin
kontrol dis1 olmasina neden olan faktorlerin belirlenmesi ve bunlarin diizeltilmesine yonelik daha somut
adimlar atilabilecektir.

P Diyagram
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0.1000
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Figiir 1. P Diyagram
3.2 Vardiya Bazli Anova Analizi
Figiir 1'de goriildiigi tizere, ¢ok sayida kontrol dis1 nokta bulunmaktadir. Bu, siirecin belirli araliklarla
istenmeyen dalgalanmalara ve hatalara neden oldugunu gostermektedir. Daha detayli inceleme bir
sonraki adimda ANOVA analizi ile gergeklestirilmistir.
Tablo 1. Anova Sonuglari

Anova: Tek Etken

Gruplar Vardiya Sayis1 Ortalama Kotii Uriin Oran1 Varyans
VARDIYA 1 15 0,0413 0,0008
VARDIYA 2 15 0,0414 0,0004
VARDIYA 3 15 0,0465 0,0006
VARDIYA 4 15 0,0932 0,0025

F P-degeri F 6lgiitii
9,0098 0,0000580 2,7694

Bu analizde, 4 farkli vardiya arasindaki ortalama koétii iiriin oranlarinin istatistiksel olarak anlamli bir
fark gosterip gostermedigini incelemek amaciyla tek yonlii (tek etkenli) ANOVA testi uygulanmuistir.
Tablo 1'de en yiiksek ortalama kotii iiriin orani 4. vardiyada goriilmektedir. Bu da, ANOVA sonuglarinin
destekledigi sekilde, 4. vardiyanin diger vardiyalara gore daha yiiksek kotii lirlin oranina sahip
oldugunu gostermektedir.

e H (null hipotez): Tiim vardiyalarin ortalama kotii iiriin oranlari birbirine esittir.

e H; (alternatif hipotez): En az bir vardiyanin ortalama kotii {irtin oran1 digerlerinden farklidir.
ANOVA sonuglarina gore:

e Hesaplanan F degeri: 9,0098

e Kiritik F degeri (F ol¢itii): 2,7694

e P-degeri: 0,0000580

P-degeri, %5 anlamlilik diizeyinden (= 0,05) ¢ok daha kiigiik oldugundan, Hy reddedilmistir. Bu durum,
vardiyalar arasinda ortalama kotii iiriin oranlar: agisindan istatistiksel olarak anlamli bir fark oldugunu
gostermektedir.

55



Ozellikle 4. vardiya, ortalama kétii iiriin oram agisindan diger vardiyalara kiyasla belirgin sekilde daha
yiiksek bir degere (0,0932) sahiptir. Bu bulgu, 4. vardiyanin koétii iiriin oraninin diger vardiyalara kiyasla
istatistiksel olarak anlamli derecede daha yiiksek oldugunu ve bu farkin ANOVA testi ile dogrulandigin
ortaya koymaktadir. Bu durum, {iretim siirecindeki sorunlarin 6zellikle 4. vardiyada yogunlastigini ve
bu vardiyadaki operasyonel farkliliklarin siire¢ performansii olumsuz etkileyebilecegini
gostermektedir.

Bir sonraki adim olarak, bu anlamli farklarin kok nedenlerini belirlemek icin kdk neden analizi
yapilacaktir. Bu analiz, makinelerdeki performans diisiislerinin, 6zellikle 4. vardiya ile iliskilendirilen
sorunlarin nedenlerini kesfetmeye ve ¢6ziim onerileri gelistirmeye yardimar olacaktir. Kok neden analizi,
4. vardiyadaki makine verimliligini etkileyebilecek faktorleri derinlemesine inceleyecek ve siirecin
iyilestirilmesine yonelik somut adimlar atilmasini saglayacaktur.

3.3 Kok Neden Analizi

Bu ¢alismada, 4. vardiyalarda gozlemlenen yiiksek fire oranlarinin nedenlerini belirlemek amaciyla kok
neden analizine bagvurulmustur. ilk olarak, 4. vardiyalardaki fire oranlarimin diger vardiyalara gore
daha fazla oldugu gozlemiyle baslanmistir. Bunun ardindan, makinelerdeki toz sizdirmalarinin
artmasinin, iiriin kalitesini diisiiren temel faktor oldugu tespit edilmistir. Toz sizdirmalarimin artmasimin
nedeninin, mevcut ara temizlik uygulamalari; yalnizca tiriin parametrelerinde ciddi sapmalar meydana
geldiginde, operatorler tarafindan ve sistematik olmayan bir sekilde yapilmakta oldugu gozlemlenmistir.
Temizlik siklig1 iiretim planlamasini aksatmamak amaciyla sabit tutulmakta, ancak bu yaklagim
filtrelerdeki toz birikimini 6nlemeye yetmemektedir. 5 Neden analizi sonucunda, mevcut temizlik
prosediiriiniin yeterli siklikta uygulanmamasi ve yogun iiretim planlarmin temizlik igin yeterli durus
siireleri tanimamasi gibi faktorlerin, makinelerdeki toz birikimini ve dolayisiyla 4. vardiyadaki fire
oranlarmni artirdig1 anlasilmistir. Yogun tiretim programi nedeniyle temizlik sikliginin artirilmasinin
engellenmesi, makinelerdeki verimliligi ve kaliteyi olumsuz yonde etkilemistir. Bu analiz, makinelerdeki
temizlik sikhigmin arttirilmasi gerektigini ortaya koymus ve iiretim kapasitesini etkileyebilecek bu
durumu goz 6niinde bulundurarak ¢oziim onerileri gelistirilmistir. Calismada bu temel nedenlerin tespit
edilmesi, {iretim siirecindeki verimliligi artirmak ve kaliteyi iyilestirmek adina temizlik prosediirlerinin
gozden gecirilmesi gerektigini gostermektedir. Bu baglamda, 6nerilen ¢6ziim yollari, makinelerdeki toz
birikimini ve sizdirmalar1 azaltarak, 4. vardiyadaki fire oranlarin iyilestirmeyi hedeflemektedir.

Fire oranlarmin diger vardiyalara kiyasla anlaml sekilde yiiksek ¢ikmasi, {iretim siirecinde belirli bir
noktada siireklilik gosteren bir probleme isaret etmektedir. Bu kapsamda uygulanan “5 Neden Analizi”,
sorunun temel kaynagini sistematik olarak agiga ¢ikarmistir. Analiz sonucunda, 4. vardiyalarda artan
fire oranlarinin temel nedeni olarak makinelerdeki toz sizdirmalari belirlenmistir. Sizdirmalarin yogun
olarak bu vardiyada ortaya ¢ikmasinin, makinelerde uygulanan ara temizlik prosediirlerinin
yetersizliginden kaynaklandif1 tespit edilmistir. Mevcut ara temizlik uygulamalari;, yalnizca iiriin
parametrelerinde ciddi sapmalar meydana geldiginde, operatorler tarafindan ve sistematik olmayan bir
sekilde yapilmaktadir. Temizlik siklig1 {iretim planlamasini aksatmamak amaciyla sabit tutulmakta,
ancak bu yaklasim filtrelerdeki toz birikimini 6nlemeye yetmemektedir. Ayrica, yogun {iretim planlar:
nedeniyle ara temizlik sikligin1 artirmaya yonelik sistematik bir diizenleme yapilmamigtir. Bu durum,
tretim stirekliligi Onceligi nedeniyle, temizlik islemlerinin gerekli siklikta yapilmasinin Oniine
gecmektedir. Bu baglamda gerceklestirilen kok neden analizi sonucunda, {iretim hattinda iiriin
parametrelerinde sapmalarin meydana geldigi durumlarda operatorler tarafindan gergeklestirilen ara
temizlik uygulamalarinn, {irtin kalitesi {izerindeki belirleyici etkisi bir kez daha ortaya konmustur. Her
ne kadar bu temizlik faaliyetleri, iretim planlamasini aksatmayacak sekilde ve kisa siireli miidahaleler
olarak gerceklestiriliyor olsa da, mevcut temizlik periyodu makinelerdeki toz birikimini tam anlamiyla
engelleyememektedir. Ozellikle filtreleme sisteminde zamanla olusan toz yiikii, belirli vardiyalarda
(6zellikle 4. vardiyada) makinelerin sizdirma yapmasma ve bu durumun da fire oranlarinin artmasina
neden oldugu tespit edilmistir. Bu dogrultuda yapilan iyilestirme ¢alismasi kapsaminda, ara temizlik
islemlerinin daha sistematik, standartlastirilmis ve izlenebilir hale getirilmesi 6nerilmektedir. Ozellikle
kalite kaybinin yiiksek oldugu kritik vardiyalarda, filtreleme sistemlerine yonelik kisa siireli fakat etkili
temizlik miidahalelerinin diizenli araliklarla uygulanmasi ve her bir miidahalenin kayit altina aliarak
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takip edilmesi gerekmektedir. Bununla birlikte, mevcut sabit temizlik periyotlarimin yetersiz kaldig: goz
oniinde bulundurularak, temizlik sikliginin {iretim hacmi, iiriin tipi, makinenin ortalama calistirilma
siiresi ve kirlenme egilimi gibi dinamik degiskenlere bagli olarak esnek sekilde belirlenmesi gerektigi
sonucuna varimustir. Bu yaklasim sayesinde, iiretim siiresi boyunca makinelerde olusabilecek
kirlenmeler énceden kontrol altina alinabilecek; boylece hem makine performansi korunacak hem de fire
oranlarinda gozle goriiliir bir azalma saglanacaktir.

Tablo 2. 5 Neden Analizi

Sorun
4. vardiyalarda fire oranlarinin diger vardiyalara kiyasla istatistiksel olarak fazla olmasi.

Nedenler Cevaplar

Ciinkii makinelerde toz sizdirmalar1 bu vardiyada daha fazla

4. vardiyalarda fire oranlar1 neden daha ytiiksek? e 1 . o
artiyor ve iiriinlerin kalite standartlarmi diisiiriiyor.

Ciinkii makinelerin ara temizligi dirtin degerlerinin
Makinelerde neden 4. vardiyada toz sizdirmalar1 daha fazla | sapmalarimin artmasi halinde operatorler tarafindan sistematik
oluyor? olmayan sekilde yapiliyor ve bu siire igerisinde filtreler asir1
derecede toz biriktiriyor.

Ciinkii mevcut ara temizlik prosediirii bu sekilde belirlenmis
Temizlik neden bu sekilde yapiliyor? ve daha sik temizlik yapilmasinin gerekli oldugu
distiniilmemis.

Temizlik prosediirii neden daha sik yapilacak sekilde | Ciinkii yogun {iiretim planlar1 nedeniyle ara temizlik igin
diizenlenmemig? sistematik bir ¢alisma diizeni olusturulmamuis.

Cinkii ara temizlik duruslarmin diretim kapasitesini
diisiirecegi varsayiliyor ve bu durum ara temizlik sikliginin
artirlmasini 6ncelikli bir ¢6ziim olarak gérmeyi zorlagtiriyor.

Yogun iiretim planlari neden temizlik stkliginin artirilmasina
engel oluyor?

Mevcut ara temizlik prosediirii, makinelerdeki filtrelerde
KOK NEDEN biriken tozun zamanla artmasina ve 4. vardiyada sizdirmalarin
iiriin kalitesini diisiirmesine neden oluyor.

4. Tartisma

Bu c¢alismada, bir ilag iiretim hattindaki siire¢ kararliligi ve fire oranlari analiz edilerek, {iretim
verimliligini etkileyen temel faktorler belirlenmistir. Elde edilen bulgular, p diyagramu ile siirecin kontrol
disinda oldugunu gosterirken, ANOVA analizi 6zellikle 4. vardiyalarda fire oranlarmn istatistiksel
olarak anlaml sekilde daha yiiksek oldugunu ortaya koymustur. Kok Neden Analizi sonucunda, bu
durumun makinelerde biriken toz sizdirmalarindan kaynaklandigi ve temizlik sikliginin yetersiz
olmasinin siireci olumsuz etkiledigi tespit edilmistir. Onceki caligmalar, {iretim siireclerinde diizenli
bakim ve temizligin siire¢ kararlilig1 ve kalite tizerindeki kritik roliinii vurgulamaktadir. Bu baglamda,
calismamiz mevcut literatiir ile uyumlu olup, temizligin yetersiz siklikta yapilmasinin tiretim hatlarinda
fire oranlarini artirabilecegini somut verilerle desteklemektedir. Ancak, bu ¢alismada yalnizca belirli bir
iiretim hatt1 ve belirli bir makine tipi ele alinmistir. Farkli iiretim siiregleri ve makine tipleri tizerindeki
etkileri degerlendirmek icin daha genis kapsamli arastirmalara ihtiya¢ duyulmaktadir. Bulgular, ilag
iiretim sektoriinde kalite kontrol siireglerinin yalnizca son iiriin degerlendirmesiyle siirli kalmamasi
gerektigini ve stiire¢ igerisindeki kritik noktalarin da stirekli izlenmesi gerektigini gostermektedir.
Ozellikle vardiya bazl analizlerin, siireg icindeki degiskenlikleri anlamada énemli bir yontem oldugu
goriilmiistiir. Gelecekteki arastirmalar, temizlik sikliginin artirlmasinin tiretim verimliligi tizerindeki
dogrudan etkilerini inceleyerek, optimum temizlik araligini belirlemeye yonelik deneysel calismalar
yapabilir. Ayrica, farkl iiretim hatlarinda benzer analizler gergeklestirilerek, siire¢ kararliligini etkileyen
diger faktorler de incelenebilir. Uretim hattinda otomasyon ve sensdr destekli veri toplama sistemlerinin
entegrasyonu ile siireg ici kontrollerin daha etkin hale getirilmesi de gelecekteki ¢alismalar igin dnemli
bir aragtirma alani olabilir.
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Yazar Katkilar1: Calismanin literatiir taramasi, arastirma siirecinin tasarimi ve uygulanmasi, veri toplama, analiz
yontemlerinin secimi ve uygulanmasi ile elde edilen bulgularin yorumlanmasi asamalarinda M.B.C. ve B.O. etkin
sorumluluk istlenmistir. Calismanin yiiriitiilmesi, planlanmas1 ve makalenin yazim siireci bu yazarlar tarafindan
gerceklestirilmistir. Y.0. ve M.Y., calismanin biitiiniine yonelik bilimsel, teknik ve yontemsel rehberlik saglamais;
ozellikle kavramsallastirma, metodolojik c¢ercevenin olusturulmasi, analizlerin dogrulanmasi ve bigimsel
biitiinliigiin saglanmasi siireclerinde M.B.C. ve B.O. ile yakin is birligi icerisinde yonlendirici katkilarda
bulunmustur. Tiim yazarlar makalenin son halini onaylamis ve igeriginden ortak sorumluluk tistlenmistir.

Finansman: Bu arastirma kapsaminda herhangi bir dis finansman alinmamastir.

Cikar catismalar: Yazarlar ¢ikar catismas: beyan etmemektedir.
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Oz: Proje cizelgelemesi, bir projeyi olusturan gorevlerin baglangig ve bitis zamanlarini, bagimlilik iligkilerini ve
kaynak kullanimini dikkate alarak zaman ekseninde planlanmasi siirecidir. Bu siirecte, her bir faaliyetin ne zaman
baslayacagi ne kadar siirecegi ve hangi kaynaklarla gerceklestirilecegi belirlenir. Calismanin amaci, Yiiksek
Ogretim Kurulu Bagkanlig1 Ulusal Tez Merkezi Elektronik Arsivi (YOKTEZ) veri tabaninda bulunan “Proje
Cizelgeleme “alaninda yapilan galigsmalari bibliyometrik analiz yontemiyle incelemektir. Bu dogrultuda, YOKTEZ
tizerinden 1991-2024 yillar1 araliginda “Proje Cizelgeleme “taramasi yapilip toplamda 66 lisansiistii tez ¢alismast
tizerinden analiz gergeklestirilmistir. Analiz kapsaminda “Proje Cizelgeleme “alaninda en ¢ok ¢alismanin “2022”
yilinda yapildig1 ve yapilan galismalari biiyiik ogunlugunun yiiksek lisans tezi oldugu goriilmiistiir. YOKTEZ
veri tabaninda yapilan bibliyometrik analiz, Tiirkiye'de proje cizelgeleme alanindaki akademik c¢alismalar1
sistematik bir sekilde incelemeyi ve bu calismalarin hangi konulara odaklandigini, hangi yontemlerin
kullanildigin1 ve hangi sonuglarin elde edildigini ortaya koymayi amacglamaktadir. Bu tiir bir analiz, proje
cizelgeleme konusundaki bilgi bosluklarini belirlemeye, yeni arastirma alanlar1 énermeye ve bu alandaki bilgi
birikimini artirmaya yardimc olacaktir.

Anahtar Kelimeler: Proje Cizelgeleme, Bibliyometrik Analiz, Lisansiistii Tez

Bibliometric Analysis of Graduate Theses on

Project Scheduling in Tiirkiye

Abstract: Project scheduling is the process of planning the tasks that make up a project on a timeline by taking into
account their start and end times, dependency relationships, and resource usage. In this process, the start time,
duration, and required resources for each activity are determined. The aim of the study is to examine the works
conducted in the field of "Project Scheduling” in the YOKTEZ (Council of Higher Education National Thesis
Center) database using bibliometric analysis. Accordingly, a search for "Project Scheduling” was conducted in
YOKTEZ for the years 1991-2024, and an analysis was performed based on a total of 66 graduate theses. The
analysis revealed that 2022 witnessed the highest number of studies in the field of 'Project Scheduling,’ with a
significant proportion being master's theses. The bibliometric analysis conducted in the YOKTEZ database aims to
systematically review academic works in the field of project scheduling in Turkey and to reveal the topics these
studies focus on, the methods used, and the results obtained. This analysis aims to uncover existing knowledge
gaps in the field of project scheduling, propose potential avenues for future research, and enrich the academic
discourse surrounding this topic.

Keywords: Project Scheduling, Bibliometric Analysis, Graduate Theses

1. Giris
Cizelgeleme proje yonetimi, iiretim ve ekip atamalar gibi alanlarda, kaynaklarin ve islemlerin en uygun sekilde
diizenlenmesi ve zamanlanmasi siirecidir. “Proje” kavrami, belirlenmis bir amaca ulasmak i¢in, baslangici ve
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bitisi belli olan bir ¢alismay1 ifade eder. Bu amag¢ dogrultusunda kullanilan en etkili araglardan biri de proje
cizelgelemedir. Proje ¢izelgeleme, izlenebilirligi ve kontrol altina alinabilirligi oldugundan ¢ok yardimc
olmaktadir [1].

Cizelgeleme problemi bir¢ok alana ayrilmaktadir. Hemsire ¢izelgeleme, personel ¢izelgeleme, makine ve
ekipman ¢izelgeleme, iiretim ¢izelgeleme gibi bir¢ok alanda kullanilmaktadir. En ¢ok kullanilan alanlardan biri
de proje cizelgelemedir. Proje ¢izelgeleme firma veya kurumlar igin biiyiik bir 6nem tagimaktadir. Firsatlar
degerlendirmek, mevcut problemleri ¢6zmek veya degisen kosullara uyum saglamak amaciyla projeler
tiretirler. Bu stirecte, karsilasilan riskler goz oniinde bulundurularak, en yiiksek karin elde edilmesi hedeflenir
ve buna gore ¢izelgeleme olusturulur [2].

Projelerin en kisa siirede, minimum maliyetle ve yiiksek kalite standartlarinda tamamlanmasini saglamak igin,
proje yonetimi yaklasimi gelistirilmistir. Bu yaklagim, insan giicii, ekipman, makine, bilgi birikimi, beceriler ve
diger kaynaklarin etkin ve uyumlu sekilde kullanimi tizerine odaklanir. Proje yonetimi, isletmelerde projelerin
basart oranini artirmanin yani sira, kaynak kullaniminda verimliligi saglamak ve kurumsal iletisimi
gliclendirmek i¢in 6nemli bir aractir [3]. Proje yonetimi, planlanan hedefe dogru ilerlenmesinde cizelgeleme ile
ele alman bir siirectir. Proje ¢izelgeleme, kisitlarin belirlenip optimum zamanda veya maliyette projelerin
tamamlanmasini hedefleyen bir problemdir [4].

Proje cizelgeleme, firmalar ve kurumlar igin is siireclerinin diizenli ve verimli bir sekilde ytiriitiilmesini
saglayan onemli bir aractir. Bu siiregler, is akisindaki tiim faaliyetlerin ayrintili sekilde analiz edilmesini ve
gorsellestirilmesini miimkiin kilarak, proje yonetimindeki karmasikligin azaltilmasina katkida bulunur. Ayrica,
projelerin biitge kisitlar1 icinde kalmasina yardimar olurken, kaynaklarm etkin kullanimini desteklemektedir.
Ayn1 zamanda, proje ilerleyisinin izlenmesini kolaylastirir ve zaman yonetiminde seffaflik saglar. Tim bu
unsurlar, projenin basarili bir sekilde tamamlanma olasiigini artirirken, isletmelerin stratejik hedeflerine
ulagmasina da olanak tanimaktadir [5]. Projeler, belirli bir baslangi¢ ve bitis tarihine sahip olup, bu siiregte
kaynaklarin verimli bir bi¢cimde yonetilerek hedeflenen sonuglarin elde edilmesini amaglayan calismalardir.
Rekabetin yogun oldugu is diinyasinda, projelerin hizli bir sekilde tamamlanmasi, firmalarin pazarda one
cikabilmesi icin kritik bir avantaj yaratir. Bu sebeple, projelerin zamaninda ve belirlenen hedeflere uygun olarak
sonlandirilmas: biiyiik 6nem tasimaktadir. Bu baglamda, proje cizelgeleme, kaynaklarin etkin bir sekilde
yonetilmesine ve projelerin basariyla sonuglanmasma olanak taniyan temel bir ara¢ olarak karsimiza
cikmaktadir [6].

Proje cizelgeleme probleminin bir¢ok farkl tiirii bulunmaktadir. Bunlar; Tek modlu klasik kaynak kisitli proje
cizelgeleme (KKPC) problemleri, Minimum ve maksimum zaman gecikmeli KKPC problemleri, Cok modlu
KKPC (CM-KKPC) problemleri, minimum ve maksimum zaman gecikmeli ¢ok modlu KKPC problemleri,
minimum ve maksimum zaman gecikmeli kaynak yatirim problemleridir [7]. Kaynak kisitlarmin dikkate
alindig1 proje cizelgeleme problemleri, faaliyetlerin en uygun sekilde siralanarak hem kaynaklarin etkin
kullanimini hem de proje siiresinin minimize edilmesini hedeflemektedir. Bu tiir modeller, kaynaklarin smirh
oldugu durumlarda daha gergekgi bir yaklasim sunmaktadir [8]. Bu cergevede genetik algoritma gibi sezgisel
yontemler, biiyiik ve karmasik projelerde ¢oziim stiresini kisaltarak etkili sonuglar elde etme potansiyeline
sahiptir. Sezgisel yontemlerin kullamimi, klasik optimizasyon yontemleriyle ¢oziilemeyen biiyiik olgekli
problemlerde alternatif bir ¢dziim yolu sunmaktadir [9].

Paksoy ve Uzun [9], genetik algoritma tabanli bir yaklasim gelistirerek kaynak kisitli proje cizelgeleme
problemlerinin ¢6ziimiine odaklanmigslardir. Calisma, faaliyetlerin ¢izelgelenmesinde kaynak sinirlamalarinin
dikkate almarak optimal bir ¢oztim elde edilmesini hedeflemistir. Bettemir ve Cakmak [10], kii¢lik Olgekli
kaynak kisith proje cizelgeleme problemlerinin ¢6ziimiinde, tiim arama uzayin tarayan bir yaklagimin optimal
¢ozlim elde etmedeki etkinligini arastirma konusu yapmislardir. Soysal ve digerleri [11], kaynak kisitli ¢ok
modlu ¢oklu proje cizelgeleme problemlerini belirsizlik altinda ele alarak, bu tiir problemlerin ¢dziimiine
yonelik bir model gelistirilmistir. Kolaylioglu [12], insaat sektoriinde proje yonetimi siireglerini ele alarak, proje
yOneticisinin rol ve sorumluluklarinin proje basarisina olan etkilerini incelemistir. Cinar [13], kaynak kisitl1 bilgi
teknolojisi projelerinin ¢izelgelenmesinde meta-sezgisel algoritmalarin kullanimimi incelemis ve bu
yontemlerin etkinligini 6rnek problemler {izerinde test etmistir. Ozdemir ve Karacabey [14], kaynak kisitli proje
cizelgeleme problemlerinin ¢6ziimiinde genetik algoritma yontemlerinin performansini karsilagtirarak, bu
yontemlerin avantajlarmni ve eksiklerini detayl bir sekilde analizi yapilmistir. Durucasu ve digerleri [1], insaat
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projelerinde Dbelirsizlikleri dikkate alarak bulamuk CPM yontemi kullamilmis ve bu yaklagimin proje
cizelgelemedeki etkinligini degerlendirilmistir. Joushani [15], degisken yogunluklu kaynak kisith proje
cizelgeleme problemleri i¢in bir matematiksel model ve genetik algoritma yaklasimi 6nererek, bu yontemlerin
proje planlamadaki etkisini degerlendirmistir. Tas vd. [16], analitik hiyerarsi prosesi ve hedef programlama
yontemlerini birlestirerek monoray projelerinin se¢ciminde kullanilabilecek bir karma model gelistirilmis ve bu
modelin karar siire¢lerindeki etkisini analiz etmislerdir. Hamurcu ve Eren [17], kent i¢i ulasim projelerinin
degerlendirilmesi igin bulanik analitik hiyerarsi prosesi tabanli ¢ok kriterli optimizasyon ve uzlagik ¢6ziim
yontemini kullanarak alternatiflerin siralanmasi ve en uygun projenin segilmesi amaciyla bir karar destek
modeli gelistirmigslerdir.

Proje cizelgeleme konusunda yazilmis tezler ve makalelerdeki degisimler ile bu alandaki aragtirma egilimleri
iizerine yapilan incelemeler, proje cizelgeleme ¢alismalarinin zamanla nasil evrildiginin anlagilmasina yardimar
olmaktadir. Bu tiir analizler, proje cizelgeleme aragtirmalarmin hangi dénemlerde ve hangi baglamlarda
yogunlastigini ortaya koyarak, gelecekte yapilacak galismalar igin stratejik bir yol haritas: sunmaktadir. Bu
calisma, proje cizelgeleme literatiiriine bibliyometrik analiz yontemiyle katkida bulunarak hem akademisyenler
hem de bu alanda ¢alisan arastirmacilar ve sektor uzmanlar igin yol gosterici ve destekleyici bir kaynak niteligi
tasimaktadir. Calismanin temel amaci, proje cizelgeleme literatiiriinii sistematik olarak inceleyerek, mevcut
yaklasimlari, kullanilan ¢oztim tekniklerini ve uygulama alanlarini bibliyometrik analiz yontemiyle ortaya
koymaktir. Bu kapsamda, ilgili literatiirde yer alan tezler ve akademik makaleler iizerinden alanin tarihsel
gelisimi, egilimleri ve 6ne ¢ikan konular1 degerlendirilmistir. Yontem olarak bibliyometrik analiz tercih edilmis
olup, veriler belirli bir zaman araliginda taranmis ve analiz edilmistir. Calisma, giris boliimiiniin ardindan
sirasiyla literatiir incelemesi, analiz yontemi ve bulgular, tartisma ve sonug boliimleriyle yapilandirilmigtir.

2. Materyal Ve Yontem
Bu kisimda, arastirmanin hedefleri ve kapsami yani sira ¢alisma siirecinde dikkate alinan varsayimlar ve kisitlar
ele alinmistir. Ayrica, arastirma yontemi ve kullanilan yaklasimlar da detayl: bir sekilde agiklanmaistir.

2.1. Arastirmanin Amaci ve Kapsami

Bu arastirmanin merkezindeki konusu, proje ¢izelgeleme iizerine yapilan lisansiistii tezlerin incelenmesi ve bu
tezlerin sonuglarinin sentezlenerek yorumlanmasidir. Bu baglamda, gergeklestirilen bibliyometrik analizde
asagida yer alan sorularin cevaplandirilmasi amaclanmuistir.

. Proje gizelgeleme alaninda yapilan ve YOKTEZ'de taranan tez caligmalarinin yillara gore dagilimi nasildir?
. Proje cizelgeleme konulu lisansiistii tezlerin arastirma tiirlerine gore dagilimi nedir?

. Proje cizelgeleme konulu lisansiistii tezlerin danisman unvanlarina gore dagilimi nedir?

. Proje cizelgeleme konulu lisansiistii tezlerin ana bilim dallarina gore dagilimi nedir?

. Proje gizelgeleme yazinina en fazla katki saglayan tiniversiteler hangileridir?

. Proje cizelgeleme konulu lisansiistii tezlerin kullanilan yontemlere gore dagilimlari nedir?

. Proje cizelgeleme konulu lisansiistii tezlerin konularina gore dagilimlari nedir?

8. Proje ¢izelgeleme konulu lisansiistii tezlerde kullanilan anahtar kelimeler nedir?

NN O WD

2.2. Varsayimlar ve Kisitlar

Calismadaki ilk varsayim, lisansiistii tez calismalarinda bilimsel yontemlerin kullanildigidir. Diger bir
varsayim ise, Tiirkiye'deki iiniversitelerde 1991-2024 yillar1 arasinda proje cizelgeleme konusunda yapilan
lisansiistii tezlerin biiyiik ¢ogunlugunun YOKTEZ veri tabaninda yer aldigidir. Ancak, YOKTEZ veri tabaninin
dogrulugu ve eksiksizligi kesin olarak garanti edilemediginden, bu durum arastirmanin sinirliliklarindan biri
olarak degerlendirilmektedir. Arastirmanin 1991 yilindan baslamasinin nedeni, YOKTEZ'de bu konu ile ilgili
ilk lisanstistii tezin bu yila ait olmasidir. Veriler, 22.10.2024 tarihine kadar olan ¢alismalar1 kapsamaktadir ve
bu tarih araligindaki YOKTEZ deki lisanstistii tez calismalariyla sinirlidir.

2.3. Bibliyometrik Analiz

Bibliyometri, {ilkeler, kurumlar, yazarlar, makaleler veya tezlerin arasindaki arastirma alanlarmin katkilarmi
ve liretkenligini analiz etmek ve niceliksel olarak degerlendirebilmek i¢in matematiksel ve istatiksel yontemler
kullanan disiplinler arasi bir bilim dalidir. Bibliyometrik analizler; makalelerin hem nicel hem de nitel
degerlendirmelerinin yapilmasma olanak saglayan, aragtirmacilarin yolunu aydinlatan, giiglii istatistiksel bir
yontem olarak kullanilmaktadir [18]. Bu analiz tiirii, yayin sikligi, yazarlari, kurumlari, alinti sayilar1 ve
kullanilan anahtar kelimeler gibi cesitli gostergeleri kullanarak yaylari inceleyerek belirli bir bilimsel disiplin
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veya konudaki yaymlarin farkli ozelliklerini degerlendirir. Bibliyometrik analiz, bilimsel alanlardaki
egilimlerin izlenmesi, arastirma alanlarinin ve ilgili konularin tanimlanmasi, bu alanlardaki yeniliklerin takip
edilmesi ve arastirma stratejilerinin belirlenmesi amaci ile kullanilmaktadir [19].

Bibliyometrik analiz, yaygin olarak bilimsel yayinlar1 iceren bibliyografik veri tabanlarindan elde edilen veriler
tizerinde gerceklestirilir. Bu analiz tiirii, yayinlanan makale say1sy, yazar ve kurum dagilimi, atif sayilar: ve atif
iligkileri gibi farkli gostergeler aracihigryla bilimsel literatiiriin genel bir analizini saglar [20]. Literatiirde farkl
alanlarda yapilan ¢ok sayida bibliyometrik analiz bulunmaktadir. Pmarci ve digerleri [18], Tiirkiye'de ekip
cizelgeleme konulu lisansiistii tezlerin bibliyometrik analizi yontemini kullanarak incelemislerdir. Merigo ve
Yang [21], operasyonel arastirma ve yonetim bilimi alanindaki literatiiriin bibliyometrik analizini yaparak, bu
alandaki temel yaynlari, yazarlar1 ve aragtirma egilimlerini degerlendirmislerdir. Aksungur ve digerleri [22],
insansiz hava araclar1 (IHA) konulu lisansiistii tezlerin bibliyometrik analizini yapmuislardir. Oztiirk ve
Kurutkan [23], kalite yonetimi alamimi bibliyometrik analiz yontemiyle inceleyerek, bu alandaki bilimsel
egilimleri ve arastirma yogunluklarini degerlendirmistir. Sanli ve digerleri [24], siber giivenlik alanindaki
akademik calismalar1 bibliyometrik analiz yontemleriyle incelemislerdir. Gaferoglu ve digerleri [25], tsunami
konulu lisansiistii tezlerin bibliyometrik yontemlerle degerlendirmislerdir. Birinci [26], Turkish Journal of
Chemistry dergisinin bibliyometrik analizini yaparak, dergideki makalelerin bilimsel gelisimini ve alandaki
egilimleri incelemistir. Besel [27], Tiirkiye’de maliye alaninda gerceklestirilen lisansiistii tezleri bibliyometrik
yontemlerle incelemistir. Oztiirk ve digerleri [28], saglik turizmi konulu lisansiistii tezlerin bibliyometrik
analizi ele alinmistir. Zeren ve Kaya [29], dijital pazarlama alanindaki ulusal yazini bibliyometrik analiz ile
inceleyerek, bu alandaki aragtirma egilimlerini ve bilimsel gelisimleri ortaya koymuslardir. Duran ve Celikkaya
[30], Tirkiye'de lojistik {izerine yapilmis lisansiistii tezlerin bibliyometrik analizini gergeklestirmislerdir
Kiipciioglu ve digerleri [31], blok zincir teknolojisi iizerine yazilan yiiksek lisans ve doktora tezlerinin
bibliyometrik analizini gerceklestirmislerdir. Budd [32], yiliksekdgretim literatiiriinde yayinlarin dagilimini ve
egilimlerini analiz ederek bu alandaki ana temalari ortaya koymustur.

Bu caligmada, yiiksekdgretim aragtirmalarinda hangi konularin 6n plana ¢iktigl ve bu alandaki bilgi iiretim
siirecleri degerlendirilmistir. Literatiir taramasinda “proje cizelgeleme” alaninda bibliyometrik analiz
calismasina rastlanamadig: i¢in bu konudaki ¢alismalarin ¢ok smirli oldugunu sdyleyebilmek miimkiindiir.
Calismanin bu yoniiyle literatiire katki saglayacag: diistiniilmektedir. Bu kapsamda Tiirkiye'deki tiniversiteler
biinyesinde yapilan lisansiistii tezler, YOKTEZ Merkezi Elektronik Arsivinde “proje cizelgeleme” anahtar
sozcligli yardimi ile arastirilmis ve elde edilen bulgular figiirler kullanilarak gorsellestirilip yorumlanmustir.

3. Sonugclar

Bu boliimde proje cizelgeleme anahtar kelimesiyle yapilan tarama sonucunda, ulasilan lisansiistii tezler
ayrintili bir bicimde gozden gecirilip ayristirilmis ve arastirmanin sorulari ¢ercevesinde degerlendirmeye
alinmigtir.

3.1. Lisansiistii Tezlerin Yillara Gore Dagilimlar:

Sekil 1'de proje ¢gizelgeleme konusunda yapilan lisansiistii tezlerin yillara gore dagilimlar: verilmistir.
1991
1994
1996
1998
1999
2000
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2017
2018
2019
2020
2021
2022
2023
2024
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Sekil 1. Lisansiistii Tezlerin Yillara Gore Dagilimlar:
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1991-2024 yillar1 arasinda arastirma kapsaminda yapilan tez ¢alismalarimn yillara gore dagilim grafigi detayli
olarak incelendiginde, proje cizelgeleme konusunda en fazla tez ¢alismasmin 2022 yilinda yapildig1 ve bu yilin
toplam tezlerin %12’sini (8 adet) olusturdugu gozlemlenmistir. Bu grup igerisinde, 2011 yilina ait ¢calismalarin
sayis1 7 tez olup, bu rakam toplam tezlerin yaklasik %11’ine denk gelmektedir. Yillara gore dagilim
incelendiginde, 1991-1994 ile 2000-2003 y1llar1 arasinda {iger y1l boyunca higbir tez calismasina rastlanmamustir.
Buna karsm, 2011 ve 2022 yillarinda belirgin bir artis oldugu saptanmistir. 2011 yili, proje yonetimi alaninda
teknolojik gelismelerin hiz kazanmasi ve biiyiik 6lgekli projelere olan ilginin artmasiyla 6ne c¢ikarken; 2022
yilindaki artisin, COVID-19 pandemisi sonrasi dijitallesme, uzaktan ¢alisma uygulamalari ve proje yonetiminde
yeni yaklasimlara duyulan ihtiyacin bir yansimasi oldugu diisiiniilmektedir. Sonug olarak proje ¢izelgeleme
konusundaki ¢alismalarmin 1991 yilindan itibaren belirli araliklarla siirdiigii tespit edilmistir.

3.2. Lisansiistii Tezlerin Arastirma Tiirlerine Gore Dagilimlar1

Sekil 2’de proje cizelgeleme konusunda yapilan lisansiistii tezlerin arastirma tiirlerine gore dagilimlar
verilmisgtir.

Doktora tezi

Yiksek Lisans Tezi

0 1O 20 30 40 50

Sekil 2. Lisansiistii Tezlerin Arastirma Tiirlerine Gore Dagilimlari

1991-2024 yillar1 arasinda gozlemlenen ve incelenen 66 tez calismasinin %74’tinii (49 adet) yiiksek lisans tezleri,
%26’s1m1 (17 adet) ise doktora tezleri olusturmaktadir. Sekil 2 incelendiginde, proje cizelgeleme konusunda en
fazla yiiksek lisans tezinin hazirlandig: goriilmektedir.

3.3. Lisansiistii Tezlerin Danisman Unvanlarina Goére Dagilimlar

Sekil 3'te proje cizelgeleme konusunda yapilan lisansiistii tezlerin danisman unvanlaria gore dagilimlari
verilmistir.

Dog. Dr.

Dr. Ogr. Uys.

Prof. Dr.
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Sekil 3. Lisansiistii Tezlerin Danisman Unvanlarina Gore Dagilimlari
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Proje cizelgeleme konusunda yapilan 66 tezde danismanlarin %53’ (35 adet) Profesér Doktor, %271 (18 adet)
Doktor (")gretim Uyesi (Yrd. Dog. Dr.) ve %20'u (13 adet) Dogent Doktor unvanina sahiptir.

3.4. Lisansiistii Tezlerin Ana Bilim Dallarina Goére Dagilimlar1
Sekil 4'te proje cizelgeleme konusunda yapilan lisansiistii tezlerin ana bilim dallarina gore dagilimlar
verilmistir.

Yénetim Bilimleri

Bilisim Teknolojileri

Deniz Ulagtirma Ve isletme
Ekonometri

insaat Mithendisligi
Mimarlik

isletme

Endiistri Mithendisligi
o 10 20 30 40 50 60

Sekil 4. Lisansiistii Tezlerin Ana Bilim Dallarma Goére Dagilimlar:

Sekil 4’e bakildiginda en ¢ok Endiistri Miithendisligi Ana Bilim Dali'nda %80’i (53 adet) tez calismasinin
yapildig1 goriilmiistiir. Cikarilan sonug ise, bu disiplin siirli kaynaklarla siireclerin en verimli sekilde
yonetilmesini amaglamaktadir. Endiistri mithendisligi, insan, malzeme, bilgi, donanim ve enerjiden olusan
operasyonel sistemlerin tasarimi, analizi ve optimizasyonu tiizerine yogunlasir ve proje cizelgeleme, bu
hedeflere dogrudan katk: saglamaktadir [33]. Proje cizelgeleme, is giicii, zaman ve ekipman gibi kaynaklarin
etkin kullanimini saglayarak, projelerin maliyet ve zaman a¢isindan optimize edilmesine olanak tanimaktadir
[3]. Ayrica, bu problemlerin ¢oziimii i¢in kullanilan matematiksel modelleme ve algoritmalar, endiistri
mithendisligi egitiminde siklikla 6gretilen tekniklerle paralellik gostermektedir. Bu nedenle, bu alanda yapilan
tezler ve arastirmalar, sadece teorik katkilar sunmakla kalmaz, ayni1 zamanda gercek diinyadaki uygulamalara
da rehberlik edecektir. Bunun disinda proje ¢izelgeleme konusunun; Isletme Ana Bilim Dali %6’s1 (4 adet),
Mimarlik %3'ii (2 adet), Insaat Miihendisligi Ana Bilim Dali %3'ii (2 adet), Ekonometri Ana Bilim Dali %3'ii (2
adet), Deniz Ulagtirma Ve Isletme Miihendisligi Ana Bilim Dali %2’i (1 adet), Bilisim Teknolojileri Ana Bilim
Dal1 %2’si (1 adet) ve Yonetim Bilimleri Ana Bilim Dal1 %2’si (1 adet) yakindan ilgili oldugu sdylenebilir.

3.5. Lisansiistii Tezlerin Universiteye Gore Dagilimlart
Sekil 5’'te proje cizelgeleme konusunda yapilan lisansiistii tezlerin {iniversiteye gore dagilimlar1 verilmistir.
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Erciyes Universitesi
Galatasaray Universitesi

Hava Harp Okulu

Gazi Universitesi

inéni Universitesi
Eskisehir Osmangazi Universitesi
Istanbul Kiiltiir Universitesi

istanbul Universitesi

Yildaz Teknik Universitesi
ihsan Dogramaci Universitesi
Cukurova Universitesi

Marmara Universitesi
Dokuzeyliil Universitesi
Baskent Universitesi

istanbul Teknik Universitesi

versitesi
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Sekil 5. Lisansiistii Tezlerin Universiteye Gore Dagilimlari
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Sekil 5'te tiniversitelerin dagilimi goz ontinde bulunduruldugunda, proje cizelgeleme konusunda yapilan
tezlerin %15'inin (10 adet) Orta Dogu Teknik Universitesi'ne ait oldugu goriilmektedir. Bu {iniversiteyi, %9 (6
adet) ile Sabanci Universitesi, %7 (5 adet) ile Bogazici Universitesi ve yine %7 (5 adet) ile Istanbul Teknik
Universitesi takip etmektedir. Ayrica, %6’s1 (4 adet) Baskent Universitesi, %6's1 (4 adet) Dokuz Eyliil
Universitesi ve %6’s1 (4 adet) Marmara Universitesi'ne aittir. Bunlari ise %4 (3 adet) ile Cukurova Universitesi,
%4 (3 adet) ile Thsan Dogramaci Bilkent Universitesi, %4 (3 adet) ile Y1ldiz Teknik Universitesi, %3 (2 adet) ile
Istanbul Universitesi, %3 (2 adet) ile Istanbul Kiiltiir Universitesi ve %3 (2 adet) ile Eskisehir Osmangazi
Universitesi izlemektedir. Diger iiniversitelerde ise yalnizca birer lisansiistii caligmaya rastlanmistir.
3.6. Lisansiistii Tezlerin Kullanilan Yontemlere Gore Dagilimlar:
Sekil 6’da proje cizelgeleme konusunda yapilan lisansiistii tezlerin kullanilan yontemlere goére dagilimlar:
verilmistir.
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Sekil 6. Lisansiistii Tezlerin Kullanilan Yontemlere Gore Dagilimlar:

Sekil 6’da yontemlerin dagilimina bakildiginda, lisansiistii tezlerin %19’unun (13 adet) sezgisel yontem
kullandig1 goriilmektedir. Bunu %18’i (12 adet) genetik algoritma, %10"u (7 adet) meta-sezgisel yontem, %9'u
(6 adet) matematiksel model, %7’si (5 adet) tamsayili programlama ve %7’si (5 adet) karma tamsayil
programlama takip etmektedir. Diger yontemlerden %6’s1 (4 adet) dinamik programlama, %4'ii (3 adet)
dogrusal programlama seklinde dagilim gostermektedir. Geriye kalan yontemlerin ise her birine yalnizca bir
calismada yer verildigi saptanmustir.

Bu yontemlerin kullanim nedenlerini ve etkilerini daha iyi anlayabilmek amaciyla literatiirde yer alan bazi
calismalara yer verilmistir.

Satig [34], cok kaynak kisith projelerin ¢izelgelenmesinde sezgisel yontemlerin uygulanabilirligini incelemis ve
bu yontemlerin, ozellikle kaynak smirlamalar: altindaki projelerde etkili bir ¢o6ziim saglayabilecegini ortaya
koymustur. Akcay [35], jet egitim ucaklarinin fabrika seviyesi bakimlarinda proje ¢izelgeleme problemi igin
sezgisel yontemleri kullanmis ve kaynak kisitlar1 altinda stiiregleri optimize etmistir.Balkaya [36], kaynak kisith
proje ¢izelgeleme problemlerinin optimizasyonunda genetik algoritma yaklasimini uygulayarak, bu yontemin
performansim test etmis ve etkili sonuglar elde etmistir. Tastyic1 [37], tek modelli montaj hatt1 dengeleme
problemlerinin ¢oziimiinde ¢ok amacl genetik algoritmalarin etkinligini ortaya koymustur. Calismada, montaj
hatlarinda gorevlerin dengelemesi sirasinda maliyetin minimize edilmesi ve is yiikiiniin dengelenmesi gibi
birden fazla hedefin es zamanli olarak optimize edilebilecegi goOsterilmistir. Sar1[38], metasezgisel
algoritmalarin proje gizelgeleme problemlerinin ¢oziimiindeki etkinligini aragtirmis ve bu yontemlerin, kaynak
kisitlarini g6z oniinde bulunduran gizelgeleme optimizasyonunda onemli faydalar sagladigini ortaya
koymustur. Cinar [39], kaynak kisith bilgi teknolojisi projelerinin ¢izelgelenmesi problemine yonelik meta-
sezgisel algoritmalar kullanarak bir ¢6ziim yaklasimi sunmustur. Calisma, sinurli kaynaklar altinda projelerin
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etkin bir sekilde planlanmasini saglamayr amacglamis ve bu silirecte meta-sezgisel yontemlerin giiclinden
yararlanmistir. Genel olarak nicel gézlemler kullanilmistir.

3.7. Lisansiistii Tezlerin Kullanilan Konulara Gére Dagilimlar1

Sekil 7’de proje cizelgeleme konusunda yapilan lisansiistii tezlerin kullamilan konulara gore dagilimlar
verilmistir.

Bilgisayar Miihendisligi Bilimleri
Denizcilik

Genetik

Ekonometri

ingaat Mihendisligi

Mimarlik

isletme

Endiistr1 Ve Endiistr1 Mithendislig

0 10 20 30 40 50 66
Sekil 7. Lisansiistii Tezlerin Kullanilan Konulara Gére Dagilimlar:

Sekil 7'de konulara bakildiginda lisansiistii tezlerin %81'i (54 adet) Endiistri ve Endiistri Miihendisligi oldugu
saptanmustir. Bilim dallarina bakildiginda da Endiistri Miithendisliginin ¢cogunlukta oldugu goriilmiistiir ve
baglantili olduklar1 anlagilmistir. Takip eden konularda Isletme %41 (3 adet), Mimarlik %3'ii (2 adet), Insaat
Miihendisligi %31 (2 adet), Ekonometri %3'i (2 adet), Genetik %2’si (1 adet), Denizcilik %2’si (1 adet) ve
Bilgisayar Miithendisligi Bilimleri %2’si (1 adet) oldugu goriilmektedir.

3.8. Lisansiistii Tezlerin Anahtar Kelime Bulutu

Sekil 8'de proje ¢cizelgeleme konusunda yapilan lisansiistii tezlerin anahtar kelime bulutu verilmistir.

Sekil 8. Lisansiistii Tezlerin Anahtar Kelime Bulutu

[lk olarak tez basliklari, tez 6zetleri anahtar kelimeler detayl olarak incelenip proje gizelgeleme konular ile
iliskilendirilen konular analiz edilmistir. Daha sonra, belirlenen konularin sayisina gore bir anahtar kelime
bulutu olusturulmustur. Bu kelime bulutuna gore, proje cizelgeleme {izerine yapilan lisansiistii tezlerin proje
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cizelgeleme, kaynak kisith proje cizelgeleme, proje yonetimi, proje planlama, coklu proje cizelgeleme,
optimizasyon, matematiksel model, bulanik mantik, genetik algoritma, sezgisel yontem gibi kavramlar1 yogun
bir bigimde arastirildig1 belirlenmistir. Arastirilan diger kavramlar, daha detayli bir sekilde Sekil 8'de
sunulmaktadir.

4. Tartisma ve Sonug

Proje cizelgeleme, bir projenin tiim asamalarmi planlayarak is siireglerini diizenli ve verimli bir sekilde
ylriitmeyi amaglamaktadir. Faaliyetlerin baslangi¢ ve bitis zamanlar1 belirlenmesi, kaynaklarin dogru tahsis
edilmesine ve iglerin belirlenen takvime uygun olarak tamamlanmasina olanak tanimaktadir. Bu siireg, projenin
maliyetlerini kontrol altinda tutarak verimliligi artirir ve gecikmeleri onler. Aynmi zamanda, gorevlerin ve
siirelerin net bir sekilde tanimlanmasi, proje siirecinde belirsizlikleri azaltir ve is siireclerini daha seffaf hale
getirmektedir. Proje cizelgeleme, tiim siireglerin zamaninda ve uyumlu bir sekilde ilerlemesini saglayarak
hedeflere ulasmayi kolaylastirir.

Sonug olarak, proje ¢izelgeleme, kaynaklarin en verimli sekilde kullanilmasini saglar, gorevlerin zamaninda ve
diizenli bir sekilde tamamlanmasina yardimci olmaktadir. Faaliyetlerin dogru sirayla ve uygun zaman
dilimlerinde gerceklestirilmesi, projenin basariyla tamamlanmasini desteklemektedir. Zaman yOnetimi
agisindan kritik olan bu siirec, potansiyel gecikmeleri en aza indirerek proje hedeflerine ulasiimasini
saglamaktadir. Proje cizelgeleme, her asamanin planl bir sekilde yonetilmesini sagladigi i¢in projelerin biitge
ve zaman agisindan daha kontrollii bir sekilde ilerlemesine imkan tanimaktadir. Bu nedenle, proje yonetiminde
onemli bir rol oynamaktadir.

Calismanm amaci, proje cizelgelemeyle ilgili yapilan lisansiistii tezler ile ilgili bibliyometrik y&ntemler
kullanarak bir inceleme yapmaktir. Bu dogrultuda Ulusal Tez Merkezindeki lisansiistii tezler incelenip proje
cizelgeleme ile ilgili bir¢ok calismanin oldugu sonucu gozlemlenmistir. Bu ¢alismanin amaglari; bir kavramin
ne siklikla ele alindigini, hangi kavramlara gevrildigini ve hangi alanlarda daha sik kullandigin: belirlemektir.
Bu arastirmada bibliyometrik analiz yontemi ile Ulusal Tez Merkezinde bulunan proje ¢izelgeleme konusunda
yazilan 66 lisansiistii tez incelenmistir. Tezlerin 49'u yiiksek lisans tezleri olusturmaktadir. Lisansiistii tez
calismalarinda danismanlarin unvanlar: incelendiginde 35'inin profesor oldugu gozlemlenmistir. Bir diger
acidan proje cizelgeleme konusu {izerine yapilan lisansiistii tezlerin en fazla Orta Dogu Teknik Universitesi
biinyesinde oldugu gozlemlenmistir. Sabanc1 Universitesi, Bogazici Universitesi, Istanbul Teknik Universitesi,
Baskent Universitesi, Dokuzeyliil Universitesi ve Marmara Universitesi takip etmektedir. Ayrica proje
cizelgeleme konusunda yazilan tezlerin bilim dallarina bakildiginda en ¢ok Endiistri Miihendisligi Ana Bilim
Dal'nin calisma yaptig1 gozlemlenmistir. Bunu Isletme Ana Bilim Dali, Mimarlik, Insaat Miihendisligi Ana
Bilim Dal1 ve Ekonometri Ana Bilim Dali takip etmektedir. Proje cizelgeleme konusunda yazilan tezlerin
konulara bakildiginda lisansiistii tezlerin en ¢ok c¢alisma Endiistri ve Endiistri Miihendisligi oldugu
saptanmustir. Bilim dallarma bakildiginda da Endiistri Miithendisliginin ¢ogunlukta oldugu goriilmiistii ve
baglantili olduklar1 saptanmisgtir.

Proje cizelgelemenin 6nemi, modern is diinyasinda giderek artmaktadir. Proje yonetimi, zaman ve kaynak
verimliligi gibi konularda basarinin temel unsurlarindan biri olarak kabul edilmektedir. Bu nedenle, akademik
arastirmalarin yami sira, sektdr profesyonellerinin de proje cizelgeleme konusunda bilgi ve becerilerini
gelistirmeleri biiylik 0nem tasimaktadir. Bu durum, sadece akademik alanda degil, aym1 zamanda ig
diinyasinda da proje cizelgeleme uygulamalarinin yayginlagmasini ve gelismesini saglayacaktir.

Proje ¢izelgeleme alanindaki arastirmalarin artmasi, yeni yontem ve teknolojilerin gelistirilmesine katki
saglayacaktir. Bu baglamda, tiniversiteler, arastirma kurumlar1 ve endiistri is birligi yaparak proje gizelgeleme
konusundaki bilgi birikimini ve uygulama alanlarimi genisletebilir. Bu tiir is birlikleri hem akademik diinyada
hem de is diinyasinda proje cizelgeleme uygulamalarinin daha etkin ve verimli hale gelmesini saglayacaktur.
Bu calismada Tiirkiye’de 1991-2024 yillar1 arasinda proje cizelgeleme konusunda yapilan lisansiistii tezler
incelenmistir. Elde edilen bulgulara gore, proje gizelgeleme c¢alismalari Ozellikle miihendislik ve isletme
alanlarinda yogunlasmistir; ancak saglik, tarim veya bilisim gibi alanlarda simrli sayida calisma oldugu
goriilmiistiir. Bu durum, proje cizelgelemenin disiplinler aras: bir yaklagimla ele alinmasi gerektigini ve bazi
alanlarda daha fazla arastirmaya ihtiya¢ duyuldugunu gostermektedir

Calismanin sonuglar: Tiirkiye’de bu konuda yapilan tezlerin sayica artmakla birlikte hala gelismis {ilkelerdeki
literatiir yogunlugunun gerisinde oldugunu ortaya koymaktadir. Bu durum, Tiirkiye'deki {iniversitelerin proje
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cizelgeleme konusuna yeterince odaklamip odaklanmadigina dair tartigmalara da zemin hazirlamaktadir.
Ayrica, proje gizelgeleme yontemlerinin 6zellikle kaynak planlamasi, zaman y&netimi, maliyet kontrolii ve risk
analizi gibi alanlarda stratejik bir arag olarak kullanilabilecegi vurgulanmalidir.

Sonug olarak, bu calisma yalnizca tez sayilarini ve egilimleri betimlemekle kalmamakta, ayn1 zamanda proje
cizelgeleme konusundaki arastirma eksikliklerine dikkat c¢ekerek literatiire yon verici Onerilerde
bulunmaktadir. Bu baglamda, elde edilen bulgular proje cizelgeleme arastirmalarmin hangi alanlarda
yogunlastigini, hangi alanlarda eksiklikler oldugunu ve bu eksikliklerin nasil giderilebilecegine y&nelik yol
gosterici niteliktedir.

Yazar Katkilari: E. 5. P., E. G. ve T. E. calismanun tiim asamalarina esit katk: saglamislardir. Literatiir taramasi, veri toplama,
analiz, yorumlama ve yazim siireglerinde tiim yazarlar ortak sorumluluk tistlenmistir.

Finansman: Bu aragtirma disaridan fon almad.

Cikar catismalarr: Yazarlar arasinda herhangi bir ¢ikar catismasi bulunmamaktadir.
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The increasing prevalence of statistical manipulations, known as p-hacking, poses a significant challenge to the
reliability of scientific findings. This issue arises when researchers repeatedly adjust data analyses until a p-
value falls below 0.05, often due to publication pressure or insufficient statistical training. Such practices
compromise the validity of research outcomes, particularly in fields like medicine and biomedical sciences,
where false conclusions can have serious implications.

P-hacking commonly involves selective data reporting, data dredging, and multiple hypothesis testing without
proper corrections, leading to inflated false positive rates [1]. For instance, when 20 independent hypothesis
tests are conducted at a 5% significance level, the probability of obtaining at least one false positive result rises
to approximately 64% (1-0.95°20=0.64). If 100 hypotheses are tested, this probability escalates to 99% (1-
0.95"100=0.99). Small sample sizes further exacerbate this issue, with false positive rates reaching up to 50% in
studies with n<30. These inflated error rates mislead researchers and clinicians, potentially affecting medical
decision-making [1-2].

To mitigate p-hacking, a multifaceted approach is necessary. First, strengthening statistical training is crucial.
Researchers should move beyond reliance on p-values and incorporate alternative metrics such as effect sizes,
confidence intervals, and Bayesian methods. For example, a study with p<0.05 but a negligible effect size (e.g.,
Cohen’s d=0.2) may lack real-world significance [3-5].

Second, open science practices, including preregistration and data sharing, should be widely adopted. Journals
implementing open data policies, such as Psychological Science and PLOS Biology, have reported a reduction
in questionable p-values, with Psychological Science observing a 40% decline in studies reporting p-values just
below 0.05 (1-2-3-4).

Third, proper statistical corrections, such as the Bonferroni and Benjamini-Hochberg methods, should be
routinely applied. When 20 hypotheses are tested, the Bonferroni correction adjusts the significance threshold
to 0.05/20=0.0025, reducing false positive risks. Additionally, prioritizing effect size metrics like Hedges’” g and
reporting confidence intervals can improve result interpretation.

Finally, addressing publication bias is essential. Journals should encourage the publication of null results and
studies with robust methodological designs, regardless of significance. Moreover, training programs on ethical
statistical practices should be expanded, as researchers with formal statistical education are less likely to engage
in p-hacking.

In conclusion, tackling p-hacking requires improved statistical training, open science initiatives, and
methodological rigor. By revising editorial policies and promoting best practices, journals can play a pivotal
role in preserving the integrity of scientific research.
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